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Preface

In the summer of 2011, Rudy van Vliet and Hendrik Jan Hoogeboom prepared a
paper entitled “A minimal normal form for DNA expressions”, and submitted it to the
scientific journal Fundamenta Informaticae. As the title suggests, this paper presented
a minimal normal form for DNA expressions. Moreover, it described an algorithm
to rewrite an arbitrary DNA expression into the normal form. This is a two-step
algorithm: it first rewrites the DNA expression into an equivalent, minimal DNA
expression, and then rewrites the result of that into the normal form.

In the summer of 2012, after the paper had been reviewed by the journal, it was
splitted into two papers, allowing for more detailed proofs of the results. The first
paper, entitled “Making DNA expressions minimal”, describes the first step of the two-
step algorithm, i.e., the algorithm to rewrite an arbitrary algorithm into an equivalent,
minimal DNA expression. The second paper, entitled “A minimal normal form for
DNA expressions”, describes the minimal normal form and an algorithm to rewrite an
arbitrary minimal DNA expression into the normal form. The two new papers are self-
contained. They were submitted together, as a diptych, to Fundamenta Informaticae,
and were accepted for publication.

The interested reader of the papers may wish to see more details. Therefore, we
compiled this report. In contains even more detailed proofs of the results from the
papers (including auxiliary results, again with proofs), more examples illustrating the
text and a section with a related topic that is not covered in the papers (§ 7.4).

The following table may serve as a quick reference list from definitions, examples,
results, table and figures in the papers to their equivalents in this report:

In paper 1 In paper 2 In report

Definition 1 Definition 2.5

DNA expression Definition 2.11

Theorem 2 Theorem 3.3

Theorem 3 Theorem 1 Theorem 5.3

Definition 4 Definition 2a | Definition 4.3, Definition 5.4

Definition 5 B|(X), By(X) | Definition 4.5

Definition 6 Definition 2b | Definition 5.8, Definition 5.9
Example 3 Example 5.14

Theorem 7 Theorem 4 Theorem 5.12

Example 8 Example 5 Example 5.14

Example 9 Lemma 6.14(2)

Theorem 10 Theorem 6 Lemma 6.15, Theorem 6.16

Lemma 11 Lemma 7 Lemma 7.21

Example 12 not in this report

Lemma 13 Theorem 7.20

v



In paper 1 In paper 2 In report

Lemma 14 Theorem 7.24

Lemma 15 Theorem 7.27

Theorem 16 Theorem 7.17

Example 17 not in this report

Lemma 18 Lemma 7.34

Lemma 19 Lemma 7.36

Theorem 20 Theorem 7.37, Corollary 7.38, Theorem 7.40
Definition 8 Definition 8.1
Example 9 Example 8.3
Theorem 10 Lemma 8.6, Lemma 8.7, Theorem 8.8

language of minimal
normal form is regular | § 8.4

Example 11 Example 9.2
Example 12 Example 9.4
Example 13 Example 9.7
Theorem 14 Theorem 9.8
Theorem 15 Theorem 9.10, Theorem 9.12
Theorem 16 Theorem 9.13
In paper 1 In paper 2 In report
Figure 1 Figure 1 Figure 5.4
Table 1 Table 6.1
Figure 2 Figure 7.1, Figure 7.15
Figure 3 Figure 7.3
Figure 4 Figure 7.4
Figure 5 Figure 4 Figure 7.5
Figure 6 Figure 7.16, Figure 7.17, Figure 7.18
Figure 2 Figure 9.1
Figure 3 Figure 9.4, Figure 9.6

This report was first published in July 2011. This preface is the only part of the report
that has been adjusted since then.

Rudy van Vliet
October 2012
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Abstract

DNA expressions consitute a formal language /notation for DNA molecules
that may contain nicks and gaps. Different DNA expressions may denote
the same DNA molecule. We define a (minimal) normal form for this lan-
guage and describe an algorithm to rewrite a given DNA expression into
the normal form.

VII






Chapter 1

Introduction

In the past two decades, DNA computing has become a flourishing research area. Since
[Head, 1987] and [Adleman, 1994], researchers from various disciplines, ranging from
theoretical computer science to molecular biology, investigate the computational power
of DNA molecules, both from a theoretical and an experimental point of view. Nowa-
days, research groups from all over the world contribute to the field, see, e.g., [Deaton
& Suyama, 2009] and [Sakakibara & Mi, 2011]. Current topics of interest include, a.o.,
gene assembly in ciliates, DNA sequence design, self-assembly and nanotechnology,
see, e.g., [Ehrenfeucht et al., 2004], [Kari et al., 2005], [Winfree, 2003|, [Reif, 2003],
[Rothemund, 2006] and [Chen et al., 2006]. The basic concepts of DNA computing are
described in [Paun et al., 1998].

Despite the growing interest in DNA computing, not much attention is paid in
literature to formal ways to denote the DNA molecules — exceptions are [Boneh et al.,
1996] and [Li, 1999]. Formal notations can, however, be useful, e.g., to precisely denote
molecules and to compactly describe the computations carried out using them.

In [Van Vliet, 2004], [Van Vliet et al., 2005] and [Van Vliet et al., 2006], we have
introduced DNA expressions as a formal notation for DNA molecules that may contain
nicks (missing phosphodiester bonds between adjacent nucleotides in the same strand)
and gaps (missing nucleotides in one of the strands). Different DNA expressions may
denote the same DNA molecule. Such DNA expressions are called equivalent. In these
three publications, it is also explained how to construct minimal DNA expressions: the
shortest possible DNA expressions denoting a given molecule.

When one wants to decide whether or not two DNA expressions F; and FE, are
equivalent, one may determine the DNA molecules that they denote and check if these
are the same. In this report, we present a different approach. We define a normal form:
a set of properties, such that for each DNA expression there is exactly one equivalent
DNA expression with these properties. We also describe an algorithm to rewrite an
arbitrary DNA expression into the normal form. Now to decide whether or not E;
and Fy are equivalent, one determines their normal form versions and then checks if
these are the same. This approach is elegant, because it operates at the level of DNA
expressions only, rather than to refer to the denoted DNA molecules.

The report is organized as follows. In Chapters 2-6, we recall a number of definitions
and results which we have published before and which we need for the normal form and
the algorithms. In particular, in Chapter 2, we introduce the concepts of a formal DNA
molecule and a DNA expression. Chapter 3 contains some results on DNA expressions
in general. Chapter 4 deals with (lower bounds on) the length of a DNA expression.

1



2 Ch. 1 Introduction

In Chapter 5, we describe how to construct minimal DNA expressions. In Chapter 6,
we find out that there do not exist minimal DNA expressions other than the ones
constructed in Chapter 5.

For every known definition or result in Chapters 2-6, we mention the corresponding
definition or result in the earlier publications. We do not repeat the proofs for the old
results, as they can simply be looked up, especially in [Van Vliet, 2004]. In addition,
these five chapters contain some new, related results. For those, we do provide the
proofs.

Because the contents of Chapters 2-6 are meant mainly as background material,
we have not put much effort in presenting it as a nice, fluent story. This is different
for Chapters 7-9, which describe the normal form and the algorithms.

In Chapter 7, we present an algorithm to rewrite an arbitrary DNA expression
into an equivalent, minimal DNA expression. By itself, this is not sufficient to yield a
normal form. For many DNA molecules, there exist many (equivalent) minimal DNA
expressions. Depending on the input, the algorithm may yield each of these. However,
the algorithm can function as a first step towards a true normal form.

Such normal form is introduced in Chapter 8. As the DNA expressions that satisfy
the normal form are minimal, it is called a minimal normal form. In Chapter 9, we
describe an algorithm for constructing this normal form. It first uses the algorithm
from Chapter 7 to construct a minimal DNA expression, and then rewrites the result
into the minimal normal form. This turns out to be more efficient than an alternative,
direct algorithm.

Finally, in Chapter 10, we draw conclusions and suggest directions for future re-
search.



Chapter 2

Terminology and Notation

2.1 Strings, N-words, trees, grammars and com-
plexity

An alphabet is a finite set, the elements of which are called symbols or letters. A
finite sequence of symbols from an alphabet Y is called a string over . For a string
X = x129... 2, over an alphabet X, with x; € X for i = 1,2,...,r, the length of X is
r and it is denoted by |X|. The length of the empty string A equals 0.

For a non-empty string X = z25...2,, we define L(X) = z; and R(X) = x,.
The concatenation of two strings X; and X5 over an alphabet ¥ is usually denoted by
X1X5; sometimes, however, we will write X7 - Xs.

The set of all strings over an alphabet 3 is denoted by ¥*, and 3T = X*\ {A} (the
set of non-empty strings). A language over ¥ is a subset IC of ¥*.

Let N = {A, C, G, T} be the alphabet of nucleotides. The elements of N are called
N -letters. We reserve the symbol a (possibly with a subscript) to denote N -letters.
A non-empty string over N is called an N -word. Clearly, the set N of N-words is
closed under concatenation. We reserve the symbol « (possibly with a subscript) to
denote N -words.

Substrings

A substring of a string X is a (possibly empty) string X*® such that there are (possibly
empty) strings X; and X, with X = X; X*X,. If X® # X, then X* is a proper substring
of X. We call the pair (X3, X3) an occurrence of X* in X. If there exists a (possibly
empty) string X, such that X = X*X,, then X* is a prefir of X; if there exists a
(possibly empty) string X; such that X = X;X?®, then X is a suffiz of X. If a prefix
of X is a proper substring of X, then it is also called a proper prefiz. Analogously, we
may have a proper suffix of X.

If (X1, X5) and (Y;, Y2) are different occurrences of X in X, then (X, X3) precedes
(Y1,Y3) if | Xy| < |Y1]. Hence, all occurrences in X of a given string X* are linearly
ordered, and we can talk about the first, second, ... occurrence of X*® in X. Although,
formally, an occurrence of a substring X* in a string X is the pair (X3, X3) surrounding
X% in X, the term will also be used to refer to the substring itself, at the position in
X determined by (X1, Xs).

Note that for a string X = xj25...2, of length r, the empty string A has r + 1
occurrences: (A, X), (z1, z2...2),...,(1... 21, z,), (X, A).

3



4 Ch. 2 Terminology and Notation

If X? = a for a letter a from the alphabet X, then the number of occurrences of X*
in X is denoted by #,(X). Obviously, when X = zyz5...x, with zy,29,...,2, € 3,
#.(X) is the number of z;’s that are equal to a. Sometimes, we are not so much
interested in the number of occurrences of one letter in a string X, but rather in the
total number of occurrences of two different letters a and b in X. This total number is
denoted by #4.4(X).

If a string X is the concatenation of k times the same substring X*, hence X =
X?®...X?® then we may write X in the form (X*)*.
—_—

k times

Let (Y1,Y2) and (Z;, Zs) be occurrences in a string X of substrings Y* and Z°%,
respectively. We say that (Y1,Y2) and (71, Z5) are disjoint, if either |Yi| + |Y*| < |Z)]
or |Z1| + |Z%| < |Yi|. Intuitively, one of the substrings occurs (in its entirety) before
the other one.

If the two occurrences are not disjoint, hence if |Z;| < |Yi| + |Y*] and |Yi] <
|Z1| + | Z7|, then they are said to intersect. Note that, according to this formalization
of intersection, an occurrence of the empty string A may intersect with an occurrence
of a non-empty string. For example, in the string X = ACATGAT over the alpha-
bet N, the third occurrence of A (the occurrence (AC, ATGAT)) intersects with the
(only) occurrence of CAT. In the remainder of this report, however, we will not come
across intersections of A\ with other strings. Occurrrences of two non-empty substrings
intersect, if and only if the substrings have at least one (occurrence of a) letter in
common.

We say that (Y1,Ys) overlaps with (Z1, Zs), if either |Y1| < |Z1] < |[Y1 +|Y?*] <
|Z1|+|Z%| or | Z1| < |Yi| < |Z1|+|Z°] < |Ya| +|Y®|. Hence, one of the substrings starts
before and ends inside the other one.

Finally, the occurrence (Y7, Y3) of Y* contains (or includes) the occurrence (Zy, Zs)
of Z*, i |Yi] < |Zy] and |24 + |2°] < Vi + V).

If it is clear from the context which occurrences of Y* and Z° in X are considered,
e.g., if these strings occur in X exactly once, then we may also say that the substrings
Y* and Z° themselves are disjoint, intersect or overlap, or that one contains the other.

Note the difference between intersection and overlap. If (occurrences of) two sub-
strings intersect, then either they overlap, or one contains the other, and these two
possibilities are mutually exclusive For example, in the string X = ACATGAT over
N, the (only occurrence of the) substring Y* = ATGA intersects with both occurrences
of the substring Z°* = AT. It contains the first occurrence of Z° and it overlaps with
the second occurrence of Z°.

In Figure 2.1, we have schematically depicted the notions of disjointness, intersec-
tion, overlap and inclusion.

Functions on strings

Let ¥ be an alphabet. A function A from >* to a set K with an operation o is called
a homomorphism if h(X;Xs) = h(X;) o h(Xs) for all X;, X, € ¥*. Hence, to specify h
if suffices to give its values for the letters from .

The empty string A is the identity 1s- of ¥* i.e., the element satisfying X o 1y« =
1y« 0o X = X for all X € ¥*. It follows from the definition of a homomorphism that
h(A\) = 1k, where 1k is the identity of K.

We have already seen an example of a homomorphism. The length function | - | is
a homomorphism from X* to the non-negative integers with addition as the operation.
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X
Y1 ys Y,
N —
Z1 75 Ly (a)
——
Y1 ys Y,
——
A VA Zo (b)

Yy v )£
- y T f
Z1 75 Zy (c)

Figure 2.1: Examples of disjoint and intersecting occurrences (Y7,Y3) of Y* and
(Z1,Z3) of Z® in a string X. (a) The occurrences are disjoint: |Yi|+ [Y*| < |Z;]. (b)
The occurrences overlap: |Z;| < |Yi| < |Z1] +|Z°%| < |Yi| + |Y*]. (c) The occurrence of
Y® contains the occurrence of Z*%: |Y1| < |Z;| and |Z1| + | Z°] < |Y1| + |Y5).

Indeed, |A| = 0, which is the identity for addition of numbers.

If a homomorphism h maps the elements of ¥* into ¥* (i.e., if K = ¥* and the
operation is concatenation), then h is called an endomorphism.

The symbol ¢ will denote the complement function. It is an endomorphism on N*,
specified by

c(A)=T, c(C) =G, c(G) =C, c(T)=A.

Thus, for an N-word «, ¢(«) results by replacing each letter of « by its Watson-Crick
complement. For example, ¢((ACATG) = TGTAC.

Directed trees

A tree is a non-empty graph such that for all nodes X and Y in the graph, there is
exactly one path between X and Y. In particular, a tree is connected. Figure 2.2(a)
shows an example of a tree. The distance between two nodes in a tree is the number
of edges on the path between the two nodes. For example, the distance between nodes
X and Y in the tree from Figure 2.2(a) is 3.

A directed tree is a tree with one designated node, which is called the root of the
tree. A non-root in the tree is a node that is not the root of the tree. Let X be a non-
root in a directed tree. The nodes on the path from the root of the tree to X (including
the root, but excluding X') are the ancestors of X. The last node on this path is the
parent of X. X is called a child of its parent. All nodes ‘below’ X in the tree, i.e.,
nodes that X is an ancestor of, are called descendants of X. The subtree rooted in X is
the subtree of t with root X, consisting of X and all its descendants, together with the
arcs connecting these nodes. A leaf in a directed tree is a node without descendants.
Nodes that do have descendants are called internal nodes. We thus have two ways to
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internal nodes

’.

non-roots

(a) (b)

Figure 2.2: Examples of trees. (a) A tree with ten nodes. (b) A directed tree with
ten nodes, in which the root and some non-roots, internal nodes and leaves have been
indicated.

partition the nodes in a directed tree: either in a root and non-roots, or in leaves and
internal nodes.

Usually, in a picture of a directed tree, the root is at the top, its children are one
level lower, the children of the children are another level lower, and so on. An example
is given in Figure 2.2(b). In this example we have also indicated the root and some of
the non-roots, internal nodes and leaves.

A level of a directed tree is the set of nodes in the tree that are at the same distance
from the root of the tree. The root is at level 1, the children of the root are at level 2,
and so on. The height of a directed tree is the maximal non-empty level of the tree.
Obviously, this maximal level only contains leaves. For example, the height of the tree
depicted in Figure 2.2(b) is 4, level 2 contains a leaf and an internal node, and level 4
contains five leaves.

It follows immediately from the definition that the height of a tree can be recursively
expressed in the heights of its subtrees:

Lemma 2.1 Lett be a directed tree, and let Xy, ..., X, for somen > 0 be the children
of the root of t.

1. If n =0 (i.e., if t consists only of a root), then the height of t is 1.

2. If n > 1, then the height of t is equal to

mZalx (height of the subtree of t rooted at X;)+ 1.

A directed tree is ordered if for each internal node X, the children of X are linearly
ordered (‘from left to right’). Finally, an ordered, directed, node-labelled tree is an
ordered directed tree with labels at the nodes.

Grammars

A grammar is a set of rules that describe how the elements (strings) of a certain
language can be derived from a certain initial symbol. We are in particular interested
in context-free grammars and right-linear grammars.
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A context-free grammar is a 4-tuple G = (X, A, P, S), where ¥ is the total alphabet
(the set of all symbols that may occur in an intermediate or final string in the grammar),
A is the alphabet of terminal symbols (the set of symbols that may occur in the elements
of the language described), P is a finite set of productions (rewriting rules for elements
from ¥\ A) and S is the aziom (the initial symbol). The elements of ¥\ A are called
non-terminal symbols. Every production is of the form A — Z, where A € ¥\ A and
Z € ¥*. It allows for rewriting the non-terminal symbol A into the string Z over X
(which may contain both terminal and non-terminal symbols).

Let (X1, X5) be an occurrence of the non-terminal symbol A in a string X over X.
Hence, X = X;AX,. When we apply the production A — Z to this occurrence of A
in X, we substitute A in X by Z. The result is the string X; 7 X5.

A string that can be obtained from the axiom S by applying zero or more produc-
tions from P, is called a sentential form. In particular, the string S (containing only
the axiom) is a sentential form. It is the result of applying zero productions.

The language of G (or the language generated by G) is the set of all sentential
forms that only contain terminal symbols, i.e., the set of all strings over A that can be
obtained from the axiom S by the application of zero or more! productions. We use
L(G) to denote the language of G.

A language K is called context-free, if there exists a context-free grammar G such
that K = L(G).

Let X be an arbitrary string over . A derivation in G of a string Y from X is
a sequence of strings starting with X and ending with Y, such that we can obtain
a string in the sequence from the previous one by the application of one production
from P. If we use Xy, X1,..., X, to denote the successive strings (with X, = X and
Xy =Y), then the derivation is conveniently denoted as Xg —= X} = -+ = X;.
If the initial string X in the derivation is equal to the axiom S of the grammar, then
we often simply speak of a derivation of Y (and not mention ).

For arbitrary strings X over 3, the language L4 (X) is the set of all strings over A
that can be derived in G from X: L5(X) = {Y € A* | there exists a derivation of Y in
G from X}. If the grammar G is clear from the context, then we will also write £(X).
In particular, £(G) = L(S) = L(S).

Example 2.2 Consider the context-free grammar G' = ({S, A, B, a, b}, {a,b}, P, 5),
where

P={S — A\
S — ASB
A — a
B — b }
A possible derivation in G is
S = ASB
= aSB
= aASBB
— aaSBB (2.1)
= aaBB
=  aabB
= aabb.

In practice, of course, because S ¢ A, we need to apply at least one production to obtain an
element of the language of G.
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In this derivation, we successively applied the second, the third, the second, the third,
the first, the fourth and once more the fourth production from P.
It is not hard to see that £L(G) = {a™b™ | m > 0}. |

The notation
A—>Z1|Z2”Zn

is short for the set of productions

A — Zl
A — Lo
A — 7,

For example, the set of productions from the grammar G in Example 2.2 can be written
as

P={S — X | ASB
A — a
B — b }.

With this shorter notation for the productions, we will often use ‘production (z,7)’
to refer to the production with the j* right-hand side from line 7. In our example,
production (1,2) is the production S — ASB.

If a sentential form contains more than one non-terminal symbol, then we can
choose which one to expand next. Different choices usually yield different derivations,
which may still yield the same final string.

Example 2.3 Let GG be the context-free grammar from Example 2.2. Another deriva-
tion of the string aabb in G is

S ASB

AASBB

AASBb

aASBb (2.2)
aASbb

aaSbb

aabb.

FEELLEL

If, in each step of a derivation, we expand the leftmost non-terminal symbol, then the
derivation is called the leftmost derivation. Derivation (2.1) of aabb in our example
context-free grammar is the leftmost derivation,

A right-linear grammar is a special type of context-free grammar, in which every
production is either of the from A — A or of the form A — aB with A, B € ¥\ A
and a € A. Hence, a production A — aB allows for rewriting the non-terminal
symbol A into a terminal symbol a followed by a non-terminal B.

A language K is called regular, if there exists a right-linear grammar G such that
K = L(G).

To prove that a given language is regular, one may prove that it is generated by
a certain right-linear grammar. Sometimes, however, one can also use a result from
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formal language theory, stating that a language generated by a context-free grammar
with a particular property is regular.

Let G be a context-free grammar, let A be the set of terminal symbols in G and
let A be a non-terminal symbol in G. We say that A is self-embedding if there exist
non-empty strings X, X, over A, such that the string X; AX, can be derived from
A. Intuitively, we can ‘blow up’ A by rewriting it into X;AXs,, rewriting the new
occurrence of A into X;AX5, and so on.

G itself is called self-embedding, if it contains at least one non-terminal symbol that
is self-embedding. In other words: G is not self-embedding, if none of its non-terminal
symbols is self-embedding. Clearly, a right-linear grammar is not self-embedding.
Hence, any regular language can be generated by a grammar that is not self-embedding.
As was proved in [Chomsky, 1959], the reverse is also true: a context-free grammar
that is not self-embedding generates a regular language. We thus have:

Proposition 2.4 A language K is reqular, if and only if it can be generated by a
context-free grammar that is not self-embedding.

Complexity of an algorithm

An algorithm is a step-by-step description of an effective method for solving a problem
or completing a task. There are, for example, a number of different algorithms for
sorting a sequence of numbers. In this report, we describe a few algorithms to transform
a given DNA expression into another DNA expression with some desired properties.
In each of these cases, the input of the algorithm is a DNA expression E, which is in
fact just a string over a certain alphabet, satisfying certain conditions.

Algorithms can, a.o., be classified by the amount of time or by the amount of
memory space they require, depending on the size of the input. In particular, one is
often interested in the time compezity (or space complexity) of an algorithm, which
expresses the rate by which the time (space) requirements grow when the input grows.
In our case, the size of the input is the length |F| of the DNA expression E. Hence,
growing input means that we consider longer strings F.

For example, an algorithm is said to have linear time complexity, if its time re-
quirements are roughly proportional to the size of its input: when the input size (the
length |E|) grows with a certain factor, the time required by the algorithm grows with
roughly the same factor. In this case, we may also say that this time s linear in the
input size. An algorithm has quadratic time complexity, if its time requirements grow
with a factor ¢ when the input size grows with a factor c.

In the analysis of complexities, we will also use the big O notation. For example,
we may say that the time spent in an algorithm for a given DNA expression E is
in O(|E|). By this, we mean that this time grows at most linearly with the length
|E| of E. In this case, in order to conclude that the algorithm really has linear time
complexity, we need to prove that |E| also provides a lower bound for the growth rate.

2.2 Formal DNA molecules

Every symbol in the upper strand of a double-stranded DNA molecule corresponds to a
symbol in the lower strand. If there are no gaps, then two such corresponding symbols
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denote a base pair — two complementary nucleotides that are connected through a hy-
drogen bond. In the formal semantics of our DNA expressions, a pair of corresponding

elements in the upper strand and the lower strand is denoted by a composite symbol
+
T = (i_) Here 2t stands for the nucleotide in the upper strand and x~ stands for

the nucleotide in the lower strand. If we happen to have a gap in either of the strands,
the missing nucleotide is denoted by —. Hence, 27,2~ € N U {—}. For convenience,
we will speak of a base pair also if one of two complementary nucleotides is missing. If
both nucleotides are present, we may call the base pair complete.

Of course, the value of x1 restricts the value of 7, and vice versa. Because of

the Watson-Crick complementarity and the fact that a missing nucleotide cannot face
+
another missing nucleotide, only 12 out of the 25 possible composite symbols (i,) are

s e (), (9)-(3). (3. (9.9, (). (). (- (). (). e s

of these 12 composite symbols is denoted by

For the future use, we partition A into three subsets: A4 = { (%), (8), (g), (E) },

Ac= {9 (9} a4 = {(2). (©)-(3): ()} The clements of 4

are called A-letters, the elements of Ay are called double A-letters, the elements of
A, are called upper A-letters, and the elements of A_ are called lower A-letters.
Consequently, a non-empty string over A is called an A-word, a non-empty string over
A is called a double A-word, a non-empty string over A, is called an upper A-word,
and a non-empty string over A_ is called a lower A-word.

We also need symbols to denote nicks. There are three possibilities for the connec-
tion structure of two adjacent base pairs in a double stranded DNA molecule: there
can be a nick in the upper strand, there can be a nick in the lower strand, or there can
be no nick at all between the base pairs. Note that there cannot be both a nick in the
upper strand and a nick in the lower strand between two adjacent base pairs. In such
a situation, there would be no connection whatsoever between the base pairs, so they
would be parts of different DNA molecules.

The case that there is no nick at all is the default; it is not denoted explicitly. A
nick in the upper strand is denoted by ¥ and a nick in the lower strand by . We call
vV and a the nick letters — ¥ is the upper nick letter, and a the lower nick letter.

Now, a complete description of a linear DNA molecule possibly containing nicks
and gaps can be given by a non-empty string X over A, = AU {",a}.

Definition 2.5 (See [Van Vliet, 2004, Definition 2.1], [Van Vliet et al., 2005,
Definition 1], [Van Vliet et al., 2006, Definition 1]) A formal DNA molecule is
a string X = x1xo...2, withr > 1 and fori=1,...,r, x; € Ay, satisfying

1. if x; € Ay, then x; 1 ¢ A (1=1,2,...,r=1),
if x; € A, then x;1 ¢ Ay (1=1,2,...,r=1),

2. 1, T, € A,

3. if x; €{Y,a}, then x;_1, 241 € Ar  (1=2,3,...,7r—1).

The language of all formal DNA molecules is denoted by F. Since X € F is called a
molecule (albeit ‘formal’), we will refer to the sequence of (possibly missing) nucleotides
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x] and upper nick letters in X as the upper strand of X. The lower strand of X is
defined analogously.

If a formal DNA molecule does not contain upper nick letters, then we say that its
upper strand is nick free. Similarly, if a formal DNA molecule does not contain lower
nick letters, then its lower strand is nick free. If a formal DNA molecule does not
contain nick letters at all, then the molecule is called nick free.

When we build up a formal DNA molecule from left to right, the choice of a certain
letter completely determines the possibilities for the next letter. For example: a nick
letter must be succeeded by a double A-letter; an upper A-letter may be succeeded by
either an other upper A-letter or a double A-letter, or it may terminate the formal DNA
molecule (see Definition 2.5). With this in mind, it is easy to construct a right-linear
grammar that generates the language F. We thus have:

Lemma 2.6 The language F of formal DNA molecules is reqular.

Components of a formal DNA molecule

Let X = ;... 2, be a formal DNA molecule, with x; € A_, fori=1,...,r. A formal
DNA submolecule of X is a substring X* of X such that X* is a formal DNA molecule.
It is easy to see that

Lemma 2.7 A substring X*® of a formal DNA molecule X is a formal DNA molecule
if and and only if | X®| > 1 and L(X*®), R(X*®) € A.

Definition 2.8 (See [Van Vliet, 2004, Definition 2.3], [Van Vliet et al., 2005,
Definition 2], [Van Vliet et al., 2006, page 130]) Let X be a formal DNA molecule.
Then the decomposition of X is the sequence ', ..., x) of k > 1 non-empty strings over
A, such that

o X =uaf...1,

o fori=1,... k, x} is either an upper A-word, or a lower A-word, or a double
A-word, or a nick letter, and

o fori=1,...,k—1, if ¥ is an upper A-word, then x;,, is not an upper A-word,
and similarly for lower A-words and double A-words.

Hence, the decomposition of X cannot be simplified any further. For the ease of

notation, we will in general write x} ...} instead of x,..., z}.
If 2 ... 2 for some k > 1 is the decomposition of a formal DNA molecule X, then
the substrings z} are called the components of X. For i = 1,... k, if 2} is an upper

A-word (lower A-word or double A-word), then «/ is called an upper component (lower
component or double component, respectively) of X. If x} is not a double component,
then we may also call it a non-double component of X. Upper components and lower
components of X are also called single-stranded components of X.

Corollary 2.9 (See [Van Vliet, 2004, Corollary 2.5]) Let X be a nick free formal
DNA molecule and let o ...z, for some k > 1 be the decomposition of X.

1. Fori=1,...,k, x} is either an upper component, or a lower component, or a
double component.
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2. Fori=1,...,k—1,

o if x; is a single-stranded component, then x;,, is a double component, and

o if ; is a double component then x;,, is a single-stranded component.

2.3 Properties, relations and functions of formal
DNA molecules

Properties

Let X = x; ...z, be a formal DNA molecule, with z; € A_, fori=1,...,r. Then the
upper strand of X is said to cover the lower strand to the right if R(X) = x, ¢ A_,
hence, if z;7 # —; note that, since z,. is not allowed to be a nick letter (condition 2 of
Definition 2.5), ;" is well defined. Intuitively, the upper strand extends at least as far
to the right as the lower strand then.

If R(X) = x, € Ay, hence x; = — (the upper strand extends even beyond the
lower strand to the right), then the upper strand strictly covers the lower strand to the
right. In an analogous way we can define ‘(strict) covering to the left’.

Of course, the definition of ‘(strict) covering’ can also be formulated for the lower
strand.

Relations

We say that a formal DNA molecule X; prefits a formal DNA molecule X, by upper
strands, denoted by X C X,, if the upper strand of X; covers the lower strand to
the right and the upper strand of X, covers the lower strand to the left, hence, if
R(X;) ¢ A_ and L(X,) ¢ A_; we also say that X is an upper prefit for X, then.
Intuitively, when we write X; and X, after each other in such a case, the respective
upper strands ‘make contact’.

Analogously, we define X to prefit Xo by lower strands (to be a lower prefit for X5)
if R(X;) ¢ Ay and L(X3) ¢ A, and write then X;C X5, If either X;T X, or X7 X0,
we say that X; prefits X, or that X, is a prefit for X5, and write then X; C Xs.

If X prefits X (by upper/lower strands), then, from the perspective of X5, we say
that X5 postfits X; (by upper/lower strands), or that X, is an (upper/lower) postfit
for X;.

If the order of the formal DNA molecules is clear, then we may also say that X;
and X, fit together (by upper/lower strands).

Functions

We define four endomorphisms on the set A? : v*, v7, v and k. Let v € A,,. Then

cw={y st =
v () = { ¢ oAUt} (2.4)

v(w) = { Ve J{4V,A} (2:5)



2.4 Operators and DNA expressions 13

T if$€A:|:U{V,A}
k(z) = (Ca(“l;) if v = (f) fora e N (2.6)
(C;) ifq::(;)foraej\/'

It is easy to see (by inspecting the effect of the functions on the symbols from A, ),
that applying the same function more than one time, does not change the result:

h(h(X)) = h(X) for each h € {v",v™,v, Kk} and X € A7 . (2.7)
For example, v(v(X)) = v(X) for each X € A7 .

Lemma 2.10 (See [Van Vliet, 2004, Lemma 2.7]) For each formal DNA molecule

L(v" (X)) = L(v™ (X)) = L(v(X)) = L(X),

L(k(X)), R(r(X)) € Ax.

2.4 Operators and DNA expressions

The formal DNA molecules constitute the foundation of our DNA language. They
allow us to define the elements of the DNA language: the DNA expressions.

The basic building blocks of DNA expressions are N-words. DNA expressions
result by applying operators to N/-words. The operators we consider in this report are
1, L and J, to be pronounced as uparrow, downarrow and updownarrow, respectively.
DNA expressions also contain opening and closing brackets: ( and ), which delimit
the scope of the operators — each (occurrence of an) operator acts only on the part of
the expression that is contained between its opening and closing brackets. Hence, the
set of all DNA expressions, denoted by D, is a language over the alphabet ¥p, where
o = N ULt b3 ()} = {AC.G T L3 (),

We will use the symbol E (possibly with annotations like subscripts) to denote a
DNA expression. If a string can be either an N-word or a DNA expression, then we
use € (possibly with annotations like subscripts) to denote it.

Informally, a DNA expression is a string of the form (1 e165...¢,), ({ £162...6p)
or (] 1), where n > 1 and the ¢;’s are either AN/-words or DNA expressions themselves.
The ¢;’s are called the arguments of the operator involved. We say that an operator is
applied to its arguments. The arguments of the operators 1 and | must satisfy certain
conditions, which will be explained shortly.

Clearly, not every string over ¥p is a DNA expression. In particular, every DNA
expression contains brackets and at least one operator, which implies that A-words
are not DNA expressions.

If E is a DNA expression, then the semantics of F, denoted by S(FE), is the formal
DNA molecule represented by E. For every DNA expression, there is exactly one such
formal DNA molecule, so S is a mapping from the DNA language into the set of formal
DNA molecules. When we precisely define the DNA expressions, we will also describe
the corresponding semantics.
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Figure 2.3: (See [Van Vliet, 2004, Figure 2.5], [Van Vliet et al., 2005, Fig-
ure 1], [Van Vliet et al., 2006, Figure 1]) Examples of the effects of the three
operators. (a) The effect of the operator 1. (b) The effect of the operator |. (c¢) The
effect of the operator J.

The operator 1 can have an arbitrary number n > 1 of arguments. Each argument
g; (i =1,2,...,n) must be either an N-word «, or a DNA expression E. The resulting
DNA expression is (1 €162...6,).

From the molecular point of view, the effect of the operator 1 is threefold: (1) it
produces upper strands corresponding to arguments that are AN-words a (as in the
basic DNA expression (T «)), (2) it repairs all nicks occurring in the upper strands of
its arguments by establishing the missing phosphodiester bonds and (3) it fixes such
connections between the upper strands of consecutive arguments. In short, T connects
all pairs of adjacent nucleotides in the upper strands of its arguments.

The third type of effect imposes a (semantical) restriction on the arguments of
T consecutive arguments must prefit each other by upper strands. Otherwise, there
would be a gap in the upper strand ‘between’ two arguments, and we would not be
able to connect the upper strands. Since we have defined ‘prefitting each other by
upper strands’ only for formal DNA molecules and for DNA expressions, we consider
an N-word « here as the DNA expression (1 «), which represents the upper A-word
(%).

The three types of effect of 1 are illustrated by the first example in Figure 2.3(a).

Nicks that are present in the lower strands of the arguments are not repaired by
the operator 1. As a matter of fact, T introduces nicks between the lower strands of
consecutive arguments if these consecutive arguments happen to prefit each other by
lower strands, i.e., if they have a blunt edge at each other’s side. The second example
in Figure 2.3(a) shows such a situation.

The operator | is the dual of 1. It can have an arbitrary number n > 1 of arguments,
with each argument ¢; (i = 1,...,n) being either an A-word or a DNA expression.
The resulting DNA expression is (] €169...6,).

The effect of this operator is similar to that of 1; the only difference is that the roles
of the upper strands and the lower strands of the arguments are changed. Consequently,
also the requirement on consecutive arguments is changed: for i = 1,2,....n — 1, ¢;
must prefit €;,; by lower strands. Here, when an argument ¢; is an N-word «, it is
interpreted as the DNA expression (| «), which denotes the lower A-word (;) The
effect of | is illustrated by Figure 2.3(b).

Unlike the other two operators, § can have only one argument £;. It is either an
N-word or an (arbitrary) DNA expression. The resulting DNA expression is (] &1).

If £1 is a DNA expression F, then, intuitively, in the DNA molecule denoted by FE,
the operator J provides a complementary nucleotide for every nucleotide which is not
yet complemented. So it fills up every gap in the DNA molecule. Further, the operator
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establishes phosphodiester bonds between the nucleotides added and their respective
neighbours in the strand. Hence, it does not introduce new nicks. On the other hand,
if the DNA molecule denoted by E has nicks already, then these nicks are not repaired
by J. The effect of this operator is illustrated in Figure 2.3(c).

Definition 2.11 (See [Van Vliet, 2004, Definition 2.8 and Definition 2.9],
[Van Vliet et al., 2005, pages 378-380], [Van Vliet et al., 2006, pages 131-
133]) A DNA expression is a string in any of the following forms:

[} <T 5182...€n>,

where n > 1, fori = 1,2,...,n, & is either an N-word or a DNA expression,
and fori=1,2,... ., n—1, ST (&,)CST(g;11), where the function ST is defined by

S*He) = (f) if € is an N -word « (2.8)
S(e) ife is a DNA expression '

Further,

S({teieg...e0) = v (ST (e1) v (ST (e2))ya . . yn1v T (ST (en)) (2.9)
with
A Zf S+(6i);‘9+(€i+1); i.e., Zf both R(S+(€Z)) € Ai
and L(S8T(gi41)) € Ax

Y= X otheruwise, i.e., if either R(S*(g)) € Ay (2.10)
or L(S§T(gi41)) € Ay (or both) '
(i=1,2,...,n—1).

o (lergg. .. en),
where n > 1, fori = 1,2,...,n, & is either an N-word or a DNA expression,
and fori=1,2,...,n—1, 8 (£,) =S (gi1+1), where the function S~ is defined by

5=

Further,

_) if € is an N -word «

(&%

( . 2.11
S(e) ife is a DNA expression (2.11)

S(({ergeg...en) =v (S (e1)iv (S (€2)y2 - . . Yn—1v " (S (en))
with
v Zf S_(ﬁi)ES_(6i+1), i.(i., Zf both R(S_<€Z)) € .Aj:
. and L(Si(éi_;,_l)) € Aj:
Y= X otheruise, i.c., if either R(S (&) € A
or L(S™ (ei41)) € A_ (or both)

(i=1,2,...,n—1).
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o (Je1),

where g1 1s either an N'-word or a DNA expression.

Further,

S((Te1)) = k(ST (e1))-
for the function ST defined above.

Example 2.12 (See [Van Vliet, 2004, Equation (2.17)]) (Cf. [Van Vliet et
al., 2005, Equation (4)], [Van Vliet et al., 2006, Equation (4)]) The DNA
expression

E={(TOHJIOATLIGTONTTATT),

uses all three operators. It is easily verified that E denotes the DNA molecule from
Figure 2.3(b). |

We call a DNA expression of the form (1 &;...¢,) an T-expression, one of the form
({er1...en) a l-expression, and one of the form (J &) an J-expression. Hence, the
DNA expression in Example 2.12 is a |-expression.

Theorem 2.13 (See [Van Vliet, 2004, Theorem 2.10]) Let £ = (T €1...€iy—1

€ip - - EjoEjot1 - - - En) be a DNA expression where fori=1,...,i0—1,50+1,...,n, & is
either an N -word or a DNA expression, and for i = ig,...,Jjo, € = oy is an N -word.
Let o = a, ... c,. Then S(E) is the same, regardless of the interpretation of o as
one argument or as a sequence of separate arguments o, . . ., 0y, .

By the above, we are free to interpret consecutive N-words in a DNA expression as one
N-word. This motivates the definition of a mazimal N -word occurrence in a string X
(e.g., a DNA expression F) as an occurrence (X1, X5) of an N-word « in X such that
(1) if X3 # X then R(X;) ¢ N and (2) if X3 # X then L(X3) ¢ N. Hence, the N-word
a ‘cannot be extended either to the left or to the right’.

Additional terminology

We say that an operator governs its argument(s) and everything inside its argument(s).
In every DNA expression we can identify an outermost operator. This is the operator
which has been performed last. It governs the entire DNA expression.

Because of the 1-1 correspondence between a DNA expression and its outermost
operator, we will sometimes interchange the terms. In particular, we may speak of the
arguments of a DNA expression, while we actually mean the arguments of the outer-
most operator of a DNA expression. For example, the (three) arguments of the DNA
expression from Example 2.12 are T, (1 (J C) AT (| ( G) (T C))) and (1 (T A) (T T)).

We call (an occurrence of) an operator in a DNA expression E which is not the
outermost operator, an inner occurrence of this operator in E.

An operator may occur more than once in a DNA expression. To denote a specific
occurrence of an operator, we may provide the operator with an index. For example,
we may have T( or ;.

A DNA subexpression E° of a DNA expression E is a substring of E which is itself a
DNA expression. If E* # E, then we call E* a proper DNA subexpression of E. Clearly,
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the outermost operator of a proper DNA subexpression of E is an inner occurrence of
this operator in F.

We will use the term 1-subexpression of E to refer to a DNA subexpression of
E which is an T-expression. Analogously, we may have a |-subezpression and an J-
subexpression of E.

For every N-word a occurring in a DNA expression E and for every proper DNA
subexpression E° of E we define its parent operator to be the operator which has
the N-word or DNA subexpression as an immediate argument. For example, in the
DNA expression from Example 2.12, the parent operator of the A'-word AT is the first
occurrence of the operator 1 in the DNA expression; for the second occurrence of the
N-word C it is clearly the operator | standing in front of it; and the parent operator
of the DNA subexpression ({ G) is the second occurrence of the operator |.

An occurrence of an operator is an ancestor operator of an N-word or a DNA
subexpression € occurring in F, if € is contained in an argument of the operator. For
example, the ancestor operators of the second occurrence of the N-word C in the DNA
expression from Example 2.12 are: the first occurrence of | (the outermost operator),
the first occurrence of 1, the second occurrence of | and the third occurrence of  (the
parent operator of C).

If an argument of a certain (occurrence of an) operator is an N-word, then we may
call it an N -word-argument of the operator. If, on the other hand, the argument is
a DNA expression, then we may call it an ezpression-argument of the operator. In
particular, if it is an T-expression, then we may call it an -argument. In an analogous
way, we define a |-argument and an J-argument of an operator. At some point in this
report, it will be useful to have a single term for arguments that are not J-expressions,

e., for N-word-arguments, T-arguments and J-arguments. We call such arguments
non-J-arguments.

We say that an f-expression or a |-expression E is alternating, if its arguments are
maximal A-word occurrences and DNA expressions, alternately. Because by definition,
a maximal A -word occurrence cannot be preceded or succeeded by another N -word-
argument, this is equivalent to saying that E does not have consecutive expression-
arguments. An occurrence of an operator 1 or | is alternating, if the corresponding
DNA subexpression is alternating. Examples of alternating DNA expressions are

E, (T o),

Ey, = < @ >>7

By = (I (Tai(l ) azaa (T as)),
By = (lar{d T ag) (1 (T as)ad))).

Both E; and Es have exactly one argument, and are by definition alternating. The
N -word-arguments a3 and a4 of Es together form a maximal A -word occurrence.
This makes Fs5 alternating. Finally, F, is alternating, although its second argument
(I (T a2) (1 (T a3) ay)) is not alternating. The |-expression in Example 2.12 is not al-
ternating, because both its second argument (1 (3 C) AT (| (I G) (3 C))) and its third
argument (T ($ A) (I T)) are DNA expressions.

Let E be a DNA expression, and let ay,...,a, for some k£ > 1 be the maximal
N-word occurrences in E, in the order of their occurrence from left to right. Then
we will sometimes write F as a function of these maximal N -word occurrences, hence
E = FE(ay,...,a). Clearly, aq,. .., ax also show up in the corresponding formal DNA
molecule S(£), and they occur in S(F) in the same order as in E.
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Note, however, that different maximal A -word occurrences «; in £ may occur in
the same component of S(E). Moreover, if the parent operator of a maximal N -word

occurrence «; is | (which implies that a lower A-word (07) is introduced into the
semantics), then this lower .A-word may be complemented by an occurrence of J. This

would result in a double A-word (C(a%)). Hence, the component of S(F) in which a
maximal A -word occurrence a; of E appears, is not necessarily an element of W (a;)

For example, if £ = E(ay,az) = ($ (} a1 ({ a2))), then S(F) = (C(al)o@).

arc(as)

2.5 Nesting level of the brackets

The brackets in a DNA expression determine a structure with different levels. An
opening bracket ( corresponds to an increase of the level by 1, a closing bracket ) to
a decrease of the level by 1. The resulting levels are called the nesting levels of the
brackets.

Initially, before the first letter of a DNA expression, the nesting level is 0. Since
every opening bracket precedes the corresponding closing bracket, the nesting level is
non-negative at any position in a DNA expression. Further, because the number of
opening brackets equals the number of closing brackets, the nesting level is back at 0
at the end of a DNA expression.

The maximal nesting level of a DNA expression is of particular interest. For exam-
ple, the maximal nesting level of the DNA expression from Example 2.12 is 4.

A DNA expression consists of an opening bracket, an operator, one or more argu-
ments and a closing bracket. Hence, the nesting level structure of a DNA expression is
determined by the nesting level structure of its arguments. In particular, the maximal
nesting level of a DNA expression is determined by the maximal nesting levels of those
arguments that are DNA expressions themselves:

Lemma 2.14 Let E be a DNA expression and let Ey, ..., E,. for some r > 0 be the
expression-arguments of E.

1. If r =0 (i.e., if E only has N -word-arguments), then the mazimal nesting level
of E is 1.

2. If r > 1, then the maximal nesting level of E is equal to

m%tlx (mazimal nesting level of E;)+ 1.
]:

Of course, in the expression in Claim 2, the expression-arguments F; are viewed as
independent DNA expressions, which start at level 0.

2.6 The functions L and R for arguments of DNA
expressions

An important requirement on the arguments ¢4, . .., &, of an T-expression (or |-expres-
sion) is that they must fit together by upper strands (lower strands, respectively).
The requirement for f-expressions can be expressed formally in terms of R(S(g;))
and L(S*(g;41)) for i = 1,...,n — 1. If we only want to check whether or not two
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arguments of an operator fit together by upper strands, then we are not interested in
the complete semantics of these arguments. Therefore, it would be desirable if we could
compute L(S*(g;)) and R(S*(g;)) for an N-word or DNA expression ¢; without having
to compute ST (g;) explicitly. Actually, we only need to know which of the subsets
Ay, A- and Ay the A-letters L(S™(e;)) and R(S™(g;)) belong to. For consecutive
arguments ¢; and £;41, both R(S™(g;)) and L(S™(;11)) must be in A, U AL.

Of course, to check if the arguments €1, . .. , &, of an operator | fit together by lower
strands, we need to answer a similar question for L(S~(g;)) and R(S~(g;)). Note that
if £; is a DNA expression E;, then S*(¢;) = S (¢;) = S(E;). Hence, in that case,
L(S*(g:)) = L(S (&) and R(S™(g;) = R(S™ (&)).

We can use the following result to recursively determine the subsets that L(S™(g;)),
R(S8™(&;)), L(S~(g;)) and R(S(g;)) are an element of:

Lemma 2.15 (See [Van Vliet, 2004, Lemma 2.16]) Let &; be an N -word or a
DNA expression.

1. If g; is an N -word «, then

L(87(2:), R(S™(e:) € Ay,
L(S™ (1)), R(S™ (1)) € A_.

2. If €; is an J-expression, then

L(S" (&) = L(S™ (&) = L(S(e:)) € As,
R(8%(e1) = R(S™ (1)) = R(S(e:)) € As.

3. If &; is an T-expression (T €i1...€im) for some m > 1 and N -words and DNA

exTPTessions €1, . . ., im then
L(S (&) = L(S™ (&1) = L(S(&3)) = L(S " (4,1)),
R(S8™(e:)) = R(S™ (1)) = R(S(&:)) = R(S" (ei,m))-

4. If €; is a |-expression (| &;1...€;m) for some m > 1 and N-words and DNA
eTPTesSsions €; 1, . .., E;m then

2.7 A context-free grammar for D

As we have established in Lemma 2.6, the language F of formal DNA molecules is
regular. This is not the case with the language D of all DNA expressions. This is
intuitively clear from the fact that every DNA expression contains matching brackets (
and ), and that these brackets may be deeply nested. We use this intuition in a formal
proof.
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Lemma 2.16 The language D of DNA expressions is not reqular.

Proof: Let a be an arbitrary N-word. Then E; = ({ «) is a DNA expression, and
S(Ey) = (C((Z)). By definition, also Ey = (J (J «)) is a DNA expression, with the
same semantics. Using induction, one can easily prove that for arbitrary [ > 1, E; =
(1 )l o >)l is a DNA expression, with S(E;) = (C(C;)). By the pumping lemma for
regular languages, a language requiring brackets to match and containing such DNA
expressions is not regular. O

The language D is, however, context-free, because it can be generated by a context-free
grammar. We will give such a grammar, here. It is a 4-tuple G; = (X1, Ay, P, 51),
which is based on three types of non-terminal symbols: E (which denotes a DNA
expression), U (a sequence of one or more arguments of an f-expression) and L (a
sequence of one or more arguments of a J-expression).

The crucial issue in the construction of a context-free grammar generating D, is
that we must somehow incorporate the requirement that consecutive arguments of an
operator T or | fit together by upper strands or lower strands, respectively. For this,
the non-terminal symbols £, U and L have two subscripts. The first subscript denotes
whether or not one of the strands of the (sub)molecule represented by the non-terminal
has to cover the other strand to the left. If it is 4, then the upper strand must cover
the lower strand to the left; if it is —, then the lower strand must cover the upper
strand to the left; if it is x, then it does not matter if either strand strictly covers the
other strand to the left. The second subscript has the same meaning, however, with
respect to covering to the right. For example, the symbol U, _ denotes a sequence of
arguments of T, for which the upper strand (of the first argument) must cover the lower
strand to the left, and the lower strand (of the last argument) must cover the upper
strand to the right.

In addition to the above, G has one more non-terminal symbol: «, which represents
an arbitrary N -word. We thus have the following set of non-terminal symbols:

{Ex,yaUazyaLz,y | T,y € {*7+’ _}} U {&}

The axiom is S; = E, ,, which denotes a DNA expression without restrictions on the
two strands. The alphabet A; of terminal symbols is equal to ¥p: Ay = {A,C, G, T, 1
50O

Before we present the productions in G (i.e., the elements of P;) we discuss why
we have exactly those productions.

We first consider the productions for (rewriting) a non-terminal symbol E, , with
x,y € {*,+,—}, which represents a DNA expression.

By Lemma 2.15(2), for any J-expression E, we have L(S(F)),R(S(E)) € A..
Hence, the upper strand of E covers the lower strand to both the left and the right,
and vice versa. This implies that, regardless of the subscripts x and y, we may rewrite
E,, into any J-expression. Therefore, we have productions E, , — ({ ) and E, , —
(1 E.). Indeed, the non-terminal « occurring in the former production represents an
arbitrary N-word, and the non-terminal E, , of J occurring in the latter production
represents an arbitrary DNA expression, without restrictions on the strands.

By Lemma 2.15(3), for an T-expression F, the values of the functions L and R
depend (solely) on the values for the first and the last argument of F, respectively.
Therefore, if we want to rewrite £, , into an f-expression, then the subscripts x and y
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simply carry over to the non-terminal U representing the arguments of the f-expression.
We thus have a production E,, — (1 U,,). Analogously, we have E,, — (| L, ,).

Next, consider a non-terminal symbol U, , for some subscripts z,y € {*,+, —}. This
non-terminal must be rewritten into a sequence of n > 1 arguments for an occurrence of
1. We do this in a right-linear, recursive way: we rewrite U, , into a non-terminal « or
E (with some subscripts) representing the first argument, possibly followed by another
non-terminal U (with some subscripts), representing the second and later arguments.

If n > 2, so that we indeed need a new non-terminal symbol U for the second and
later arguments, then the subscripts in the right-hand side of the production reflect
the requirement that the arguments of 1 fit together by upper strands. In particular, if
the first argument is a DNA expression, then the second subscript of the non-terminal
symbol E representing it must be 4. Further, the first subscript of the new non-
terminal symbol U must be +.

Example 2.17 The non-terminal symbol U, ; represents a sequence of arguments of 1
with no restrictions on the left-hand side of the first argument, but for which the upper
strand of the last argument must cover the lower strand on the right. We have four
productions for this symbol: U, . — « (indeed, the upper strand of S*(a) = (f)
covers the lower strand on the right), U, y — E, 4, U,y — aU;; and U, —>
E, U, 1 (see the productions in line 11 below). ]

Example 2.18 The non-terminal symbol U_ , represents a sequence of arguments of
1 for which the lower strand of the first argument must cover the upper strand on the
left, and for which there are no restrictions on the right-hand side of the last argument.
Because the lower strand of ST («a) = (f) does not cover the upper strand on the left,
the first argument cannot be an A -word a. Hence, we have only two productions for
this symbol: U_, — E_, and U_, — FE__ U, (see the productions in line 16
below). ]

There is, of course, an analogous explanation for the productions for a non-terminal
Ly, with z,y € {x,+, -}

The grammatical structure of an N-word (represented by the non-terminal symbol
«) is similar to that of the sequence of arguments of 1 or |. An N -word is an arbitrary
sequence of r > 1 N-letters. We obtain this sequence from the non-terminal symbol
a by recursively rewriting this symbol into an N-letter, possibly followed by another
non-terminal a.

Thus, the set P; consists of the following productions:

L B, — (o) | TEL | (10 | (L)

2. By — ($a) [ $TEL | OU4) | (Liy)
3. Ei- — (Ja) [ $TEL | OU-) | (L)
4 Eyw — (Qa) [ $EL) [ (MU0 | (L Ly
5. Eyr — (Ta) | TE) | (U4 | L)
6. Es- — (Qa) | $EL) [ (MU-) | (Le)
T E . — (o | TED | 0U-.) | L))
8. E_p — (Ta) | B | (1U_4) | 4 L_y)
9. B — (Qa) | B | MU-) | ( L——>
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10. U,
11. U,
12. U, -
13. Uy
14. Ui+
15. Ui -
16. U_ .
17. U_ 4
18. U__
19. L,.
20. L.y
21. L,_
22 Ly,
23. Ly
24. L, _
25. L_,
26. L_ 4
27, L__
28. «@

Y
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(07 | E*’* | OCU_A'_’* | E*,J,_U_A'_’*

a | Eor | aUsy | B Us

E*,— ’ OéU_,_,_ | E*,—‘,-U—i-,—

a | Eip | aUsy | By pUsy

a | Eyy | aUpy | By Upy

By | aUs- | BEL U4 -
E_, | E_ Ui,
E_y | E_4 Uiy
E__ | E_ U;_

a | E, | oL, | B._L_,

E*,+ ’ OCL_,_i_ | E*7_L_’+

a | E_ | alL__ | E\_L__

E., | BEe L_,
By | Eo-L_4
E._ | B _L__

a | E., | aL_, | E__L_,

E_y | oLy | E._L 4

o« | E_ | aL_ | E__L__
AJC|G|T]|Aa | Ca| Ga | Ta

Note that the first nine lines of the above list can be summarized by

Ta) | TE) | (TUzy) | (I Lay) (z,y € {x+ -}

The description by nine separate lines, however, makes it easier to refer to a particular

E"E7y

production, as we do in the following example.

l

Example 2.19 The DNA expression from Example 2.12 is the result of many different
derivations in (G;. The leftmost derivation is

E*,*

1,4

') — ) . — © ') ) —
® |flov [l || o IS o |l ||
o o o = o w = IS o

(0 L)
(baL_.)

(L TL.)

(LTE__L_,)
(WTEU_ ) L)

(LT (B Us) L)
GTU G a) U )L
AT GO UL )

L TH G C als ) L)
(LT (2 C)Aal. ) L)
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V)
0o
=~

= (T TOATU, )L )

= (T @ C)ATE, ) L_,)

=% TG OAT (L Ly ) L)

22 UTHQOATE L)L)

= (UTEQOAT{ Ga) L)L)

= UTEQOATL GG L)) L)

L UTHGOATL GG B ) L)

= (U TEECOATL G Ta)) L)

= (TEQCOATE TG E O L)

22 UTEQCATI GG (O B

=5 (TEQCATE G ECN) (HU_)

=2 (TG CYAT (S G (FON (T E_sUs )
= (TEGOATEG) GO ¢ T a)Us)
2L UTEGOATE TG EON (T (A ULD)
=2 UTEQCAT GG ON) (T (T A)ELL)
= (TEGEOATL G EON T TA) T a))
2L UTEGOATEEG)EON ¢ EA)ET)).

Here, numbers 4, j above an arrow = indicate that we have used production (i, j) for
the corresponding derivation step. [ |

Because the definition of GG; closely follows the definition of DNA expressions, we have

Theorem 2.20 L(G1) = Lg,(Ey) is the language D of all DNA expressions.

and

Corollary 2.21 The language D of DNA expressions is context-free.

2.8 The structure tree of a DNA expression

Let E be an arbitrary DNA expression. We define the structure tree of E as follows.
For each N-word « and each operator occurring in E we have a node, labelled by this
N-word or operator. Recall that there is a 1-1 correspondence between (occurrences
of) DNA subexpressions and operators in E. Therefore, every node labelled by an
operator corresponds to a DNA subexpression of F.

In the structure tree we draw arcs from (nodes labelled by) operators to their
arguments. By definition, these arguments are A/-words and DNA subexpressions of
E. Indeed, for every occurrence of an N-word or a DNA subexpression of E, there is
a corresponding node. Hence, the arcs are well defined.

Clearly, the node labelled by an operator is the parent of (the nodes corresponding
to) its arguments. These arguments are the children of the operator. If an operator
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Figure 2.4: The structure tree of the DNA expression from Example 2.12.

has two or more arguments, then its children in the structure tree are arranged from
left to right in the same order as the corresponding arguments in the DNA expression.

Because every N-word and every proper DNA subexpression of E has exactly one
parent operator, we indeed obtain a tree. The leaves of the tree are labelled by the
N-words «a occurring in E, and the internal nodes by the operators. The node labelled
by the outermost operator of E is the root of the tree. It corresponds to the entire
DNA expression. As an example, in Figure 2.4 we have drawn the structure tree of the
DNA expression from Example 2.12.

There is a very close relation between the maximal nesting level of a DNA expression
and the height of the corresponding structure tree:

Lemma 2.22 Let E be a DNA expression, let | be the maximal nesting level of F,
and let t be the structure tree of E. Then the height of t is [+ 1.

As we observed in § 2.5, the maximal nesting level of the DNA expression from Ex-
ample 2.12 is 4. Indeed, the height of the corresponding structure tree in Figure 2.4 is
4+1=5.

Proof: By induction on the number p of operators occurring in E.

e If p = 1, then F is equal to (T a), (Ja) or (Ja) for an N-word a. By
Lemma 2.14(1), the maximal nesting level of E is | = 1. The structure tree
t of E consists of a root, labelled by an operator, with one child node, labelled
by «. Indeed, the height of tis 2 =1+ 1.

e Let p > 1, and suppose that the claim holds for all DNA expressions containing
at most p operators (induction hypothesis). Now, assume that F contains p 4 1
operators.

Let Ey, ..., E, for some r > 0 be the expression-arguments of E. Because E
contains p + 1 > 2 operators, we must have r > 1. Each E; contains at most p
operators. For j =1,...,r, let [; be the maximal nesting level of E}.

The structure tree t of E has subtrees corresponding to the arguments of E. A
subtree corresponding to an N -word-argument consists of one node labelled by
the N-word concerned. Such a subtree has height 1. By the induction hypoth-
esis, the subtree corresponding to an argument E; has height [; + 1. Hence, by
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Lemma 2.1(2), the height of ¢ is

max (height of the subtree of ¢ corresponding to ¢;) + 1

arguments ¢; of

N-word-arguments of E

= max ( max 1, m%lx(lj + 1)> +1= m%f((lj +1)+ 1.
= =

By Lemma 2.14(2), this equals [ + 1.

2.9 Equivalent DNA expressions

Different DNA expressions may correspond to the same DNA molecule. It is, for
example, easy to verify that the DNA expressions (1 o) and (1 (1 «)) have the same
semantics. It is also possible that different DNA expressions denote ‘almost the same’
DNA molecule for a certain interpretation of ‘almost the same’. To express these
things, we give a number of definitions. Before that, however, we recall some general
notions.

A binary relation R on a set X is a subset of X x X = {(z,y) | z,y € X}. If
(x,y) € R, we also write zRy; if (z,y) ¢ R, we may write x Ry. A binary relation R
on X is
- reflexive if for every x € X, v Rx
- symmetric if for every z,y € X, xRy implies yRx
- transitive if for every x,y,z € X, (xRy and yRz) implies xRz
If a relation R is reflexive, symmetric and transitive, R is called an equivalence relation;

We return to the world of DNA. We define four binary relations on D.

Definition 2.23 (See [Van Vliet, 2004, Definition 2.17], [Van Vliet et al.,
2005, page 380], [Van Vliet et al., 2006, page 134]) Two DNA expressions F;
and Ey are strictly equivalent, or equivalent for short, if S(E1) = S(Es). We write
E, = E5 then.

Hence two DNA expressions are equivalent if they denote exactly the same DNA
molecule.
A somewhat weaker version of this relation is

Definition 2.24 (See [Van Vliet, 2004, Definition 2.18]) Two DNA expressions
Ey and Esy are equivalent modulo nicks, if v(S(E1)) = v(S(Es)). We write E1 5 Es
then.

Intuitively, F; and F, are equivalent modulo nicks, if they denote DNA molecules with
the same nucleotides at the same positions; the DNA molecules may, however, have
nicks at different positions. E; may have nicks not occurring in Fy and/or the other
way round.

We further define a variant of this last relation.
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Definition 2.25 (See [Van Vliet, 2004, Definition 2.19]) A DNA expression E;
is equivalent to a DNA expression Ey pre-modulo nicks, if there are strings Xq,..., X,
withr > 1 over A, and symbolscy, ..., c,—1 € {¥, s} such that S(Ey) = Xic1...¢,1 X,
and S(Ey) = X ... X,. We write Ey ,= E, then.

It £y, = F», we may also write Fy =, E; and say that Fs is equivalent post-modulo
nicks to Ejy.



Chapter 3

Basic Results on DNA Expressions

3.1 Expressible formal DNA molecules

Many formal DNA molecules can be denoted by DNA expressions. We call such formal
DNA molecules expressible.

Lemma 3.1 (See [Van Vliet, 2004, Lemma 3.1]) Let E = (T &1...¢,) for some
n > 1 and N -words and DNA expressions €1, ...,&, be an T-expression. Then

1. the upper strand of E is nick free;
2. the lower strand of E is nick free if and only if

(a) fori=1,...,n, the lower strand of S*(&;) is nick free, and

(b) fori=1,....,n—1, either R(S*(¢;)) € Ay or L(ST(ei11)) € A4 (or both).

In an analogous way we prove

Lemma 3.2 (See [Van Vliet, 2004, Lemma 3.2]) Let £ = ([ ;1 ...&,) for some
n > 1 and N -words and DNA expressions 1, . ..,&, be a |-expression. Then

1. the lower strand of E is nick free;
2. the upper strand of E is nick free if and only if

(a) fori=1,...,n, the upper strand of S~ (&;) is nick free, and
(b) fori=1,...,n—1, either R(S (&;)) € A_ or L(S (g,41)) € A_ (or both).

Theorem 3.3 (See [Van Vliet, 2004, Theorem 3.5], [Van Vliet et al., 2005,
Theorem 4], [Van Vliet et al., 2006, Theorem 2]) A formal DNA molecule X
1s expressible, if and only if X does not contain both upper nick letters and lower nick
letters.

Because by definition, the semantics of an J-expression does not contain any single-
stranded component, we have

27
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Corollary 3.4 (Cf. [Van Vliet, 2004, Corollary 2.6]) Let E be an J-expression
and let X = S(E). Then there exist N-words a, . .., a,, for some m > 1, and a nick
letter y € {Y, a}, such that

X = (c(%zll))y(c(otfg))y' : 'y(c(oézZ))'

3.2 Nick free DNA expressions

Lemma 3.5 Let E be a DNA expression, and let X = S(E). If each occurrence of 1
or |l in E s alternating, then X 1is nick free.

Proof: Assume that each occurrence of 1 or | in F is alternating, i.e., that no occur-
rence of 1 or | in E has consecutive expression-arguments.

Lower nick letters can only be introduced into the semantics of a DNA expression
by an occurrence of the operator 1. Let (11 €1...g,) be an arbitrary f-subexpression
of X, and for i = 1,...,n, let X; = S*(g). Consider any ¢ with 1 < i < n — 1.
By definition, 17 introduces a lower nick letter between X; and X;,q, if and only if
both R(X;) € Ay and L(X;1) € A+. However, by assumption, either &; or £;41 (or
both) is an N-word. Without loss of generality, assume that ; is an AN-word «;. Then
X, =8 () = (Of) and R(X;) & A+. Consequently, 1; does not introduce any lower
nick letter into X.

Analogously, no occurrence of | in E introduces an upper nick letter into the se-
mantics. We conclude that X is nick free. O

Note that the above result cannot be reversed. If an occurrence of 1 or | in a DNA
expression F is not alternating, then S(F) may be nick free after all.

3.3 Some equivalences

There are many general rules concerning equivalence between different DNA expres-
sions. Some of them follow immediately from the definition of the semantics of a DNA
expression. For example, for every N-word «,

Tay= )= cda)). (3.1)

Lemma 3.6 (See [Van Vliet, 2004, Lemma 3.6]) Let 1 < iy < jo < n, and let ¢;
fori=1,...,n be an N-word or a DNA expression. Then

(Ter.. Cig—1 (T iy -€jo)Ejot1---En) =(TE1...6n) (3.2)

if either the left-hand side or the right-hand side of the equivalence is a DNA expression.

The following equivalence is clear from the definition of the operator ] (see Defini-
tion 2.11) and from property (2.7):

TTeN=({Te (3.3)

for every N-word or DNA expression ¢.
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Lemma 3.7 (See [Van Vliet, 2004, Lemma 3.7|) Let E be a DNA expression and
let E* be (an occurrence of) a DNA subexpression in E. Let E¥' be a DNA expression
such that E*SE*',

When we substitute (the occurrence of) E* in E by E¥, the resulting string E' is
again a DNA expression, and E<SE'.

Lemma 3.8 (See [Van Vliet, 2004, Lemma 3.10]) Let E = (J (T &1...£,)) with
n > 1 be an J-expression, such that fori=1,...,n, & is a DNA expression (i.e., not

an N-word). Then E =, (+ ($e1)...(J en)).

Corollary 3.9 (See [Van Vliet, 2004, Corollary 3.11]) For all N'-words as, . . ., ay,
with n > 1, we have

P Qa)...qQan)) =T ar...an).

Theorem 3.10 (See [Van Vliet, 2004, Theorem 3.12]) Let €1,...,64-1,En2;- - -,
Enm Withn,m > 1 be N'-words and DNA expressions, and let E,, 1 be a DNA expression,
such that

S+(Ei)ES+(EH_1) fO’f’i = 1, N 2,

ST (en—1)CTS(Ey ),
o S(E,1)CS (en2) and

S (eni)CS (enig1) fori=2,...,m— 1.
Let B = <T E1...Epn-1 <$ En,lffn’g c. 5n,m>> and B’ = <\l, <T E1... 5n—1En,1> En2--- 5n,m>'
1. The strings E and E' are DNA expressions satisfying E<FE'.

2. Each occurrence of T or | in E is alternating, if and only if each occurrence of 1
orl in E' is alternating. In particular, in this case, both E and E' are nick free,
and £ = E'.

What we actually do in Theorem 3.10, is moving the outermost operator | of the
last argument (| E,16n2...€pm) of the DNA expression E to the left of the DNA
expression. For the structure tree of the DNA expression FE, this action corresponds
to a rotation to the left on the root of the tree. If we want to transform the structure
tree of £ back into the structure tree of F, then we have to perform a rotation to the
right on the root of the tree. This is depicted in Figure 3.1.

Proof:

2. Assume that each occurrence of 1 or | in E is alternating, i.e., that for each
occurrence of 1 or | in F, the arguments are AN-words and DNA expressions,
alternately.

Then in particular, the first n—1 arguments ¢4, . . . , £, of the outermost operator
1 of E are N-words and DNA expressions, alternately. Because the n'" argument
is a |-expression, &, 1 must be an N-word (provided that n > 2).

Now, let us consider the outermost operator | of the last argument of E. Its last
m — 1 arguments €,9,...&,m are N-words and DNA expressions, alternately.
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E,1 €n2..€nm €1....€n—-1 En71

)

Figure 3.1: (See [Van Vliet, 2004, Figure 3.2]) Analogue of Theorem 3.10(1) for
structure trees of DNA expressions.

Because the first argument of | is the DNA expression E, i, €,2 must be an
N-word (provided that m > 2).

The above observations imply that in E’, both the first occurrence of 1 and the
outermost operator | are alternating.

All other occurrences of 1 and | in E’ occur inside an argument &; (with i <
n — 1), inside the argument E, ; or inside an argument ¢, ; (with j > 2). These
arguments already occurred in E. By assumption, the occurrences of 1 or | in
them are alternating.

By Claim 1, ETE’. By Lemma 3.5, however, both £ and E’ are nick free. This
implies that £ and E’ are (strictly) equivalent: F = E'.

On the other hand, assume that each occurrence of 1 or | in E’ is alternating.
Then we can prove in an analogous way that this is also true for each occurrence
of 1 or | in E. This implies that both £ and E’ are nick free, and thus that
E=F.

O

Theorem 3.11 Let E = (T¢1...¢,) for somen > 1 and N -words and DNA expres-

sions €1,...,e, be a DNA expression. Let g;,...,&; for somer > 1 and 2 < 11 <

. < i, < n—1 be |-arguments of E that have at least two arguments themselves.
Hence, for j = 1,...,1, &, = <¢ i1 .€ij,mj> for some m; > 2 and N -words and
DNA expressions €;;1, .. ,€i;m;, and

E = <T€1 s | <\L 52'1,151'1,2 Ce 57L17m1—15i1,m1> Eig+1---Eip—1
<i/ €ip1E4.,2 - - 5ir,mr*1€ir,mr> Eip+1---En > .

. The string

E = <J/ <T E1... 61‘1_181‘1’1) €i1,2+--Cip,mp—1
<T €iy,mi€i1+1 - - > ce <T PN EiT—lgiTJ)
€2 Cirmr—1 (T €irmn€irg1 - - - En) )

is a DNA expression satisfying ETE'.

. If each occurrence of 1T or | in E is alternating, then so is each occurrence of 1

or | in E'. In particular, in this case, both E and E' are nick free, and E = E'.
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Note that in fact, we have n > 3, because we assume that r > 1 and 2 <i; <n — 1.
Note also that ¢;,,...,¢;. are not necessarily all |-arguments ¢; of E with 2 <7 <
n — 1 and having at least two arguments themselves. There may be others, which we
simply leave unchanged.
Note further that each of the ‘new’ f-arguments of E’, i.e., each of (T ;1 ...&;,-1€i, 1),
<T Ei;m;Eij 4l - - .sij+1_15ij+171> for j=1,...,7—1, and (1 €, m,Ei,+1- - - €n), has at least
two arguments itself.

Proof: Let us consider a |-argument ¢;; with 1 < j < r. By assumption, ¢;, is
neither the first argument, nor the last argument of the {-expression E. Hence, it must
fit together by upper strands with the preceding argument &;,_; and the succeeding
argument €;, ;1. This implies that neither the first argument, nor the last argument of
(the |-expression) &;; can be an N-word. Both €i;,0 and g;; m; are DNA expressions.

1. By induction on r, the number of |-arguments we consider.

e If r =1, then we consider only one |-argument ¢, .
As we have just observed, both the first argument ¢;, ; and the last ar-
gument ¢;, ,,, of g, are DNA expressions. We now successively apply

Lemma 3.6, Theorem 3.10(1) (together with Lemma 3.7) and once more
Theorem 3.10(1):

E = (ter...eg1{d €€ €iymi—1Ei1my) Eig41 - - -En)
(ter..eiim1 (T €2 Ciymi—1€i my) Eir1 - - -En) )
(Tercen1deni€inge - Civm—1{T €mi€iit1---En)))
(d(ter...eq-1€i1)€ir2- - Eivmi—1 (T Eiymi€iz41 - - -En) )
£

[ <l <l

Indeed, E’ is a DNA expression satisfying FTE'.
e Let p > 1, and suppose that the claim holds for all {-expressions E =
(te1...6,) and J-arguments e;,,...,&; of E, for which 1 < r < p, 2 <

T

i1 < ... <14, <n—1and each g; has at least two arguments (induction
hypothesis).

Now, assume that » = p + 1. Hence,

E = <T €1...&1—-1 <\l/ €i1,1€41,2 - -+ €i1,m171€i1,m1> Eir+1 - 61',;71
<¢ €ip,1€ip,2 -+ - Eipmy—1€i,m, ) Eiptl -+ - Eippg—1
<¢ Cipr1,18ip11,2 - - ‘5ip+1,mp+1—15ip+1,mp+1> Cipp1+l---En > :
Recall that the g;,’s occurring in the claim are not necessarily all |-arguments
of E. We now simply ignore the first p &;,’s. We thus view E as

E = <T €1..-&i1-1€i1Ei14+1 - - - €ip,1€ip€ip+1 c. 87ﬁp+171
<\l/ gip+1,1€ip+1,2 see gip+1,mp+17151p+1,mp+l> Sip+1+1 ... Ep > .

We apply the induction hypothesis to ' and the |-argument ¢; _,:

E 52 <\l/ <T €1---&i1—1€i1 iy +1 - - - 51',,—151',,51',;4-1 Ce 5ip+1—15ip+1,1>
€ip+1’2 e 8ip+1,mp+1—1 <T 6ip+17mp+1€ip+l+1 ... En
= <\l, <T €1...81-1 <\l, Ei1,141,2 - - - gil,m1—1€i1,m1> Eig+1 - - €Z‘p_1
{ €ip1€3,,2 - - -€ip,mp71€ip,mp> Eiptl -+ Eipp1—18i,41,1

Cipy1,2 -+ Cipprmpr1—1 T Cipr1,mp18ipp1tl - - En
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Let us use F; to denote the first argument of the resulting |-expression. Fy
is an T-expression with (among others) |-arguments ¢;,...,&;, with 2 <
i1 < ... <1, Moreover, g;, is not the last argument of £, because the last
argument of Fy is g;,,, 1. By assumption, each of the |-arguments g;,, ..., &;
has at least two arguments.

P

Hence, we can apply the induction hypothesis to F; and these |-arguments.
When we combine this with Lemma 3.7 and subsequently use Lemma 3.6,

we find

E 3 <¢ <¢ (T 1. €1-1€i,1) €2 - - - Eiyymi—1
<T €i1,m1Cir+1 - - > c. <T ce 5ip—1€ip,1>
€ip2 - Eipmy—1 <T EipmpCiptl - - -5ip+1—15ip+1,1> >
Cipy1,2 -+ Cipr1mp1—1 T Cipr1,mpt1€ipp1+l -+ En
= <\l, <T E1... €i1715i1,1> Ei1,2---Eiy,m—1
<T Ei1,mi€i1+1 - - > PN <T PN Eip—leip,1>
€ip2 - Eipmp—1 {1 €ipm,pEiptl - - .€ip+1,15ip+1,1>

8ip+172 e sip+1,mp+171 T 5ip+1,mp+1€ip+1+1 ...En

We conclude again that E’ is a DNA expression satisfying E<E’.

2. In the inductive proof of the previous claim, we did not only use Theorem 3.10(1),

but also Lemma 3.6 to rewrite F into E’. Consequently, in order to prove that
each occurrence of 1 or | in E’ is alternating, given that this is the case for E,
it would not suffice to refer to Theorem 3.10(2). We would also need to consider
the effects of Lemma 3.6. Instead of doing that, we give a direct proof, which
resembles the proof of Theorem 3.10(2).

Assume that each occurrence of 1 or | in F is alternating, i.e., that for each
occurrence of 1 or | in F, the arguments are AN-words and DNA expressions,
alternately.

We first examine the implications of this for the arguments of the outermost
operator 1T of £. For j =1,...,r, both €;,_; and &; 4, (the arguments preceding
and succeeding the |-argument ¢;;) must be N-words. In particular, for j =
1,...,7 — 1, there must be at least an AN -word €i;+1 which separates the |-
arguments ¢;; and g;,_, .

Next, we consider a |-argument ¢;; with 1 < 7 < r. As we observed at the
beginning of the proof, both the first argument €;,; and the last argument &;,
of &;; are DNA expressions. By assumption, ¢;, has at least two arguments, and
the arguments are N-words and DNA expressions, alternately. Hence, €i; has
an odd number of arguments (at least three), and both €i;2 and &, ,,, 1 are
N -words.

We now switch to E’. The arguments of the outermost operator | of E' are an
t-expression (T €1 ...&;,-1€;, 1), a sequence of arguments €;, o, ..., E;, m,—1 cOmMing
from ¢;,, another f-expression, again a sequence of arguments coming from an
€i;, and so on. By the above, the sequences of arguments coming from an &,
are N-words and DNA expressions alternately. Moreover, they start with the
N-word €i;2 and end with the N-word Eijm;—1- Consequently, the arguments of
the outermost operator | of E' are N'-words and DNA expressions, alternately.
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Let EY be the first f-argument (1 €1 ..., 164 1) of E'. The first i; — 1 arguments
€1,...,6;,-1 of E] were consecutive arguments of E. Hence, by assumption,
they are N-words and DNA expressions, alternately. Moreover, the last of these
arguments, &;, 1, is an N-word, and ¢;, ; is a DNA expression. Consequently,
the arguments of F’ are N-words and DNA expressions, alternately.

Analogously, the arguments of the last t-argument (& ,.€i11...€,) of E
are N-words and DNA expressions, alternately. Finally, for 7 = 1,...,r — 1,
the arguments of the T-argument <T Eijm;Eij+1 - - .ei],+1,16ij+171> of E' are the
DNA expression €;,m,, an alternating sequence of N-words and DNA expres-
SIONS €;, 41, -+ i1 (which starts with the N-word €i;+1 and ends with the
N-word €;,,,_1), and the DNA expression ;1. Hence, also these arguments
are N-words and DNA expressions, alternately.

All other occurrences of 1 and | in £’ occur inside an argument ¢; (with ¢ # i,
for all j’s) or inside an argument €i; k- These ;s and €;, ;s already occurred in
E. By assumption, each occurrence of 1 or | in them is alternating.

By Claim 1, ESE’. By Lemma 3.5, however, both F and E’ are nick free. This
implies that E and E’ are (strictly) equivalent: E = FE'.

O

Theorem 3.11 can be reversed. That is, we can also start from E’ and conclude that
E is a DNA expression satisfying E<E’ (or even E = E'):

Theorem 3.12 Let E' = ([ &1...¢,) for some n > 1 and N -words and DNA ex-
pressions €1, ...,&, be a DNA expression. Let €;,...,€;.,¢&; ., for somer > 1 and
1 =i < ...<i, <ipp1 = n be T-arguments of E' that have at least two arquments
themselves. Hence, for j =1,...,r,r+1, &, = <T €ij1 - .5ij7mj> for some m; > 2 and
N -words and DNA expressions Eijly- -+ Eijmy;, and

E' = <¢ (T €1,1 - - '81,m1—1517m1> €2...8i5-1 <T €in,1€i,2 « - ~5i2,m2—1€i2,m2>
512+1 e Eir_l <T girvlgi’mQ tt Eirym'r_lgimmr)
Ei,--l—l o Ep—1 <T En,lgn,Q Ce €n7mr+1

1. The string

E = <T 6171 e 617m1_1 <¢ 51’m162 e 5i2—1€i2,1> 62'272 . .€i2’m2_1
<\L 5i2,m2€i2+1 .. > e <\l, e €ir_1€ir71> €Z'T72 .. .€ir,mr_1
<\L 6z'r,mrgir—l-l ce é‘n—lgn,l) 671,2 o 5n,mTJrl

is a DNA expression satisfying ETE'.

2. If each occurrence of 1 or | in E' is alternating, then so is each occurrence of 1
or | in E. In particular, in this case, both E and E' are nick free, and E = E'.

Note that in fact, we have n > 2, because we assume that » > 1 and 1 =4 < 4,41 = n.
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Proof:

1. We could prove this claim by induction, similar to the proof of Theorem 3.11(1).
Instead, we give a proof that makes use of Theorem 3.11(1) itself.

We first observe that both the last argument €, ,,, of ; and the first argument
en1 of £, must be DNA expressions. Otherwise, the arguments of £’ would not
fit together by lower strands. When we apply Theorem 3.10(1) two times (the
second time in combination with Lemma 3.7) and subsequently apply Lemma 3.6,
we find

Es {1 ern.. erm-1{d e1m€r. . ipm1 (T €310 - - - Eimp—1Eizma)
Eig+1 -+ - 41 <T €ir1€0.,2 - - -5ir,mr—15ir,mr>
Eip+1---En—1 <T €n1En2 - - -gn,mr+1> > >
v <T €1,1---€1,m—1 <T <~L51,m152 e Eigm1 (T €i9,1€i2,2 - - ~€i2,m2—15i2,m2>
Eig+l -+ -Eip—1 <T 5ir,15ir,2 e gir7mr_1€i7‘7mr>
Eirtl - En—1€En1 ) En2 - - - Enmpis > >
= <T 6171 Ce 617m1_1 <$ €1,m1€2 -+ - Eig—1 <T 61'27181‘2,2 e 5i2,m2—15i2,m2>
Eigt1 - - Eip—1 (T € 1€ir2 - - - Eiyomr—1Eipmn)
€irtl -+ En—1En1 ) En2 - - - Enimrpy

Let us use E” to denote the resulting DNA expression, and let us use E; to denote
the J-argument

(J€1mi€2 - Cinm1 (T €in,1€00,2 - - - €inyma—1€in,ms)
Eig4+1 - Eip—1 <T €ip1E5,.,2 + - -5ir,mT715ir,mr>
Eirtl---En—1&n,1 >

of E".

If r =1, then iy = 7,41 = n, Ey reduces to (| €1 m,62...Eiy—16n1), and

E" = <T €1,1---&1mp—1 (i €1,m €2 - - -€i2715n,1> En2 - - ~5n,m,~+1> )

which equals the string E from the claim. In this case, indeed, F is an 1-
expression satisfying E<F'.

If, on the other hand, > 2, then E; has at least one f-argument (1 &, 14,2 ..
Eiyma—1Eisms), Which is neither the first argument, nor the last argument of £
and which has at least two arguments itself. Hence, we can apply Theorem 3.11(1)
(in combination with Lemma 3.7) to E; and subsequently apply Lemma 3.6:

E's <T €11 - Elmi—1 (T €1mi€2- - - €ig—1€in1) €ig2 - - - Eig.ma—1
<\L €ig,ma€io+1 - - > ce <\l, . 52;7151},1) €ip2 - Eipmp—1
( €ipmr€ir 41 -+ - En—1En1) ) En2 - - - Enmops >
= <T €11+ -Elmi—1 (4 E1miE2 - €ig—1€in1) Ein2 - - - Eig.ma—1
<\l/ Eig,ma€is+1 - - > ce <\L C €ir_182‘r71> Eip,2 - Eipmp—1

<\l, EipmpCip+l - - - 5n—15n,1> €n2 .- .€n,mr+1
= F.

We conclude that also in this case, F is an T-expression satisfying E<FE’.
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2. The proof of this claim is similar to that of Theorem 3.11(2). For each occurrence
of T or | in E (whether it is the outermost operator 1, or an operator | governing a
‘new’ |-argument of E, or any other occurrence), we establish that its arguments
are N-words and DNA expressions, alternately, given that this is the case for
each occurrence of 1 or | in E'. We leave the details to the reader.

[l
Let E = E(ay,...,a) for some k > 1 be an arbitrary DNA expression. We define
the N-word ap as the concatenation of the N-words aof, ..., a}, where

p Q; if the parent operator of «; in F is J or 1 .
a; = . : : (1=1,...,k).
c(ay)  if the parent operator of «; in E is |
For example, if E = ( (T a1 (J a2) (I (T a3) au))), then ag = ajasasc(ay). The no-
tation ap is in particular useful, when E is an J-expression or F is the argument of
an J-expression. This is the case in the final result of this section, which deals with
J-expressions.

Lemma 3.13 Let F = E(ay,...,q) for some k > 1 be an J-expression. Then
E v= <i aE>7

Proof: By induction on the number p of operators occurring in E.

e If p = 1, then apparently ] is the only operator in F, and its (only) argument
must be an N-word ay: F = (J o). Then with ag = oy, we have E = ({ ag),
so that certainly F o= (J ag).

e If p = 2, then the argument of the (outermost) operator § in E is a DNA ex-
pression Fi: E = ({ Ey). F; contains only one operator and this operator can
only have a maximal N-word occurrence «; as its argument. There are three
possibilities:

- FE = @'041), but then, by (3.3), E = (I J ) = Qo) = ( ag) with

— Ey = (T ai), but then, by (3.1), E = ({ (Tt 1)) = ($ 1) = (J ag) with
£ = (o bt then, by 3, £ = (3 s = (3 ) = (P wih

e Let p > 2, and suppose that the claim is valid for all J-expressions containing at
most p operators (induction hypothesis). Now let E be an arbitrary J-expression
with p + 1 operators. E = ({ E;) for a DNA expression Ej.

Again we distinguish three cases:

— E) is an J-expression ({ Ej,) for a DNA expression Ej;. But then E =
(T (¢ Eva)) = (T Eva) by equivalence (3.3). Obviously, the resulting DNA
expression contains the same maximal N-word occurrences «; (and in the
same order, with the same parent operators) as E. It contains, however,
only p operators, and thus the claim follows from the induction hypothesis.
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— FE is an f-expression, so E = ({ (1 €1...&,)) for some n > 1 and N-words

and DNA expressions €1,...,c,. Fort=1,...,n, let
o (ta)y ife; is an N-word «
i € if £; is a DNA expression

Then by Lemma 3.6 and Lemma 3.7,
E={3er...enay = (Tl e))).

Because every ¢! is a DNA expression, we can apply Lemma 3.8:

T (ter..a)) = (1 Te)...Te)).
Now consider an argument (J ;) with 1 < i <n. If ¢; is an N-word «, then
el = (T a) and (J €}) = (3 (T «)), which contains 2 < p operators. If, on the
other hand, ¢; is a DNA expression, then ¢, = ¢; and ({ &}) = (J &;). This
J-expression contains at most p operators.
In both cases, by the induction hypothesis, (J¢}) ;= (J ae). Now, by
Lemma 3.7 and Corollary 3.9,

Q... Cea)) o=t Tag). . (Tay)) =T ag...ag).

Indeed, a.: ... ae, is the concatenation of all maximal N-word occurrences
a; (or the complement of o, if its parent operator is |) in E: e ... e =
ap.

When we combine all equivalences (pre-/post-modulo nicks), we conclude
that E< (J ag). Because the DNA expression (J ag) is nick free, we even

have £ = (] ag).

E, is a |-expression. This case can be dealt with completely analogously
to the previous case, using the ‘|-versions’ of Lemma 3.6, Lemma 3.8 and
Corollary 3.9.



Chapter 4

The Length of a DNA Expression

Let X be a string over A,,. We use | X|4 to denote the number of A-letters occurring
in X. One can easily verify that |-| 4 is a homomorphism from A% to the non-negative
integers.

There is a simple relation between the length of a DNA expression E denoting a
formal DNA molecule X and |X| 4.

Lemma 4.1 (See [Van Vliet, 2004, Lemma 4.1], [Van Vliet et al., 2005,
Lemma 5], [Van Vliet et al., 2006, Lemma 3]) Let E be a DNA expression

denoting a formal DNA molecule X, and let p be the number of operators occurring in
E. Then

|El =3-p+[X]|a-

Note that a DNA expression consists of operators and corresponding brackets on the
one hand, and N-letters on the other hand. Hence, Lemma 4.1 implies that | X |4 does
not only count the number of A-letters occurring in the formal DNA molecule X, but
also the number of N-letters occurring in any DNA expression E denoting X.

4.1 (Blocks of) components of a formal DNA mol-
ecule

Definition 4.2 (See [Van Vliet, 2004, Definition 4.2], [Van Vliet et al., 2005,
page 381], [Van Vliet et al., 2006, page 134]) Let X be a formal DNA molecule
and let @'y ... x, for some k > 1 be the decomposition of X .

o An T-component x}; of X is an upper component or a lower nick letter occurring
n X.

o A |-component x; of X is a lower component or an upper nick letter occurring
m X.

Definition 4.3 (Cf. [Van Vliet, 2004, Definition 4.3 and Definition 4.33],
[Van Vliet et al., 2005, page 381]) (See [Van Vliet et al., 2006, Definition 4])
Let X be a formal DNA molecule and let x) ...z}, for some k > 1 be the decomposition
of X.

A primitive T-block of X is an occurrence (Y1,Ys) of a non-empty substring X, of
X such that Yy =2 ... 2! and Yy = 2/ .. xy, for some ag and ay with 1 < ag <

ap—1 a1+1 -
ay < k (hence X\ =z, ...x, ), and

37
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Vo Vas Q4 5|  [ar Qg Q9 g 11V012 0q3 0aVQas

Figure 4.1: Primitive f-blocks and primitive |-blocks. (a) An example formal DNA
molecule X that contains (upper) nick letters. (b) The primitive 1-blocks of X. Note
that the upper nick letters are not part of these blocks. (¢) The primitive |-blocks
of X.

e X, contains at least one non-double component,

e cach non-double component of X is an T-component,

o — citherap =1 (hence Y is empty),
— orag > 2 and x, _, is a l-component,
and
e — cither a; = k (hence Ys is empty),

—ora; <k—1andz, ., is a |-component.

A primitive 1-block of a formal DNA molecule X is formally defined as an occurrence
(Y1,Y5) of a substring X; of X satisfying certain conditions. However, when the oc-
currence is clear from the context, we will often refer to a primitive {-block by the
substring X, itself.

The definition of a primitive J-block is completely analogous to that of a primitive
T-block. We may use the term primitive block to refer to either a primitive 1-block, or
a primitive |-block.

In Figure 4.1, we have indicated the primitive 1-blocks and the primitive |-blocks
of a certain formal DNA molecule containing upper nick letters.

Formal DNA molecules of the form (C((z; 11)) for an N-word «; will come back fre-

quently in the remainder of this chapter and in later chapters. Often, we are not
interested in the actual N-letters occurring in such a molecule (hence in «y), but only
in the shape of the molecule, for example, when we want to except molecules of this
type from a certain statement. In order not to burden the text with unnecessary de-
tails, we may speak of a double-complete formal DNA molecule, when we mean a formal
aq

DNA molecule of the form (c(al)) for an N-word ;.

Lemma 4.4 (Cf. [Van Vliet, 2004, Lemma 4.7]) Let X be a formal DNA molecule
which 1s not double-complete.

1. X can be considered as an alternating sequence of (all its) primitive 1-blocks and
(all its) primitive |-blocks. Any two consecutive primitive blocks in this sequence
share (only) a double component of X.
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2. (a) The first non-double component of X is an T-component, if and only if the
alternating sequence from Claim 1 starts with a primitive 1-block.

(b) The last non-double component of X is an T-component, if and only if the

alternating sequence from Claim 1 ends with a primitive T-block.

It is easily verified that all claims are valid for the formal DNA molecule depicted in
Figure 4.1. For this molecule, the alternating sequence is X{, X1, X1, Xo, X}, X3, X.

We now define functions that count the primitive f-blocks, the primitive |-blocks
and the double components occurring in a formal DNA molecule X.

Definition 4.5 (Cf. [Van Vliet, 2004, Definition 4.8], [Van Vliet et al., 2005,
Definition 6]) (See [Van Vliet et al., 2006, Definition 5]) Let X be a formal
DNA molecule.

o Bi(X) is the number of primitive T-blocks of X.
o B|(X) is the number of primitive |-blocks of X.

e n4(X) is the number of double components of X.
+(

Lemma 4.6 (See [Van Vliet, 2004, Lemma 4.10, Lemma 4.25 and Lemma
4.12]) Let X be a nick free formal DNA molecule.
1. (a) B4(X) =0 if and only if X does not contain any upper component.
(b) B\ (X) =0 if and only if X does not contain any lower component.

2. X 1is not double-complete, if and only if X contains at least one single-stranded
component.

3. Assume that X is not double-complete.
(a) If both the first single-stranded component and the last single-stranded com-

ponent of X are upper components, then B+(X) = B (X) + 1.

(b) If the first single-stranded component of X is a lower component and the
last single-stranded component of X is an upper component, then By(X) =
B, (X).

(c) If the first single-stranded component of X is an upper component and the
last single-stranded component of X is a lower component, then By(X) =
B, (X).

(d) If both the first single-stranded component and the last single-stranded com-
ponent of X are lower components, then By(X) = B (X) — 1.

4.2 Lower bounds for the length of a DNA expres-
sion

Theorem 4.7 (See [Van Vliet, 2004, Corollary 4.19], [Van Vliet et al., 2005,
Theorem 8|, [Van Vliet et al., 2006, Theorem 8]) Let E be a DNA expression,
and let X = S(E).
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. If E is an T-expression, then |E| >3+ 3 - B (X) 4+ 3 - n3(X) + [ X] 4.
. If Eis a |-expression, then |E| > 3 +3 - By(X) + 3 - ngp(X) + | X|4.

. If E is an J-expression, then

B
B

(AVARVS

3. By(X)+3-ny(X)+|X|4 and
3- B(X)+3-ng(X) + | X|a

. f E = (T aq) for an N-word ay, then |E| =3 - ny(X) + [ X] 4.
. If E = (J E4) for a DNA expression Ey, then |E| >3 +3-ny(X) + | X| 4.

. Unless E = (J aq) for an N-word o, |E| > 3+ 3-n(X) + | X|4.

(4.1)



Chapter 5

The Construction of Minimal DNA
Expressions

Definition 5.1 (See [Van Vliet, 2004, Definition 4.20], [Van Vliet et al., 2005,
page 382], [Van Vliet et al., 2006, page 140]) A DNA expression E is minimal
if for every DNA expression E' with E' = E, |E'| > |E|.

Example 5.2 (See [Van Vliet, 2004, page 58]) Let X = (Oil) (C(O‘OZ)) (a3). Then

both E = (1 oy ({ (J aa) a3)) and E' = (| (1 a1 (J a2)) a3) denote X, and |E| = |E|.
It is easy to verify that E and E’ achieve the lower bounds given in Theorem 4.7(1) and
(2) for t-expressions and |-expressions, respectively. Hence, there do not exist shorter
T-expressions or |-expressions for X. Because X contains single-stranded components,
it cannot be denoted by an J-expression. Consequently, E and E’ are indeed minimal.

|

5.1 Minimal DN A expressions for a nick free formal
DNA molecule

Theorem 5.3 (See [Van Vliet, 2004, Theorem 4.23], [Van Vliet et al., 2005,
Theorem 9(1)], [Van Vliet et al., 2006, Theorem 9]) An [-ezpression E is
minimal if and only if E = (J aq) for an N-word ay.

In that case, E is the unique minimal DNA expression denoting S(E) = ( 1 )

c(on)

In § 4.1, we defined the primitive T-blocks and primitive |-blocks of a formal DNA
molecule. Here, these notions appear to be useful, again. For a nick free formal DNA
molecule, however, each T-component is an upper component and each |-component is
a lower component. To reflect this in our terminology, we will use the term primitive
upper blocks rather than primitive T-blocks, and the term primitive lower blocks rather
than primitive |-blocks. We will use the new, but equivalent terminology only in the
context of nick free formal DNA molecules.

Definition 5.4 (See [Van Vliet, 2004, Definition 4.47, Definition 4.26 and
Definition 4.43)) Let X be a nick free formal DNA molecule, let X1,..., X, for

some ro > 0 be the primitive lower blocks of X in the order of their occurrence in X,
and let Yy, ..., Y,, be the substrings of X such that X =YX Y:... X, Y,,.

o The primitive lower block partitioning of X s the sequence Yy, X1, Y1, ..., Xyy, Yoy -

41
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A mazimal upper sequence of X is the occurrence (YoX1Y1 ... X;, Xj1Yje ...
X, Ys,) of a substring Y; with 0 < j <ry and Y; # A.

The mazimal upper prefiz of X is the occurrence (A, X1Y; ... X,,Y,,) of Yo.

e The mazximal upper suffiz of X is the occurrence (YoX1Y1 ... X,0, \) of Yy, .

An internal mazimal upper sequence of X is the occurrence (YoX1Y1 ... X, X4
Yii1... X0 Ys,) of a substring Y; with 1 < j <ry—1.

Hence, if r9 > 1, then the maximal upper prefix of X is the substring of X preceding
the first primitive lower block and the maximal upper suffix of X is the substring of
X succeeding the last primitive lower block. An internal maximal upper sequence of
X is the substring of X separating two consecutive primitive lower blocks.

For notational convenience, we will in general write Yy X Y; ... X, Y,, instead of
Yo, X1, Y1, ..., X,,, Y., to describe the primitive lower block partitioning.

As usual, although formally maximal upper sequences, the maximal upper prefix,
the maximal upper suffix and internal maximal upper sequences of a nick free formal
DNA molecule X are defined as occurrences of substrings of X, we will often refer
to them by the substrings themselves (and in fact, we already did this right after the
definition). Implicitly, however, we keep associating to them a position in X. For
example, if both the maximal upper prefix and the maximal upper suffix of X are
equal to A, then they are not equal, because the occurrence of the maximal upper
prefix is (A, X)) and the occurrence of the maximal upper suffix is (X, \).

Also, if for example the maximal upper prefix Yy of X is empty, then we keep
including it in the notation for the primitive lower block partitioning. We will not write
XY ... X, Y,,, because formally, the primitive lower block partitioning is defined as
Yo, X1, Y1,..., X, Y,,, with Y and a comma preceding the first primitive lower block
X1. Moreover, by the inclusion of Yy, it is always clear which substrings from the
primitive lower block partitioning Yy X1Y; ... X, Y, denote the primitive lower blocks
(the second one, the fourth one, and so on), the maximal upper prefix (the first one),
the internal maximal upper sequences (the third one, the fifth one, and so on) and the
maximal upper suffix (the last one). Of course, we have the same convention for the
maximal upper suffix.

The primitive upper block partitioning of a nick free formal DNA molecule is defined
analogously to the primitive lower block partitioning. Also, a mazimal lower sequence,
the mazimal lower prefix, the maximal lower suffix and an internal maximal lower
sequence are defined analogously to the upper counterparts.

For a nick free formal DNA molecule X, we use np.s(X) to denote the number of
maximal upper sequences of X, and we use njp.s(X) to denote the number of internal
maximal upper sequences of X.

Lemma 5.5 (See [Van Vliet, 2004, Lemma 4.10(2) and Lemma 4.46(2)]) Let
X be a nick free formal DNA molecule.

1. If B|(X) =0, then nimus(X) = 0.
2. If B|(X) > 1, then njpus(X) = B (X) — 1.

Lemma 5.6 (See [Van Vliet, 2004, Lemma 4.31(2)-(3), Lemma 4.50, Lemma
4.44, Lemma 4.45 and Lemma 4.49(2)]) Let X be a nick free formal DNA molecule
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Figure 5.1: (Cf. [Van Vliet, 2004, Figure 4.5 and Figure 4.6]) (See [Van Vliet
et al., 2006, Figure 4(a)]) Two partitionings of a nick free formal DNA molecule
X. (a) The primitive lower block partitioning of X. Xj, X5, X3 are the primitive
lower blocks of X, Yp, Y7, Ys, Ys are the maximal upper sequences, Yy is the maximal
upper prefix and Y3 is the maximal upper suffix of X. (b) The primitive upper block
partitioning of X. Here, X7, Xy, X3, X are the primitive upper blocks and Y7, Y5, Y3
are the maximal lower sequences of X. Both the maximal lower prefix Y, and the
maximal lower suffix Y, are empty.

and let Yo X1Y1 ... X, Y,, for some ro > 0 be the primitive lower block partitioning of
X.

1. The following two statements are equivalent:

(a) X does not contain any mazimal upper sequence.

(b) X does not contain any upper component and contains at least one lower
component.

2. The following seven statements are equivalent:

(a) ro =0.

(b) X does not contain any lower component.
(c) Yo=X.

() Yy = X.

(e) The mazimal upper prefix of X is equal to the mazimal upper suffix of X.
(f) X is a maximal upper sequence of itself.

(9) X is the only mazimal upper sequence of itself.
3. If X 1s not double-complete, then the following four statements are equivalent:

(a) The mazimal upper prefiz of X is empty.
(b) The mazimal lower prefix of X is not empty.

(c) The alternating sequence from Lemma 4.4(1) starts with a primitive lower

block.

(d) The first single-stranded component of X is a lower component.
4. If X is not double-complete, then the following four statements are equivalent:

(a) The mazimal upper suffix of X is empty.
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(b) The mazimal lower suffiz of X is not empty.

(¢) The alternating sequence from Lemma 4.4(1) ends with a primitive lower

block.

(d) The last single-stranded component of X is a lower component.

Lemma 5.7 (See [Van Vliet, 2004, Lemma 4.27, Definition 4.26, Lemma 4.30
and Lemma 4.31(1)]) Let X be a nick free formal DNA molecule and let ) . .. x}, be
the decomposition of X.

1. LetY = :L‘;)O .. .xgl with 1 < by < by < k be a maximal upper sequence of X .

a 0 > 2, then by > 3, x;, _, is a lower component of X, x; _ is a double
If b > 2, then by > 3, x}, _, is al tof X, xy,,_, is a doubl
component of X and xy, is an upper component of X.

(b) If by <k —1, then by <k —2, x} ,, is a lower component of X, x; ,, is a
double component of X and x) is an upper component of X.

2. Fach mazximal upper sequence of X is an alternating sequence of upper compo-
nents and double components of X.

3. Each upper component of X occurs in a (exactly one) mazximal upper sequence of
X.

4. (a) If X is double-complete, then the only maximal upper sequence of X is X
itself.

(b) If X is not double-complete, then each mazimal upper sequence of X contains
at least one upper component.

Definition 5.8 (Cf. [Van Vliet, 2004, Lemma 4.51(3a)]) (See [Van Vliet et al.,
2006, Definition 10]) Let X be a nick free formal DNA molecule and let Yo X Y] ...
XYy, for some rg > 0 be the primitive lower block partitioning of X.

A lower block is an occurrence (YoX1Y1...Y;,1,Y;, X511 ... X, Ys,) of a substring
XY ... Xj, of X for some ji and jo with 1 < j; < jo <.

Often, we will refer to a lower block simply by the substring involved. The actual
occurrence will be clear from the context, e.g., from the indices j; and js. To distinguish
a lower block from a primitive lower block, we will use X; (for a certain index j) to
denote a lower block, instead of Xj;.

Indeed, as the name suggests, a lower block is a generalization of a primitive lower
block. If in the definition j; = j2, then we have the primitive lower block X; . In
general, however, a lower block may contain more than one primitive lower blocks.

The definition of an upper block of a nick free formal DNA molecule is analogous
to that of a lower block.

Definition 5.9 (Cf. [Van Vliet, 2004, Definition 4.47]) (See [Van Vliet et al.,
2006, Definition 10]) Let X be a nick free formal DNA molecule.

A lower block partitioning of X is a sequence Yo, X1,Y4, ..., X,,Y, for somer >0
such that

e X =Y, X, Y1...X,Y,, and

o forg=1,...,r, Yj 15 a lower block of X, and
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Figure 5.2: (See [Van Vliet, 2004, Figure 4.7], [Van Vliet et al., 2005, Fig-
ure 3], [Van Vliet et al., 2006, Figure 4]) Different partitionings of the formal
DNA molecule X from Figure 5.1, for which B;(X) =4 and By (X) = 3. (al) (Once
more) the primitive lower block partitioning of X. (a2),(a3) Two other lower block par-
titionings of X. (a4) Yet another lower block partitioning of X: the one defined by one
lower block X containing all primitive lower blocks. (b) An upper block partitioning
of X, different from the primitive upper block partitioning.

e for each primitive lower block Xy of X, there is a j with 1 < j <, such that X,
is contained in X ;.

Hence, a lower block partitioning of X is a partitioning of X based on (disjoint) lower
blocks, which together contain all primitive lower blocks. In other words, the set of
primitive lower blocks has been partitioned into lower blocks.

Usually, we will write Yy X1Y; ... X, Y, instead of Yy, X1, Y3, ..., X,,Y, to describe
a lower block partitioning. We may also use the symbol P to refer to a particular lower
block partitioning.

Of course, an upper block partitioning of a nick free formal DNA molecule is defined
analogously.

Lemma 5.10 (See [Van Vliet, 2004, Lemma 4.10(2) and Lemma 4.50]) Let X
be a nick free formal DNA molecule. The following four statements are equivalent:

1. B(X)=0.
2. X does not contain any lower component.

3. Yo = X 1s a lower block partitioning of X.
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4. Yo = X is the only lower block partitioning of X.

Lemma 5.11 (See [Van Vliet, 2004, Lemma 4.48]) Let X be a nick free formal
DNA molecule. Then the number of different lower block partitionings of X is 2™imus(X).

Theorem 5.12 (See [Van Vliet, 2004, Theorem 4.53], [Van Vliet et al., 2006,
Theorem 13]) (Cf. [Van Vliet et al., 2005, Theorem 9(2)-(4)]) Let X be a nick
free formal DNA molecule which contains at least one single-stranded component, and
let 2 ...z}, for some k > 1 be the decomposition of X.

1. If B4(X) > B (X), then
o let P =YX Y:...X,Y, for somer >0 be an arbitrary lower block parti-
tioning of X;

o forj =1,...,r, let E; be an arbitrary minimal DNA expression denoting
X

e forj=0,1,...,r, leth:x;j...xgj for some a; > 1 and b; < k;

is

o forj=0,1,...,r and fori=aj;,...,b;, let

a; if o = (Ciz) for an N -word «;
€ = o s and  (5.1)
Q) ifa)= (C(av)) for an N -word o;
o et
E=T¢€u  -cooEr6a, .- €0, ... Erea, ...cp,). (5.2)
Then

(a) all ingredients needed to construct E (i.e., the lower block partitioning P,
the minimal DNA expressions E;, the indices aj and b;, and the arguments
e;) are well defined, and

(b) E is a minimal DNA ezpression denoting X, and
|E| =343 By(X)+3-n(X) + | X4 (5.3)
2. If B(X) > By(X), then

o let P =Y, X Y;...X,Y, for some r > 0 be an arbitrary upper block parti-
tioning of X,

o forj =1,....r, let E; be an arbitrary minimal DNA expression denoting
Xj,'
o forj=0,1,...,r, letY; :xflj...:pgj for some a; > 1 and b; < k;

o forj=0,1,...,r and fori = a; b, let

Gy 05,

B o if o = (sz) for an N -word «;
o (T ai) ifar;= (c(aoj.)) for an N -word «;;

and

o et
E={l¢eu.  -cooEr6a,---€b, .. Erea, ...cp,). (5.4)
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[on | Joau| [os a7 as|  [aio Q11 0n2 oug Qua|  [oae Qar Qas
\ 3 @5 [ 1 Qg I N TR

Figure 5.3: (See [Van Vliet, 2004, Figure 4.8], [Van Vliet et al., 2005, Fig-
ure 3], [Van Vliet et al., 2006, Figure 4]) The formal DNA molecule from Fig-
ure 5.1 with occurring N -words indicated.

Then

(a) all ingredients needed to construct E (i.e., the upper block partitioning P,
the minimal DNA expressions E;, the indices a; and b;, and the arguments
ei) are well defined, and

(b) E is a minimal DNA expression denoting X, and
IE| =343 By(X) +3 ny(X) + X4 (5.5)

Example 5.13 (See [Van Vliet, 2004, pages 81-82], [Van Vliet et al., 2005,
pages 383-384], [Van Vliet et al., 2006, pages 143-144]) In Figure 5.3, we have
specified names for the components of the formal DNA molecule from (a.o.) Figure 5.1
and Figure 5.2. For this formal DNA molecule X, we have B;(X) =4 and B (X) = 3.
Hence, by Theorem 5.12(1), we can construct a minimal DNA expression denoting X
from a lower block partitioning of X. Because X has two internal maximal upper
sequences ( (617) and (a_n)( 12 )) (a_13)), there are, by Lemma 5.11, four different

C(Ozlg
lower block partitionings of X. We will consider two of them, the ones depicted in

Figure 5.2(a3) and (a4).
For the former lower block partitioning, r = 2 and

Jéf >(a3) c(&)( ) (o) (7) (o) (8) (i)

0417 a1s
) ( Oélg )
We have B|(X) = 2 > By(X;) = 1. When we (recursively) apply Theorem 5.12(2)

to X; and Theorem 5.12(1) to the primitive upper block (C(O;GG)) (a7) (C(C:fg)) of X1, we

find that a minimal DNA expression denoting X is

Ey = {1 (T az) a3 (T au) a5 (1 (T as) a7 (T as)) a9 (T o)) -

Further, B (X;) = 1> By(X3) = 0, and again by Theorem 5.12(2), a minimal DNA
expression denoting X is

Ey = (1 (§ ana) ca5 (T cue)) -

Now, by Theorem 5.12(1), a minimal DNA expression denoting X is

E=(t ar (L {Fasbas(Tas)as (1 (L ag) ar (T as)) as (L o)) 56)
11 (i 0412) 13 <¢ @ 0614> Q15 @ 0416>> ay7 (i 0418) > . '
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Here, we used additional white space to clearly indicate the arguments corresponding
to different substrings X; and Y} of the lower block partitioning.

According to the lower block partitioning depicted in Figure 5.2(a4), r = 1 and
Yo = (M),
T = (o) () o) () o) () (o) ()
(o) () Ceteri) () () (o) (o))
Beo= () (o)
We now have B|(X;) = 3 and B4(X;) = 2. By Theorem 5.12(2), a minimal DNA
expression E; denoting X; can be constructed from an upper block partitioning of

X . Contrary to the previous case, X; contains an internal maximal lower sequence,
(_). Hence, there exist two different upper block partitionings of X5, which yield

Qg
different minimal DNA expressions F;. We arbitrarily choose the primitive upper block

partitioning, which includes all maximal lower sequences of X, in particular (a_ ) . For

9
the primitive upper blocks (C(Oéﬁﬁ)) (Of) (C(O‘Ofs)) and (0&1100)) (a_“) (0&1122)) (O‘_l?’) (6&1144))
of X1, we find a minimal DNA-expression with Theorem 5.12(1). The resulting minimal

DNA-expression for X is

Ey=({ JaasTau)as (1 (T as)ar (] as)) ag
<T @ 0610> Q1 @ 0412> Qa3 @ 0414>> Q5 (i 0416> >

and the corresponding minimal DNA-expression denoting X is

E= a (| JTa)azlas)as (T (T as)ar(las) ag
(1 (T o) ann (T ) anz (T ang)) aus (T ans) ) aar (Taus) ).

Indeed, both minimal DNA expressions for X have length
Bl =39+ [X|4=3+3-3+3-9+[X[4=3+3-B,(X)+3-np(X)+ |X]a.

Example 5.14 Consider the nick free formal DNA molecule

X = () (o) (o) o) (%) (o) () () () Ceny) (5.7)

for which B4(X) = B(X) = 2. By Theorem 5.12, we can construct minimal 1-
expressions (based on lower block partitionings) and minimal |-expressions (based on
upper block partitionings) for X. By Lemma 5.11 and Lemma 5.5(2), X has two
lower block partitionings and two upper block partitionings. We have depicted them
in Figure 5.4. We carry out the construction for the upper block partitioning Yy X1Y;
from Figure 5.4(d). Here Yy = A,

Fo= (1) () (0) (o) () Gy () (o)

and Y, = (7) (Cozm ) By Theorem 5.12(2), the resulting minimal J-expression is

ag/ \c(aqp)

E; = (| E1ag ( o)), where E; is a minimal DNA expression denoting X .
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2 P S Vo= A
[ | [ou a5 ag ar ag| [oxp
\ a3 ] Q (a)
h:,—/ hl,_/
X1 Xa
/-Xo\ Yi=2A
(a1 x| a4 a5 ag ar ag|  [app
Ity Y e B B (0
X,
X, zg
By eré4 as g Q7 058\‘ [ Q10
\ o I Q9 (c)
Yo = A ~~~ S——
Y1 o Y
I,Oél az | | 064A065 ag a7 ag| [0
\ a3 I Q9 (d)
Yo = A T

Figure 5.4: Partitionings of the formal DNA molecule X from Example 5.14. (a)
The primitive lower block partitioning of X. (b) The second lower block partitioning
of X. (c) The primitive upper block partitioning of X. (d) The second upper block
partitioning of X.

As By(X1) = 2 > By(X1) = 1, we can (recursively) apply Theorem 5.12(1) to
construct £,. The result is

By = (1 ar (I (T a2) as (T ag) as ( ae) az (T as)) -

This way, we can construct a minimal DNA expression denoting X for each of the four
partitionings from Figure 5.4:

Eq (tar ({ Taz)as(Tau)) as(Tas)ar (L (Tas)ag (T aw))), (58)
By = (tar (I (T a)as (T (T as)as (T as) ar (T as)) ag (T o)) (5.9)
E. = ((tar(Tag) a3 (1 {Tas)asTas)ar{Tas)) ag(law), (510)
Eg = (I (tar{d (T az)az (T a))as (T as)ar (T as)) ag (T aw))- (5.11)

All these minimal DNA expressions have length

|E| = 244+ |X|4a=3+3-2+3-5+|X|4
= 343 -B(X)+3-n(X)+|X[4=3+3-By(X)+3-ng(X) + | X]a

Lemma 5.15 (See [Van Vliet, 2004, Lemma 4.57]) Let X be a nick free formal
DNA molecule which contains at least one single-stranded component, and let E be a
minimal DNA expression denoting X as described in Theorem 5.12 (equation (5.2) or
equation (5.4)).

Then the arguments of E are N -words and DNA expressions, alternately. In par-
ticular, each N -word-argument of E is a mazimal N -word occurrence in E.
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Lemma 5.16 (See [Van Vliet, 2004, Lemma 4.58], [Van Vliet et al., 2005,
Theorem 9(3)-(4)]) Let X be a nick free formal DNA molecule.

1. If B4(X) > B (X), then each minimal DNA expression denoting X is an 1-
ETPTesSSion.

2. If B(X) > B4(X), then each minimal DNA expression denoting X is a |-
ETPTESSILON.

Corollary 5.17 (See [Van Vliet, 2004, Corollary 4.59]) Let X be a nick free
formal DNA molecule.

1. Let Yo X 1Y1...X,Y, for somer > 0 be an arbitrary lower block partitioning of
X. Then for j = 1,...,7, each minimal DNA expression F; denoting X; is a
J-expression.

In particular, if X contains at least one single-stranded component and By(X) >
B|(X), then for j =1,...,r, the minimal DNA expression E; occurring in The-
orem 5.12(1) is a }-expression.

2. Let Yo X Y, ...X,Y, for some r > 0 be an arbitrary upper block partitioning of
X. Then for j =1,...,r, each minimal DNA expression E; denoting X; is an
T-expression.

In particular, if X contains at least one single-stranded component and By(X) >
Bi(X), then for j =1,...,r, the minimal DNA expression E; occurring in The-
orem 5.12(2) is an T-expression.

Note that this result is trivially valid if X is double-complete. In that case, by
Lemma 5.10, the only lower (or upper) block partitioning of X is Yy = X, for which
r=0.

We can tell exactly when the argument list of the minimal T-expression we construct
starts or ends with a |-expression.

Lemma 5.18 Let X be a nick free formal DNA molecule which contains at least one
single-stranded component, let By(X) > By (X), and let E be a minimal 1-expression
denoting X as described in Theorem 5.12(1).

1. The first single-stranded component of X is a lower component, if and only if the
first argument of E is a |-argument.

2. The last single-stranded component of X is a lower component, if and only if the
last argument of E is a |-argument.

Of course, there is an analogous result for the minimal |-expressions from Theo-
rem 5.12(2).

Proof:

1. == Assume that the first single-stranded component of X is a lower component.
Then by Lemma 5.6(3a) and (3d), the maximal upper prefix Y; of X is empty. By
the construction from Theorem 5.12(1) and Corollary 5.17(1), the first argument
of E is a |-argument.
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<= Assume that the first argument of F is a |-argument. In the construction
from Theorem 5.12(1), the arguments corresponding to the maximal upper prefix
Yy of X are N-word-arguments and J-arguments. Because the first argument of
E is not such an argument, Yy must be empty. By Lemma 5.6(3a) and (3d), the
first single-stranded component of X is a lower component.

2. The proof of this claim is analogous to that of the previous claim.

We can combine this result with Lemma 4.6(3):

Corollary 5.19 Let X be a nick free formal DNA molecule which contains at least one
single-stranded component, let By(X) > B\ (X), and let E be a minimal 1-expression
denoting X as described in Theorem 5.12(1).

1. By(X) > B (X), if and only if neither the first argument, nor the last argument
of E is a -argument.

2. By(X) = B\(X), if and only if either the first argument, or the last argument of
E is a |-argument (and not both of them).

3. It is impossible that both the first argument and the last argument of E are |-
arguments.

Again, there is an analogous result for the minimal |-expressions from Theorem 5.12(2).

By Theorem 5.3, we know that for a double-complete formal DNA molecule, there
is exactly one minimal DNA expression. Theorem 5.12, however, only provides us
with a particular construction of minimal DNA expressions for nick free formal DNA
molecules containing single-stranded components. We are still far from a complete
description of the language of all minimal DNA expressions for arbitrary, expressible
formal DNA molecules. Nevertheless, we can already draw one conclusion about this
language:

Lemma 5.20 The language of all minimal DNA expressions is not reqular.

Note that by Lemma 2.16, the language D of all DNA expressions (minimal or not) is
not regular, either.

Proof: Let a be an arbitrary N-word and let [ > 1. Then consider the nick free formal
DNA molecule

X = () O ) - () (OG- (DO G)

(
It is not hard to prove by nductlon on [ that By(X;) = 20 + 1 and B (X)) = 2I, that
Pr=YoX Y1 with Yo = () (%)

Xi= (@)@ (@O R) () O
(DD O) (D)

and Y = ( ) (C&)) is a lower block partitioning of X;, and that

=(tdaalGaa)tdaada)(ala))ada))
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ap Oy Qg Qs | [a; ag Q| [ Qup Qg Qg Qus Qg Qg7 Qg Qo Qg1 Qipg
%!

A Qg [ | [$3T0 A A A Qg

Figure 5.5: (See [Van Vliet, 2004, Figure 4.9]) (Cf. [Van Vliet et al., 2005,
Figure 4], [Van Vliet et al., 2006, Figure 7]) A formal DNA molecule containing
lower nick letters.

is a minimal DNA expression denoting X; based on P; as described in Theorem 5.12.
It follows from the pumping lemma for regular languages, that a language requiring
brackets to match and containing such DNA expressions is not regular. O

5.2 Minimal DNA expressions for a formal DNA
molecule with nick letters

Definition 5.21 (See [Van Vliet, 2004, Definition 4.61], [Van Vliet et al.,
2005, page 384], [Van Vliet et al., 2006, page 146]) Let X be a formal DNA
molecule. The nick free decomposition of X is the sequence Z1,y1, Za, Yo, .-+ Ym—1, Lm
for some m > 1 such that

o X =Z1y122Y2- - Ym-1%m, and

o forh=1,....m, Z is nick free, and

e forh=1,....m—1,y, €{Y, a}.
Example 5.22 (See [Van Vliet, 2004, page 90]) (Cf. [Van Vliet et al., 2005,
pages 384], [Van Vliet et al., 2006, Figure 7]) Consider the formal DNA molecule

X depicted in Figure 5.5. This molecule contains four lower nick letters and no upper
nick letters. The nick free decomposition of X is Zy 25,235, 24, 25, where

Zy = (Oil)( (05422)) (04—3)( (aoix))’

Ze = (o) (o) Celom) (%) (i) () Cefnmy)-

Zy = ((i; ) () ( (o) () (e (5.12)
Zi = (o)

Zs = (fon) (o) (cfom)) () (cferm))

Definition 5.23 (See [Van Vliet, 2004, Definition 4.63], [Van Vliet et al.,
2005, page 384|, [Van Vliet et al., 2006, page 146]) A DNA expression E is

operator-minimal if for every DNA expression E' with the same outermost operator as
E and with E' = E, |E'| > |E|.

Example 5.24 (See [Van Vliet, 2004, page 91], [Van Vliet et al., 2005, page
384-385], [Van Vliet et al., 2006, page 146]) We continue with the formal DNA
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molecule X from Example 5.22, which is depicted in Figure 5.5. The second formal
DNA submolecule occurring in the nick free decomposition of X is

Z2 = (cfor) () (o) () (o) () () (5.13)

(see (5.12)). We have B4(Z;) =1 and B|(Z;) = 2.
By Lemma 5.16(2), each minimal DNA expression E, denoting Z5 is a |-expression.
When we apply Theorem 5.12 to Z5, we obtain

Ey = (L (T as) ag (1 (L ar) as (T ag)) aro (T ann))
for which (indeed)

|Ea| =184 |Zo|la =3 +3-1+3-4+ |Zo|a =343 By(Zs) + 3 -n1(Z2) + | Z2|a.
Now let EY be an f-expression denoting Z;. By Theorem 4.7(1),

|E5| > 3+3-B(Zs) +3-n(Zo) + | Zo|la=3+3-2+3-4+ |Zs|a =21+ |24

In other words, by Lemma 4.1, the f-expression E} contains at least 7 operators,
whereas the |-expression Fs contains 6 operators. Indeed, an f-expression denoting 7,
will never be minimal. If, however, |E}| = 21 + |Z,| 4, then E} is operator-minimal.
It is not difficult to construct an operator-minimal f-expression denoting Z5. We can
simply take

Ey = (T Ey) = (1 (} T as) as (T (T ar) as (T ag)) a0 (T ann))) (5.14)

because S(E}) = v (S(Ey)) = S(E;) = Z3. Another operator-minimal f-expression
denoting Z5, which is less directly related to Es, is

Ey = (1 (I (T as)as (T ar) ag (L (T ag) aro (T o)) - (5.15)

Lemma 5.25 (See [Van Vliet, 2004, Lemma 4.64]) If a DNA expression E is
operator-minimal, then each proper DNA subexpression of E is minimal.

Theorem 5.26 (See [Van Vliet, 2004, Theorem 4.65], [Van Vliet et al., 2005,
page 385], [Van Vliet et al., 2006, page 146]) Let X be a nick free formal DNA
molecule and let x ... x}, for some k > 1 be the decomposition of X.

o Let P =Y, X Yy...X,Y, for somer >0 be an arbitrary lower block partitioning

of X;
o forj=1,...,r, let E; be an arbitrary minimal DNA expression denoting Yj;
o forj=0,1,...,r, letY; :xgj...xgj for some a; > 1 and b; < k;

o forj=0,1,...,r and fori=aj,...,b;, let

and

B Q; if o = (Of) for an N -word o
o (T a;) ifz;= (C(aoj)) for an N -word «;;
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o let
E=T¢eu - cooEr€a, ... €0, ... Erea....cp.). (5.16)

Then

(a) all ingredients needed to construct E (i.e., the lower block partitioning P, the
minimal DNA expressions Ej, the indices a; and b;, and the arguments ¢;) are
well defined, and

(b) E is an operator-minimal 1-expression denoting X, and
Bl =343 By(X)+3-n3(X) + [ X] 4. (5.17)

Example 5.27 (See [Van Vliet, 2004, page 93]) Indeed, the two operator-minimal
T-expressions F) and FEJ we have given in Example 5.24, which denote the formal
DNA molecule Z, from (5.13), can be constructed according to the description in
Theorem 5.26. Both the maximal upper prefix and the maximal upper suffix of 7,
are empty, but Z, does have one internal maximal upper sequence, viz (Ois) Hence,
by_L/emma 5.11, there are two lower block partitionings of Z,. The first one is P’ =
Yy X,Y] = Y{Z,Y/, where the (empty) maximal upper prefix and maximal upper suffix
of Zy are denoted by Y, and Y/, respectively. The second one is the primitive lower
block partitioning P” = Yb”Y,l/Yl’ ’YgYQ” , where the maximal upper prefix and maximal
upper suffix are denoted by Yy" and Yy, respectively, and

T = (o) (6) (o)
o= (%),
X = (o) (o) ()

The DNA expression Ej from (5.14) corresponds to P’ and the DNA expression EY
from (5.15) corresponds to P”. ]

Theorem 5.28 (See [Van Vliet, 2004, Theorem 4.67], [Van Vliet et al., 2005,
Theorem 10], [Van Vliet et al., 2006, Theorem 14]) Let X be a formal DNA
molecule which contains at least one lower nick letter ~, and does not contain any upper
nick letter v.

o Let Zy, Zs, ... Zm for some m > 2 be the nick free decomposition of X ;

e forh=1,...,m, let £, be an operator-minimal 1-expression denoting Zy,, and let
the string Ej, be the sequence of the arguments of Ey, (hence, if Ey = (1 €1 ... €nny,)
for some ny, > 1 and N-words and DNA expressions ep1,...,Enn,, then Eh =
Enl---Ehmy,); and

o et /= <TE1...Em>.
Then

(a) all ingredients needed to construct E (i.e., the nick free decomposition and the
operator-minimal 1-expressions E;) are well defined, and
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(b) E is a minimal DNA expression denoting X, and
|E| =343 By(X)+3-n4(X) + | X] 4. (5.18)

Example 5.29 (See [Van Vliet, 2004, pages 94-95]) (Cf. [Van Vliet et al.,
2005, pages 385-386], [Van Vliet et al., 2006, pages 147-148]) In Example 5.22,
we have established that the nick free decomposition for the formal DNA molecule from
Figure 5.5 is Zy 2o 73,2425, Where Zy, ..., Z5 are given in (5.12). Because none of
Z, 43, Ly, 45 has an internal maximal upper sequence, there exists exactly one lower
block partitioning for each of them. Hence, for each of them, Theorem 5.26 specifies
one operator-minimal T-expression:

E, (Tar (4 (T az)as (T aw))),

E3 = < (i 0412 a3 @ Oé14 a5 @ Oé16>>

By (Tt (T ),

By = (1§ aus) arg (T azo)) a1 (T aze)) -

The formal DNA submolecule Z5 has one internal maximal upper sequence, giving rise
to two different lower block partitionings. As we observed in Example 5.27, the DNA
expressions FY) and EY from (5.14) and (5.15) are the operator-minimal T-expressions
corresponding to these lower block partitionings.

To construct a minimal DNA expression denoting the entire formal DNA molecule
X, we may arbitrarily choose either of F) and E!. When we choose EY, we obtain

=1 ar{(d Taz)az T as) (T as)as( ar)as{d (T ag)a (T an))
(T on2) oz (T ana) ars ($ ans) (T aar) (5.19)
<¢ @ 0418> Q9 @ Oé20>> Q21 @ 0422> > .

Indeed,
Bl =54+ [X|4=3+3-4+3-13+|X[4=34+3-By(X)+3-n(X)+|X]|4.



Chapter 6

All Minimal DNA Expressions

6.1 Reverse construction of a minimal DNA ex-
pression

Lemma 6.1 (See [Van Vliet, 2004, Lemma 4.69]) Let E be an operator-minimal
1-expression denoting a certain formal DNA molecule X (which may contain nick let-
ters).

Then no argument of E is an T-expression.

Corollary 6.2 (See [Van Vliet, 2004, Corollary 4.70]) Let E be an operator-
minimal T-expression denoting a certain formal DNA molecule X (which may contain
nick letters).

Then each argument of E is either an N -word o, or an J-expression (§ «) for an
N -word a, or a |-expression.

Lemma 6.3 (See [Van Vliet, 2004, Lemma 4.71]) Let E = (T &y...£,), where

n>1andey,...,c, are N-words and DNA expressions, be an operator-minimal DNA

expression denoting a certain formal DNA molecule X (which may contain nick letters).
Then fori=1,...,n, X; =S8%(g) is nick free.

Corollary 6.4 (Cf. [Van Vliet, 2004, Corollary 4.72]) Let E be an operator-
minimal T-expression denoting a certain formal DNA molecule X (which may contain
nick letters). Then each proper DNA subexpression of E is nick free.

Proof: Let E; be a proper DNA subexpression of E. By Lemma 5.25, F; is minimal.
Hence, if F; is an J-subexpression of E, then by Theorem 5.3, F1 = (J oy) for an
N-word a1, which is indeed nick free.

Now, assume that F; is a |-subexpression of E. Let Fy be the DNA subexpression of
FE that E5 is an argument of. If Ej is equal to F/, then by assumption Ej is an operator-
minimal f-expression. If, on the other hand, Ej is a proper DNA subexpression of F,
then Ej is minimal. Hence, by Theorem 5.3, and Lemma 6.1, Ej is an T-expression.
In particular, also in this case, Ej is an operator-minimal 1-expression. Now for both
cases, the claim follows from Lemma 6.3, applied to Ej.

The proof for the case that E; is an T-subexpression of E is analogous. However,
in that case, we do not have to consider the possibility that Ej is equal to E, because
the operator-minimal T-expression F cannot have an f-argument FE. O

o6
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Lemma 6.5 (See [Van Vliet, 2004, Lemma 4.74]) Let E = (T ¢1...£,), where
n>1ande,...,c, are N-words and DNA expressions, be an operator-minimal DNA

expression denoting a certain formal DNA molecule X (which may contain nick letters).
Fori=1,...,n, let X; =S (g).

1. Fori = 1,....n, if ¢ is a |-expression E;, then X; = S(E;) and By(X;) =
B|(X;) — 1. Hence, X; contains at least one single-stranded component and both
the first single-stranded component and the last single-stranded component of X
are lower components.

2. > Bi(X)) =By(X))+ -+ B(X,) = B/(X).

l-expr. €;

Lemma 6.6 (See [Van Vliet, 2004, Corollary 4.73(1)]) Let E = (T &1...¢,),

wheren > 1 and ey, ..., &, are N -words and DNA expressions, be an operator-minimal
DNA expression denoting a certain formal DNA molecule X. For i = 1,...,n, let
Xi =8* (82)

Then

X =X Xoyo .. Yn—1Xp,

where fori=1,...,n—1, y; = ~ if R(X;), L(Xi11) € Ax, and y; = X\ otherwise.
Here, fori=1,...,n—1, R(X;), L(X;11) € Ay, if and only if both €; and ;11 are
exTPression-arguments.

Proof of second part of the claim: Consider any ¢ with 1 < i < n —1. By
Corollary 6.2, ¢; is either an N -word «, or an J-expression (J «) for an N-word «, or
a J-expression. By Lemma 6.3, X; = ST(g;) is nick free.

If &; is an N-word «, then X; = St(g;) = (f) and R(X;) ¢ Ax.

If &; an J-expression (§ «) for an N-word «, then X; = S(g;) = (C&)) and R(X;) €
Al

Finally, if ¢; is a |-expression, then by Lemma 6.5(1), X; contains at least one
single-stranded component and the last single-stranded component of X; is a lower
component. Because ¢; has to prefit £;,1; by upper strands, this lower component
cannot be the last component of X;. By Corollary 2.9(1), the last component of X;
must be a double component. This implies that R(X;) € Ax.

We conclude that R(X;) € Ay, if and only if ¢; is an expression-argument. Anal-
ogously, we find that L(X;.;) € Ay, if and only if £;4; is an expression-argument.
Consequently, R(X;), L(X;41 € Ay, if and only if both ¢; and ¢;,1 are expression-
arguments. O

Corollary 6.7 (See [Van Vliet, 2004, Corollary 4.73(2)]) Let E = (T £1...¢,),
wheren > 1 and €1, . .., &, are maximal N -word occurrences and DNA expressions, be

an operator-minimal DNA expression denoting a certain nick free formal DNA molecule
X. Fori=1,...,n, let X; =S%(g).

Then
X =X1X5...X,, (6.1)
and the arguments 1, ... ,&, are mazimal N -word occurrences and DNA expressions,

alternately.
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Corollary 6.8 (Cf. [Van Vliet, 2004, Lemma 4.76(3)]) Let E be an operator-
minimal T-expression denoting a certain formal DNA molecule X. The following four
statements are equivalent:

1. X is nick free.

2. X does not contain lower nick letters.

3. (The outermost operator T of ) E is alternating.
4. Fach occurrence of 1 or | in E is alternating.

Proof: The equivalence of statements 1 and 2 follows from Lemma 3.1(1). We now
prove that statements 3 and 4 are also equivalent to statement 1.

1 = 3 This implication follows directly from Corollary 6.7.

3 <= 4 Consider an arbitrary inner occurrence of 1 or | in F, and let E* be the
(proper) DNA subexpression of F governed by it. By Lemma 5.25, E'* is minimal,
and by Corollary 6.4, E° is nick free. Hence, we can apply Corollary 6.7 to E?,
and conclude that the occurrence of 1 or | that we consider is alternating.

This implies that the outermost operator 1 of E is alternating, if and only if each
occurrence of 1 or | in F is alternating.

4 = 1 This implication follows directly from Lemma 3.5.

O

Theorem 6.9 (See [Van Vliet, 2004, Theorem 4.77]) (Cf. [Van Vliet et al.,
2005, page 384|, [Van Vliet et al., 2006, page 143]) Let E = (T €1 ...¢,), where
n > 1 and ,,...,&, are mazimal N -word occurrences and DNA expressions, be a
minimal DNA expression denoting a certain nick free formal DNA molecule X. For
i=1,....,n, let X; =8T(g).

Let €;,,€iyy ...y 65, with0 <1 <n and iy < iy < --- <1, be all {-arguments of E.
Finally, let Yo, Y1, ...,Y, be defined by

v o_ XX, ifr=0
o = Xl---Xi1—1 ZfTZl

Y;‘ = Xij+1~--Xij+1—1 (j:]_,,T—]_)
T Xir+l-"Xn ZfT'Zl
1. P=Y X, Y1 X,,Ys... X, Y, is a lower block partitioning of X.

2. E satisfies the description of a minimal DNA expression denoting X and based
on P, giwen in Theorem 5.12(1).

Theorem 6.10 (See [Van Vliet, 2004, Theorem 4.78]) Let E = (Te1...€,),
wheren > 1 and €1, . .., &, are mazimal N -word occurrences and DNA expressions, be

an operator-minimal DNA expression denoting a certain nick free formal DNA molecule
X. Fori=1,...,n, let X; =St (g).
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Let ¢ €ipy -y, with 0 <7 <n and iy < iy <--- <1, be all [-arguments of E.
Finally, let Yo, Y1, ...,Y, be defined by

Xl...Xi1,1 ZfTZ 1
}/} = Xij+1...Xl’].+1,1 (]:1,,7“—1)
{Xl...Xn ifr =0

Y, — {Xl...Xn ifr=20

Xir—ﬁ-l'-‘Xn ZfTZl
1. P=Y X, Y1 X,,Ys... X, Y, is a lower block partitioning of X.

2. E satisfies the description of an operator-minimal DNA expression denoting X
and based on P, given in Theorem 5.26.

Theorem 6.11 (See [Van Vliet, 2004, Theorem 4.79]) (Cf. [Van Vliet et al.,
2005, Theorem 10|, [Van Vliet et al., 2006, Theorem 14]) Let E = (1 £1...¢,),
wheren > 1 and ey, ..., &, are mazimal N -word occurrences and DNA expressions, be a
minimal DNA expression denoting a certain formal DNA molecule X which contains at
least one nick letter. Let Zy,Zs, ... Zm for some m > 2 be the nick free decomposition
of X.

Then E satisfies the description of a minimal DNA expression denoting X given in
Theorem 5.28. Hence, there exist indices iy, 11, . - ., tm, Such that

e H=0<i1 <ig< <l <lpy=mn, and

o forh=1,...,m, <T Eip_q1+1 - - .Sih> 18 an operator-minimal T-expression denoting
Zy.

Summary 6.12 (See [Van Vliet, 2004, Corollary 4.80]) Let X be an expressible
formal DNA molecule.

aq

1. If X = (c(al)) for an N -word oy, then the only minimal DNA ezpression denot-
ing X is E = (L o) (see Theorem 5.3).

The length of this minimal DNA expression is
|E] =3 ny(X) +[X]a.

2. If X is nick free, contains at least one single-stranded component and B(X) =
B|(X), then the only minimal DNA expressions denoting X are T-expressions
based on a lower block partitioning of X as described in Theorem 5.12(1), and
J-expressions based on an upper block partitioning of X as described in Theo-
rem 5.12(2) (see also Theorem 6.9).

The length of a minimal DNA expression E is

Bl = 3+3-B(X)+3 -n3(X)+[X]|a
= 3+3-By(X) +3-ng(X) + [ X]a.
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3. If X is nick free and By(X) > B|(X), then the only minimal DNA expressions
denoting X are T-expressions based on a lower block partitioning of X, as de-
scribed in Theorem 5.12(1) (see also Theorem 6.9).

The length of a minimal DNA expression E is
|E| =343 By(X)+ 3 n4(X) + | X] 4

4. If X is nick free and B (X) > B3(X), then the only minimal DNA expressions
denoting X are |-expressions based on an upper block partitioning of X, as de-
scribed in Theorem 5.12(2) (see also Theorem 6.9).

The length of a minimal DNA expression E is
|E| =343 By(X) 4+ 3-n3(X) + | X] 4.

5. If X contains at least one lower nick letter, then the only minimal DNA expres-
sions denoting X are T-expressions based on operator-minimal 1-expressions for
the formal DNA submolecules Z1, Zs, . . ., Z,, occurring in the nick free decomposi-
tion Zy , Za, ... Zom of X, as described in Theorem 5.28 (see also Theorem 6.11).

The operator-minimal T-expressions denoting a (nick free) formal DNA sub-
molecule Zy, are in turn based on a lower block partitioning of Zy,, as described in
Theorem 5.26 (see also Theorem 6.10).

The length of a minimal DNA expression E denoting X is
|E| =343 By(X)+3-n4(X) + [ X] 4.

6. If X contains at least one upper nick letter, then the only minimal DNA expres-
sions denoting X are |-expressions based on operator-minimal | -expressions for
the formal DNA submolecules Zy, Zs, . .., Z,, occurring in the nick free decompo-
sition Z1¥ 75" ...V Zy, of X, analogous to the description in Theorem 5.28 (see
also Theorem 6.11).

The operator-minimal |-expressions denoting a (nick free) formal DNA sub-
molecule Zy, are in turn based on an upper block partitioning of Zj, analogous
to the description in Theorem 5.26 (see also Theorem 6.10).

The length of a minimal DNA expression E denoting X is
|E| =343 By(X) 4+ 3-n3(X) + | X] 4.

In each of the cases, a minimal DNA expression achieves the applicable lower bound
on its length from Theorem 4.7.

Corollary 6.13 (See [Van Vliet, 2004, Corollary 4.81]) Let E be a DNA expres-
sion, and let X = S(F).

1. If E is an operator-minimal T-expression, then

#ru(E) = 1+ By(X) and
#p(E) = mp(X).
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2. If E is an operator-minimal |-expression, then

#1u(E) = 14 ByX) and
#1(E) = m(X).

3. If E is a minimal J-expression, then

#ru(E) = 0 and
#1(E) = L

Lemma 6.14 (See [Van Vliet, 2004, pages 110-111]) Let X be an expressible
formal DNA molecule.

1. If X 1is nick free, contains at least one upper component and does not contain
any lower component, then the only minimal DNA expression denoting X is
an T-expression whose arguments are mazximal N -word occurrences «; and J-
expressions (J o) for N-words o, alternately.

2. If X does not contain any single-stranded component and contains at least one
. (6751 (6% Qo
lower nick letter, then let (c( ))A(c ))A e A(c )) for some m > 2 and N -

a1 (a2 (o,
words oy, (g, . . .,y be the nick free decomposition of X. The only minimal DNA

expression denoting X is

E=t(a)Ta...(am).

6.2 Characterization of minimal DNA expressions

Lemma 6.15 (See [Van Vliet, 2004, Definition 4.97 and Theorem 4.100],
[Van Vliet et al., 2005, Theorem 12]) Let E be a minimal DNA expression.

(Dmin-1) Each occurrence of the operator | in E has as its argument an N -word «
(i.e., not a DNA expression).

(Dmin-2) No occurrence of the operator T in E has an T-argument, and no occurrence
of the operator | in E has a |-argument.

(Dmin-3) Unless E = (T ) or E = (| a) for an N-word «, each occurrence of an
operator 1 or | in E has at least two arguments.

(Dmin-4) FEach inner occurrence of an operator T or | in E is alternating.
(Dmin-5) For each inner occurrence of an operator T or | in E,

e the first argument is either an N -word o or an J-expression ({ «) for an

N -word o, and

e the last argument is either an N-word « or an J-expression (I ) for an

N-word «.

(Dmin-6) If the outermost operator of E is T or |, then
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’ Prop ‘ E ‘ X=8F) ‘ 2

(Dyiin1) [ (£ (F on)) (cfor)) ()

(Dain-1) | (1 ( (102 (J as)))) () (o) (1 a1 (F aas))

(Dain-2) | (T an (1 (T az) a3) () () () (tan (§ a2) ag)

(Dwin-3) | (T (T o)) (6(0;11) (o)

(Daiin-3) | (L an (1 (} a2)) (n) (6&22) (L a1 (T az))

(Dyiin4) | (T o1 (1 (T a2) (F as))) () () (1 a1 (§ a203))

(Datin5) | (1 a1 (4 (T a2 (1 as)) as)) (") ey (o) (+ anas (L (T as) aa))
(Daiin:5) | (1 (4 a1 (1 (F a2) az)) aa) () o) (27) G (L an (T as)) asau)
(Dain6) | (1 (bar (Tanhag (4 Fanas) [ (1) (i) (T) (i) (o) | (4 0 az)as (Faa)) as)

Table 6.1: (See [Van Vliet, 2004, Table 4.3]) Examples of DNA expressions with
all six properties from Lemma 6.15 except one. The first column mentions the property
that is not valid, the second column contains a corresponding DNA expression F, the
third column gives the formal DNA molecule X denoted by F, and the fourth column
contains a minimal DNA expression E* denoting X. As usual, the «;’s occurring
represent (arbitrary) N -words.

e cither its first argument is an N-word o or an J-expression (I «) for an
N -word a,

e orits last arqgument is an N -word o or an J-expression (§ «) for an N -word
a?

e or il has two consecutive expression-arguments.

We use Dy to denote the set of DNA expressions that have Properties (Dyip.1)—
(Dyin-6).

Theorem 6.16 (See [Van Vliet, 2004, Theorem 4.100], [Van Vliet et al., 2005,
Theorem 12]) A DNA expression E is minimal if and only if E € Dyp.
Lemma 6.17 (See [Van Vliet, 2004, Lemma 4.99]) Let E be a minimal DNA

ETPTESSION.

1. (a) For each proper T-subexpression of E, the parent operator is |.
(b) For each proper |-subexpression of E, the parent operator is 1.

2. Each proper T-subexpression or |-subexpression of E has at least two arguments.
3. If E is nick free, then it has at least one N -word-argument c.
4. Each proper DNA subexpression of E has at least one N -word-argument o.

5. (a) Fach proper T-subexpression or |-subexpression of E which is not the first ar-
gument of its parent operator has as its (own) first argument an J-expression

(T «) for an N-word .
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(b) Each proper 1-subexpression or |-subexpression of E which is not the last ar-
gument of its parent operator has as its (own) last argument an J-expression

(T @) for an N-word .

6. For each proper T-subexpression or |-subexpression of E, either the first argu-
ment, or the last argument is an J-expression (J «) for an N -word a.

7. Fach proper 1-subexpression or |-subexpression of E which is neither the first
argument, nor the last arqgument of E, has an odd number of arguments (at least
three), the first one and the last one of which are J-expressions (§ «) for N-words
.

Proof:

3. Assume that F is nick free. If E is an J-expression, then the claim follows from
Property (Dyin-1).
Now assume that E is an f-expression. By Corollary 6.8(1) and (3), E is al-
ternating. Hence, if F has at least two arguments, then at least one of these

arguments is a maximal A -word occurrence. If, on the other hand, E has only
one argument, then by Property (Dyi,.3), this must be an N-word «.

The proof for a |-expression E is analogous.

6.3 The structure tree of a minimal DNA expres-
sion

As we observed in § 2.8, each DNA expression has a unique representation as an
ordered, directed, node-labelled tree: the structure tree. In particular, such a unique
tree-representation exists for every minimal DNA expression. The resulting structure
trees are also called minimal.

In § 6.2, we have given a characterization of minimal DNA expressions by six prop-
erties of the operators occurring in them. These properties can be directly translated
into properties characterizing minimal structure trees.

Let t be the structure tree of a DNA expression F.

Theorem 6.16 (and Lemma 6.15) ¢ is minimal if and only if

(Duin-1) each node labelled by J in ¢ has a (single) child labelled by an A-word

o, and
(Dmin-2) no node labelled by 1 in ¢ has a child labelled by 1, and no node labelled
by | in ¢ has a child labelled by |, and

(Dmin-3) unless E = (T ) or E = (| a) for an N-word a, each node labelled
by either 1 or | in ¢ has at least two children, and

(Dmin.4) for each non-root labelled by either 1 or | in ¢, the children are labelled
by an N-word « or by an operator, alternately, and

(Dmin-5) for each non-root labelled by either 1 or | in ¢, the first child is labelled
by either an N-word « or the operator J, and also the last child is labelled
by either an N-word « or the operator §, and
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s ° an (Dos D) (D)

Qs N @) a1 (3) a1 a4 aie

a6 as (a)

T e @ @de e 0 e ®
A @ o @ anar  au awar @) awl] am

Q2 Q4 Q5 Q7 Qg aq1 a8 Q20

(c)

Figure 6.1: (See [Van Vliet, 2004, Figure 4.10(b)-(c)]) Three minimal structure
trees. (a) The structure tree of the minimal DNA expression from Equation (5.6),
denoting the nick free formal DNA molecule from (a.o.) Figure 5.3. (b) The structure
tree of the minimal DNA expression F; from Equation (5.11), denoting the nick free
formal DNA molecule from Figure 5.4. (c¢) The structure tree of the minimal DNA
expression from Equation (5.19), denoting the formal DNA molecule from Figure 5.5,
which contains four lower nick letters.
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(Dmin-6) if the root of ¢ is labelled by either 1 or |, then either its first child is
labelled by an N-word « or the operator J, or its last child is labelled by an
N-word « or the operator J, or it has two consecutive children labelled by
an operator.

In Figure 6.1, we have drawn the structure trees of three minimal DNA expressions we
have constructed in the course of Chapter 5. One can verify that these structure trees
exhibit all properties we have just listed.

6.4 The number of (operator-)minimal DNA ex-
pressions

Definition 6.18 (See [Van Vliet, 2004, Definition 4.82]) Let X be an expressible
formal DNA molecule. Then

® Nin(X) is the number of minimal DNA expressions denoting X,

® Nt (X) is the number of minimal T-expressions denoting X,

® Niny (X) is the number of minimal |-expressions denoting X,

° nmmi(X) is the number of minimal J-expressions denoting X,

® Nopermint(X) is the number of operator-minimal T-expressions denoting X,
® Nopermin, (X)) is the number of operator-minimal | -expressions denoting X,
° nopermm(X ) is the number of operator-minimal J-expressions denoting X .

Corollary 6.19 (See [Van Vliet, 2004, Corollary 4.96], [Van Vliet et al., 2005,
Theorem 11]) Let X be an expressible formal DNA molecule.

1. If X is double-complete, then

Mmint (X)) 0,
Nopermint(X) = 1,
Nin (X) =0,
Nopermin, (X) = 1,
N (X) = Nopermint (X) 1 and
Nmin(X) 1.

2. If X is nick free, contains at least one single-stranded component and By(X) =
B\ (X) = p for some p > 1, then

1 2
nmmT(X) = nopermmT(X) - m (;)D) ’

1 2
Noniny (X) = Nopermin, (X) = p+1 (;) ’
nmmi(X) = nOPeTmmi(X) =0 and

Noin(X) = L(Z‘P).

p+1\ P
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3. If X is nick free, B4(X) = p1 and B (X) = ps for some p1 and ps with py > py >

0, then

Nmint (X) = Nopermint X

X

Nming

X

nmmi (X) - nopermini

(X)
(X)
Nopermin),(X)
(X)
(X)

1 2po
P2 + 1 P2 ’

0,

1 2p1
P1 + 1 p1 ’
0 and

1 2p2
pa+ 1\ P2 ’

4. If X is nick free, B+(X) = p; and B (X) = ps for some py; and py with py > py >

0, then
Nomint (X)

n opermin? (X)

Nominl (X) = Noperminl (X)
Nming (X) = Noperming (X)

1 2p1
P1 + 1 b1 ’

0 and

1 2p
P1 + 1 P1 ’

5. If X contains at least one lower nick letter, then let Zy Zs, ... Zm for some
m > 2 be the nick free decomposition of X, and let forh =1,...,m, p, = B|(Z},).

1
- 2p1 X"'X; 2pm ,
pr+1\ m Pm + 1\ Pm

0,
0 and

; 2p1 X"'X; 2pm .
pr+ 1\ Pt Pm+ 1\ Pm

(a) If X does not contain any single-stranded component, then

nopermmi(X) = |Z1| X |Zm|

(b) If X contains at least one single-stranded component, then

nope'rmirQ(X) = 0.

6. If X contains at least one upper nick letter, then let Z1VZyY ...V Z,, for some
m > 2 be the nick free decomposition of X, and let forh =1,...,m, pp = B+(Z},).

Nonint (X)) = Nopermint (X)
Nning (X)) = Noperming (X)
Nming (X))

(X)

0,

1
- 2p1 x...x; 2pm ,
pr+1\» Pm + 1\ Pm

0 and

1
[E— 2p1 X"'X; 2pm .
pr+1\ P Pm + 1\ Pm



6.4 The number of (operator-)minimal DNA expressions

(a) If X does not contain any single-stranded component, then
nopermirQ(X) - |Z1| X |Zm|

(b) If X contains at least one single-stranded component, then

nopermirQ(X) = 0.
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Chapter 7

An Algorithm for Minimality

In Chapter 5, we have described how to construct a minimal DNA expression denoting
a given formal DNA molecule. In Chapter 6, we have given a characterization of
minimal DNA expressions (Theorem 6.16).

Now, given an arbitrary DNA expression E, we can use the characterization to
check whether or not it is minimal. If it is not, then, in order to save space, we
may wish to replace it by an equivalent, minimal DNA expression, i.e., a minimal
DNA expression with the same semantics. An indirect way to achieve such a minimal
DNA expression consists of first determining the semantics S(E), and then using the
applicable construction(s) from Chapter 5.

In this chapter, we follow a different, more elegant approach. We describe an
algorithm to rewrite E into an equivalent, minimal DNA expression. This algorithm
executes local string manipulations on E directly, based on violations of the properties
in the characterization. It does not refer to the underlying semantics S(F) at all. Step
by step, the DNA expression obtains all six properties from Lemma 6.15.

In § 7.1, we describe the algorithm and prove that it is correct. We illustrate
the different steps in the algorithm by example DNA expressions, which are DNA
subexpressions of a single, large DNA expression. In § 7.2, we systematically work out
the algorithm for this DNA expression as a whole.

The description of the algorithm in § 7.1 is not entirely complete. In particular,
we sometimes say that certain arguments of a DNA expression must be considered ‘in
some order’. Because the actual order used does not matter for the correctness of the
algorithm, we do not specify one. In addition, at other places, we consider or select
certain types of arguments of a DNA expression, but we do not specify how to find
these types of arguments. We fill in such details and analyse the complexity of the
algorithm in § 7.3. Finally, in § 7.4, we relate the time spent by the algorithm on
actual rewriting steps to the resulting decrease of |E].

7.1 The algorithm and its correctness

In this section, we describe an algorithm for rewriting an arbitrary DNA expression
E into an equivalent, minimal DNA expression. This algorithm is recursive: we first
construct equivalent, minimal DNA expressions for the expression-arguments of FE.
The resulting expression-arguments have the six properties from Lemma 6.15. We use
that in the second phase, where we construct a DNA expression E’ that is equivalent
to E and has these properties itself. By Theorem 6.16, £ must be minimal.
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Note that this second phase is not trivial. If the arguments of a DNA expression
E are minimal, then FE itself may be far from minimal. For example, if E is an
J-expression with an expression-argument, then by Property (Dypin.1), E cannot be
minimal, even if this expression-argument is minimal. Similarly, if F is an T-expression
with f-arguments, then by Property (Duyin.2), E cannot be minimal, even if the 7-
arguments are minimal.

Another important issue is that Properties (Dyn.3)—(Dwin.6) are more restrictive
for inner occurrences of operators 1 and | than for the outermost operator of a DNA ex-
pression. For example, by Property (Dyin.3), an occurrence of T may only have a single
N-word-argument «, if it is the outermost operator. Also, by Properties (Dyy,.4) and
(Dwin-6), an inner occurrence of an operator T must be alternating, whereas an out-
ermost operator T may have consecutive expression-arguments. Finally, by Properties
(Duin-5) and (Dyin.6), the first (or last) argument of an inner occurrence of 1 cannot
be a |-argument, wheras this is possible for an outermost operator 1. Of course, there
are analogous differences between an inner occurrence of | and an outermost operator
1

Now suppose that E is a DNA expression and that E; is a minimal f-argument of
E. When we view FE; by itself, then its outermost operator 1, may have, for example,
consecutive expression-arguments. However, when we view F; as an argument of F,
then 1q is an inner occurrence of 1, which implies that it should be alternating.

Consequently, after we have (recursively) rewritten the expression-arguments of a
DNA expression E into equivalent, minimal expression-arguments, we may still have
to perform a number of rewriting steps to make E minimal itself. We can see this in
Figure 7.1, where we give the pseudo-code of a recursive function MakeMinimal, which
implements the algorithm.

The description of the function contains four instructions in a style like

substitute £ by a minimal DNA expression E’ satisfying E' = E; (proce-
dure . ..)

These instructions will be worked out in detail later, by the procedures mentioned
between the brackets. We prove that both the general description of the algorithm and
all procedures are correct, i.e., that they indeed produce the type of DNA expression
specified, with the right semantics.

When we have an instruction of the above form, there may be many different
minimal DNA expressions E’ that satisfy the equivalence. Different choices may result
in different outcomes of the algorithm. At this point, it does not matter which DNA
expression we take. We will prove that regardless of the choice we make, the overall
algorithm is correct. As we work out the procedures, however, we will see that we
do not just make a random choice. For a given DNA expression E, we systematically
construct a DNA expression E’ that satisfies the requirements.

Note that an instruction of the above form bears a notion of semantics in it. The
new DNA expression F’ must satisfy £’ = F, i.e., its semantics must be equal to S(FE).
We use such formulations, to be able to prove the correctness of the general algorithm
without knowing the procedures. Again, as we work out the procedures, we will see
that we merely perform local string manipulations on the DNA expression, based on
its properties as a string. Hence, the complete, detailed algorithm does not refer to the
semantics of the DNA expressions involved, at all.
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1.  MakeMinimal (E)
// recursively rewrites an arbitrary DNA expression F
// into an equivalent, minimal DNA expression

2.
3. if (F is an J-expression)
4. then if (the argument of E is a DNA expression FE))
5. then MakeMinimal (FE});
// we proceed with the new (minimal) version of FEj
6. if (F; is an J-expression)
7. then substitute F by Ej; (Dyin-1)
8. else // E; is an T-expression or a |-expression
9. substitute £ by a minimal DNA expression F’
satisfying F' = E; (procedure MakelExprMinimal) (Dyj,.1)
10. fi
11. fi
12. else // E is an T-expression or a |-expression;
// without loss of generality, assume it is
// an T-expression
13. for all expression-arguments F; of E (in some order)
14. do MakeMinimal (F;);
15. od
// we proceed with the new (minimal) expression-arguments F
16. for all |-arguments E; of E (in some order)
17. do if (E; is not alternating)
18. then substitute F; in F by a minimal, nick free
DNA expression E] satisfying FE! = F;;
(procedure Denickify) (Duin - 4)
19.
20. od
// we proceed with the new expression-arguments
21. for all |-arguments E; of E (in some order)
22. do if (the first argument or the last argument of E;
is an f-argument)
23. then substitute E; in F by a minimal T-expression E|
satisfying E! = F;; (procedure RotateToMinimal) (Dy;,.5)
24. fi
25. od
// we proceed with the new expression-arguments
26. for all f-arguments E; = (1¢;1...6n,) of E (in some order)
27. do substitute E; in F by its arguments €;1...€in,; (Dyin.2)
28. od
29. if (£ has only one argument &)
30. then if (¢; is a DNA expression Fj)
31. then substitute F by Ej; (Dyin - 3)
32. fi
33. else // E has at least two arguments
34. if (F is alternating and both its first argument
and its last argument are |-arguments)
35. then substitute E by a minimal |-expression F’
satisfying E' = E; (procedure RotateToMinimal) (Dyi,.6)
36. fi
37. fi
38. fi
39. }

Figure 7.1: Pseudo-code of the recursive function MakeMinimal.
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We want to emphasize that (additional) recursive calls of MakeMinimal itself would
not be appropriate to obtain the minimal DNA expressions £’ or E! that we need in
the four instructions involved. We really need specialized procedures. For each of the
instructions, we explain now why this is the case.

For the substitution in line 9, we need to find a minimal DNA expression E’ satis-
fying £/ = E. Although this is exactly what the function MakeMinimal is meant for,
a recursive call MakeMinimal(F) would not work at this point. It would trigger an
infinite sequence of recursive calls of the function, with the same argument FE.

The minimal DNA expression E] that we substitute in line 18 is not equivalent to
E;. As follows from Corollary 6.8, E; contains nicks, whereas E! must be nick free.
Because the function MakeMinimal yields an equivalent, minimal DNA expression, it
is not applicable. Apart from that, it would not make sense to call the function here,
because we have just done so in line 14.

In line 23, we do not just need any equivalent, minimal DNA expression, but we
need one of a particular type: an T-expression E! for a |-expression F;. MakeMinimal
does not make this distinction. In fact, as a result of lines 13-20, the |-expression F;
is minimal already. As we will see later, MakeMinimal(F;) would simply yield £;. It
would never produce the desired 1-expression.

Although the situation in line 35 looks similar, the actual problem is more serious.
Just like in line 9, a call MakeMinimal(F) there would start an infinite sequence of
recursive calls, with the same argument F.

Each substitution in the function MakeMinimal is justified by the violation of a par-
ticular property from Lemma 6.15. Such a violation implies that the DNA expression is
not (yet) minimal. In the pseudo-code, we indicate the properties involved. We briefly
discuss the relation between the different substitutions and the properties violated.

Assume that the DNA expression E is an J-expression. Then MakeMinimal only
rewrites F, if its argument is a DNA expression £ (in lines 5-11), i.e., not if it is an
N-word «;. This is justified by Theorem 5.3: an J-expression F with an expression-
argument is not minimal. Indeed, such a DNA expression violates (at least) Prop-
erty (Dmin.1), and thus needs to be rewritten. On the other hand, an J-expression E
with an A/-word-argument is minimal already, and there is no reason to rewrite it.

There is not such a clear distinction for f-expressions and |-expressions. If F is
an f-expression or a J-expression which is minimal already, then we do execute lines
13-37. However, in Theorem 7.12, we will see that also in that case, in fact nothing
happens.

We consider the action of MakeMinimal for an f-expression F. First of all, we
recursively rewrite the expression-arguments FE; of E into equivalent, minimal DNA
expressions. In the second for-loop, we substitute |-arguments of E which are not al-
ternating. Let E; be such a |-argument. Because F; makes F violate Property (Dyin.4),
we indeed have reason to rewrite this expression-argument. By (the analogue for |-
expressions of) Corollary 6.8(2) and (3), S(F;) contains upper nick letters. Since these
upper nick letters are removed by the outermost operator 1 of E anyway, it does not
hurt to substitute E; by a nick free version E;. That is what we do in this loop.

In the third for-loop, we substitute |-arguments F; for which either the first argu-
ment of the last argument is an f-argument. Such |-arguments cause a violation of
Property (Dyin.5). If the T-expression E has f-arguments E;, then it violates Prop-
erty (Dain-2). Therefore, in the last for-loop, we substitute such arguments.

In line 31, we have an T-expression F with one argument, which is an expression-
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7N ~ ——fN— —
Q1 Qg i3 Oy Qg ag Qg (jp (11 Q13 Q14 (15 Q7 Q18 (Y19 (i Qo9 Qg3
A5 ar 12 16 021

[ J/
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Figure 7.2: The formal DNA molecule X denoted by the DNA expression E in (7.1),
with primitive upper blocks and primitive lower blocks indicated.

argument F;. Hence, E violates Property (Dyin-3). As we will see in the proof of
Theorem 7.17, Ey is nick free. This implies that the outermost operator 1 of FE does
not have any effect on the semantics, and £ = (1 E;) = E;. Therefore, we can safely
substitute £ by Ej.

Finally, in line 35, we deal with a violation of Property (Dyn.6).

We illustrate the different steps in the algorithm by a number of examples. All
these examples are derived from the following DNA expression:

=04 TTU Tl Ta)as{d o) as)) T as) ar))
(I ( ag) (T (T ag) a10 (T au1)) a1z (T 0413>> (T aw) (7.1)
(L (T aus) ang (1 (T aar) aus)) (T (T ang) (T am)) ) ) '
(T (L aar)) (1 ( an)ans) ),

where aq,...,as3 are arbitrary A-words. It denotes the formal DNA molecule X
depicted in Figure 7.2. We use the notation E7 to clearly distinguish the DNA expres-
sion as a whole from the parameter E of (a recursive call of) MakeMinimal and the
expression-arguments ;. We will use the notation £ also in a more general setting,
to denote the input to algorithms on DNA expressions like MakeMinimal and to denote
the resulting output.

It requires a number of steps to rewrite the DNA expression Ef from (7.1) into an
equivalent, minimal DNA expression. Both for the general description of the algorithm
and for each of the procedures, we select some of these steps as an illustration.

We start with examples of the substitutions that are carried out in MakeMinimal,
as it is described in Figure 7.1. As said before, the substitutions in lines 9, 18, 23
and 35 are phrased in terms of the semantics of the DNA expressions involved, simply
because we do not know the procedures that are mentioned there, yet. Therefore, in
the corresponding examples, we also refer to these semantics. Later, however, when
we work out the procedures and consider examples of their usage, we will see that
the semantics does not play any explicit role. Hence, as desired, the algorithm merely
performs string manipulations, based on syntactic properties of the DNA expressions.

Moreover, there may be more than one DNA expression E’ or E; that satisfy the
(semantical) conditions in lines 9, 18, 23 and 35. If this is the case in an example,
we give all possible DNA expressions. Recall, however, that the procedures that are
mentioned in these lines, systematically construct a particular DNA expression E’ or
E! for a given E or E;.

Example 7.1 Let £ = (J ( ag2)). E is an J-expression, for which S(£) = (6&22)).

The argument E; of E is the minimal J-expression (J as). Hence, E violates Property
(Dyin-1). According to line 7 of MakeMinimal, F is substituted by £y = (J as). Indeed,
E1 is a minimal DNA expression satisfying £ = E. [

In the proof of Theorem 7.17, we will see that, apart from the particular N-word oo,
this example is the only possibility in line 7.
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Example 7.2 Let

E={ {1 aa)as{ (T as)as)).

E is an J-expression, for which

S(E) _ (a1a2a3a4c(a5)).

clarasasag)as

The argument of E is a minimal T-expression E;. Hence, E violates Property (Dygin.1).
In line 9 of MakeMinimal, we substitute £ by a minimal DNA expression E’ that
satisfies F/ = E. By Theorem 5.3, there exists exactly one such DNA expression:
E' = (3 acnasazayc(as)). |

The minimal, nick free DNA expression E! that we substitute for the non-alternating |-
argument F; in line 18, may be again a J-expression, but it may also be an T-expression
or an J-expression. We consider two examples covering these three possibilities.

Example 7.3 Let

E = (1 (I (T croasauc(as)) (T ase(ar)))
(4 (T as) (T (T ag) 1o (T ) a1z (T cus)) (T oua)
(L (T ans) ong (1 (T anr) ans)) (P (T o) (T an)) )

for which

X=8(B) = (fammorimsn) s (omon) () (o) ()

claranazag)asc(ag)ay (agarg (a11)/ \aaz
13 14 Q15 - a7 a1s a19 Q20
(C(Oélg)) A (0(0414)) A (0(0415)) (aw) (C(Oé17)) ( — ) (C(Ozlg)) A (C(OZQ())) :
All expression-arguments of £ are minimal. The first argument of F is
By = {} (T cranazauc(as)) (T asc(ar)))

which is not alternating and for which

S(El) _ (a1a2a3a4c(a5)) - (agc(a7)) ‘

clarasagay)as c(ag)ay

Hence, E; makes FE violate Property (Dyin.4). Ej is not nick free. If E] is a nick free
DNA expression satisfying F| =, E, then

S(E{) _ (a1a2a3a4c(a5)aﬁc(a7))'

c(arasazay)asc(ag)ar

By Theorem 5.3, there is exactly one minimal DNA expression with this semantics:
E] = (J acnasazagc(as)age(ar)) ,

which is an J-expression. [

Example 7.4 Let

E = <T (T arasasayc(as)age(ar))
( (T as) (T (T o) 1o (T ) a1z (T cus)) (T cua)
(L (T ans) ang (1 (T anr) ans)) (P (T o) (T an)) ) -
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This is the result when we substitute the first |-argument FE; of the T-expression F
from Example 7.3 by the corresponding J-expression Ej. The second argument of F is

Ey = (I (T ag) (1 (T ag) aro (T an)) ara (T anz))

which is not alternating and for which

8(E2) - (C(CVO?S))V(C&QQ)) (aio) (0(0(;1111)) (04_12) (0(0;1133))'

Hence, F> makes E violate Property (Dynn.4). E9 is not nick free. If F) is a nick free
DNA expression satisfying E) =, Ey and X} = S(E}), then

Xé = (0&88%499)) (0:10) (0(0;1111)) (0[_12) (c((jylfg))'

We have B4(X}) = B (X}) = 1. By Summary 6.12(2) and the recursive construction
from Theorem 5.12; there are two diffent minimal DNA expressions denoting XJ:

Ey = (1 (T asag) aio (J (T aan) arz (T aus)))

and

Ey = (1 (1 (T asag) 1o (T anr)) aaa (T aus)) -

In principle, in line 18, we may choose either of these minimal DNA expressions. If we
choose the first one, then F) is an T-expression. If we choose the second one, then E)
is a J-expression. ]

Note that in the second for-loop (in lines 16-20) of MakeMinimal, we only substitute
the J-arguments that are not alternating. We ignore the non-alternating f-arguments
(if these are present) there. It is only in the fourth for-loop that we substitute the
T-arguments of the T-expression £ (whether they are alternating or not). It would not
be very useful to do this earlier in the function, because the first three for-loops may
introduce new T-arguments.

The |-arguments we substitute in the third for-loop (in lines 21-25) may have been
introduced in the second for-loop, but they may also have been arguments of F from
before that loop. We consider examples of both possibilities now.

Example 7.5 Let

E = <T (T aqapagagc(as)age(ar))
(4 (1 (T asag) aio (T a1)) ara (T auz)) (T aw)
(L (T aas) s (1 (T aar) ans)) (1 (T o) (T 20)) ) -

This is the result when we substitute the second argument Fsy of the T-expression E
from Example 7.4 by the corresponding |-expression Ej. The (new) second argument
of E is

Ey = (I (1 (T asag) a1 (T cur)) a2 (T au)) -

The first argument of F, is an f-argument. Hence, F, makes E violate Property
(Dwmin-5). As we have seen in Example 7.4, there is exactly one minimal T-expression
E) satistying E) = Es:

Ey = (1 (T asag) aio (I (T aar) ara (T aus))) -
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Example 7.6 Let

E = <T (T aqapazagc(as)age(ar))
(1 (T asag) aro (4 (T a1) a1z (T auz))) (T )
(L (T as) g (1 (T anr) eng)) (T (T o) (T an)) ) -

This is the result when we substitute the second argument FE, of the T-expression E
from Example 7.5 by the corresponding f-expression FY. The fourth argument of E is

E,= <¢ @ 0415> 16 <T @ 0417> 0618>> )
for which

o — ! !
Xy =S(Ey) = (c(all55)) (alg) (c(a1177)) ( —18)'
The last argument of FE, is an f-argument. Hence, E; makes E violate Property
(Dyin.5). We have By(Xy) = By (Xy) = 1. By Summary 6.12(2) and the recursive
construction from Theorem 5.12, there is exactly one minimal T-expression Ej with
S(E)) = Xy, ie., with E} = Ey:

By = (1 (I (T aus) 16 (T ur)) ) -

When we substitute the argument F, of the T-expression E from the last example
by the corresponding f-expression Ej, E does not have any |-argument left. This is
not necessarily the case after the first three for-loops. F may still have (minimal) |-
arguments then. These must be alternating (i.e., nick free), and by Properties (Dyp.1)
and (Dyin-2), both the first argument and the last argument of such a J-argument must
be either an N -word «, or an J-expression (] a) for an N-word «.

Recall that the substitutions in the third for-loop of MakeMinimal were justified
by violations of Property (Dyi,.5) by an inner occurrence of the operator |. Both in
Example 7.5 and in Example 7.6, we have obtained an T-expression E!, whose first
argument or last argument is a |-argument. In other words: the outermost operator
1 of E! (which is an inner occurrence in F) also violates Property (Dynn.5). As we
will see shortly, this is not really a problem. It is, however, good to realize that this is
always the case:

Lemma 7.7 Let E! be a minimal T-expression that is substituted for a |-argument E;
in the third for-loop of the function MakeMinimal. Then either the first argument, or
the last argument of E! is a |-argument.

Proof: As we observed before, either the |-argument F; has been an argument of E
from before the second for-loop, or it has been substituted for another |-argument in
this second for-loop. In both cases, F; is minimal.

Let X; = S(F;) = S(E]). By Summary 6.12, the fact that there exists both a
minimal J-expression E; and a minimal T-expression E; denoting X, implies that X is
nick free, contains at least one single-stranded component and By+(X;) = B (X;). Both
E; and E; satisfy the construction from Theorem 5.12.

Now, when we apply Corollary 5.19(2) to E!, we conclude that either the first
argument, or the last argument of E! is a |-argument. O

The fourth for-loop (in lines 26-28) of the function MakeMinimal deals with violations
of Property (Duin.2). However, it also resolves the violations of Properties (Dygin.4)
and (Dygin.5) by the outermost operators of (new) f-arguments F;. We proceed with
an example of the substitutions carried out in that loop.
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Example 7.8 Let

E = <T (T arasazayc(as)age(aq))
(1 (T agag) arg (4 (T aur) a1z (T auz))) (T oua)
(M (4T aas) ase (T anr)) aas) (1 (T o) (T az0)) ) -

This is the result when we substitute the fourth argument F, of the T-expression F
from Example 7.6 by the corresponding -expression Ej. The T-expression E has three
t-arguments. Hence, it violates Property (Dyin-2). In lines 2628, we substitute these
three T-arguments by their respective arguments. The result is

E = <T (T aqapagagc(as)age(ar))
(T agag) aro (I (T o) ara (T az)) (T aw)
(L (T ars) arg (T our)) cus (T ano) ($an) ).

The function MakeMinimal ends with an if-then-else construction (in lines 29-37). De-
pending on the properties of the DNA expression E resulting from the for-loops, the
if-then-else construction does or does not yield one more modification of the DNA
expression. We conclude this series of examples with one example where the DNA ex-
pression remains the same, and two examples (one very simple and one more involved)
where it is modified in the if-then-else construction.

Example 7.9 Let

E = <T (T arasazayc(as)age(aq))
(T agag) arg (I (T an) iz (T az)) (T aus)
(L (T ans) as (T anr)) aas (Fove) (T ano) ).

This is the result of Example 7.8. F has more than one argument and is not alternating.
According to line 34, F is not modified any further. E denotes the formal DNA molecule
X from Example 7.3. Hence, it is indeed equivalent to the original DNA expression.
Moreover, it is easily verified that E has all six properties from Lemma 6.15 and thus
is minimal. [ |

Example 7.10 Let F = (T (] ag1)), for which S(F) = (04_21)' The only argument

of the f-expression F is the |-expression E; = (| ag;). Hence, E violates Property
(Dyin-3). Ej is an alternating J-argument, whose only argument is the N-word ;.
According to line 31, E' is substituted by £;. By Summary 6.12(4) and the construction
from Theorem 5.12(2), this is the only minimal DNA expression denoting S(£). ®

Example 7.11 Let

E = <¢ <T (T aranagagc(as)age(ar)agag) aig
(i @ Oén) 19 @ Oé1304140415> 16 @ Oé17>> (03K @ 04190620> >
(0931 <T @ 0422> 0423> > >

which, like DNA expression E} from (7.1), denotes the formal DNA molecule X from
Figure 7.2. The |-expression F has three arguments: two minimal, alternating -
arguments, separated by an A-word as;. Because E itself is also alternating, it violates
Property (Dwmin.6) and line 35 of the function MakeMinimal is applicable.

The formal DNA molecule X is nick free. As indicated in Figure 7.2, By(X) = 3
and B (X) = 2. Hence, by Summary 6.12(3) and the recursive construction from
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Theorem 5.12, there are two different minimal DNA expressions E’ denoting X, i.e.,
with £/ = E:

L = <T (T agaagagc(as)age(ar)asag) aig
(¢ @ a11) Qg @ (V130140115) (g @ Q7)) oag
(¢ <1 Q19Qrog) Qi1 @ Quo2)) Qros >

and

E = <T (T arasazayc(as)age(ar)agag) ang
<i @ 0411> 12 @ 041304140415> Q16 <T @ 0417> Q18 @ 06190420» Q21 @ 0422> >

0623>.

In principle, in line 35 of MakeMinimal, we may choose either of these minimal DNA
expressions. ]

The recursive function MakeMinimal may be applied to a DNA expression F that is
minimal already. Before we prove the correctness of the function in general, we examine
its effect in this particular case. On page 71, we already observed that the function
MakeMinimal does nothing to a minimal J-expression. We now consider arbitrary
minimal DNA expressions.

Theorem 7.12 Let E be a minimal DNA expression. When the function MakeMinimal
1s applied to E, it does not perform any rewriting step.

Hence, MakeMinimal leaves every minimal DNA expression unchanged.
Proof: By induction on the number p of operators occurring in E.

e If p=1,then Eis (I an), (T au) or (| ay) for an N-word «;. Indeed, these DNA
expressions are minimal.

It is easily verified that in each of these cases, MakeMinimal leaves E unchanged.
In particular, for an f-expression £ = (1 ay), nothing happens in the four for-
loops, because E has no expression-arguments.

e Let p > 1, and suppose that MakeMinimal leaves all minimal DNA expressions
containing at most p operators unchanged (induction hypothesis). Now let F be
a minimal DNA expression that contains p + 1 operators.

Because, by Theorem 5.3, a minimal J-expression contains only one operator, F
has to be an f-expression or a |-expression. Without loss of generality, assume
it is an T-expression.

Because E is minimal, each expression-argument of E is also minimal. Because
an expression-argument F; has at most p operators, by the induction hypothesis,
the recursive calls in the first for-loop have no effect on F.

By Property (Dyin.4), each proper J-subexpression of E is alternating. In par-
ticular, each J-argument of FE is alternating. Hence, the second for-loop of
MakeMinimal has no effect on F, either.

By Property (Duyin.5), E does not have any proper |-subexpression, for which
either the first argument or the last argument is an f-argument. In particular,
E does not have any |-argument for which this is the case. Hence, the third
for-loop of the function has no effect on E, either.
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By Property (Duin-2), no occurrence of 1 in E has an f-argument. In particular,
the outermost operator 1 of £ has no T-argument. Hence, the fourth for-loop of
the function has no effect on F, either.

We finally consider the if-then-else construction at the end of the function. If F
has only one argument, then by Property (Dyin-3), this is an AV-word «. Indeed,
in this case, E is not rewritten.

If on the other hand, F has at least two arguments, then by Property (Dyin.6),
either £/ has consecutive expression-arguments, or its first argument is an N-
word « or an J-expression (J ) for an N-word «, or its last argument is an
N-word « or an J-expression (] «) for an N-word a. In each of the three cases,
the condition in line 34 of the function becomes false, and E is not rewritten.

O

We will come back to the effect of MakeMinimal on minimal DNA expressions, at the
end of § 7.4. Note that for many formal DNA molecules, there exists more than one
minimal DNA expression, see, e.g., Corollary 6.19). When we apply MakeMinimal to
different equivalent, minimal DNA expressions, the outputs (which equal the inputs)
are also different. This implies in particular that MakeMinimal does not always produce
the same minimal DNA expression, when it is applied to different, equivalent DNA
expressions. To state it formally:

Corollary 7.13 Let E; and FEs be equivalent DNA expressions. When we apply the
function MakeMinimal to E; and FEs, the resulting minimal DNA expressions are not
necessarily equal.

We now focus on a particular aspect of MakeMinimal, which is important for its
correctness. This aspect will come back in the implementation of line 18, in procedure
Denickify.

In lines 23 and 35 of MakeMinimal, we need a minimal T-expression E! or a minimal
l-expression E’ that is equivalent to a certain DNA expression. Obviously, for each
DNA expression, there exist one or more equivalent, minimal DNA expressions. For
certain DNA expressions, however, there does not exist an equivalent, minimal -
expression or an equivalent, minimal |-expression, simply because all minimal DNA
expressions are of another type. We prove that under certain conditions, the desired
equivalent, minimal T-expression or |-expression does exist.

Lemma 7.14 Let E be an T-expression denoting a certain formal DNA molecule X .

If E is nick free, has Properties (Dujin.3)—(Dumin-5), and either the first argument
or the last argument of E (or both arguments) is a |-argument, then there exists a
manimal J-expression E' satisfying E' = E.

Proof: Assume that E is nick free, has Properties (Dygin.3)—(Dwmin-5), and either the
first argument or the last argument of E (or both arguments) is a |-argument.

Without loss of generality, assume that the first argument of F is a |-argument Fj.
Let X; = S(Ey). By Property (Dyin-4) and Lemma 3.5, X is nick free. Hence, the
semantics X of the f-expression E starts with v (X;) = X;.

By Property (Dyin.3), F1 has at least two arguments. By Property (Dyn.5), the
first argument of Ej is either an N-word «q, or an J-expression ( ;) for an N-word
aq. In the latter case, by Property (Dygin-4), the second argument of Fj is an N -word
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az. In both cases, X; = S(E;) has at least one single-stranded component, and the
first single-stranded component of X7 is a lower component. But then also X = S(F)
has at least one single-stranded component, and its first single-stranded component is
a lower component.

By Lemma 4.6(3b) and (3d), B (X) > B;(X). Hence, by Theorem 5.12(2), there
exists a minimal |-expression E’ denoting X, i.e., a minimal |-expression E’ satisfying
E=F. O

If an 1-expression E is alternating and has Property (Dyg,.4), then each occurrence of
T or | in E is alternating. By Lemma 3.5, F is nick free. But then we also have

Corollary 7.15 Let E be an T-expression denoting a certain formal DNA molecule X .

If E is alternating, has Properties (Dagin-3)—(Duyin-5), and either the first argument
or the last argument of E (or both arguments) is a |-arqgument, then there exists a
minimal |-expression E' satisfying E' = E.

Note that the DNA expression E in Lemma 7.14 and Corollary 7.15 is not necessarily
operator-minimal. Hence, Corollary 6.8 is not applicable: the adjectives ‘nick free’
and ‘alternating’ are not equivalent, here. There exist DNA expressions E for which
Lemma 7.14 is applicable, but Corollary 7.15 is not, because they are nick free but not
alternating.

Example 7.16 Consider the T-expression
E= (1 o1l a))(tas o))

for N-words aq, ..., ay. E is nick free, but not alternating, F has Properties (Dyin.3)—
(Dmin-5), and its first argument is a |-argument. The formal DNA molecule denoted
by E is X = (_) (ca2 )(ag) (Ca4 ), for which B+(X) = By (X) = 1. It follows from

a1/ \c(az) (cva)

Summary 6.12(2) and the construction from Theorem 5.12 that the (only) minimal
l-expression E’ denoting X is

E'=({}on (T (T az)as (T aa))) .

We now prove that the global algorithm is correct:

Theorem 7.17 Let E} be an arbitrary DNA expression, and let Ej be the result of
applying the function MakeMinimal to Ej.

1. MakeMinimal is well defined.
2. The string E5 is a minimal DNA expression satisfying E5 = EY.

3. If E is an J-expression, then Ej is independent of choices made in the procedures
Make[ExprMinimal, Denickify and RotateToMinimal.

Note that in Claim 3, the procedures Denickify and RotateToMinimal are not irrele-
vant for an J-expression Ej. If Ef has f-subexpressions or |-subexpressions, then the
procedures may be used in the recursive call for such a DNA subexpression.

In the proof, we will see that the equivalence Fj = Ef in Claim 2 relies heavily on
two types of observations. First, sometimes an operator occurring in a DNA expression
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E does not contribute to the semantics of E, at all. We can as well skip such an opera-
tor. This is the case in lines 7, 27 and 31 of MakeMinimal. Second, by Lemma 3.7, when
we substitute an expression-argument E; of E by an equivalent expression-argument,
E remains a DNA expression with the same semantics. This is the case in lines 5, 14
and 23 of MakeMinimal, and the substitution in line 18 is not too different.

Proof: We first discuss some aspects of the well-definedness of MakeMinimal. For each
DNA expression E, there exists at least one equivalent, minimal DNA expression E’.
In principle, we could use the constructions mentioned in Summary 6.12 to obtain E’.
Hence, the substitution in line 9 of MakeMinimal is well defined.

For the substitution in line 18, let us consider an arbitrary DNA expression Fj,
with X; = S(F;). By definition, the formal DNA molecule X! = v(X;) is nick free
and satisfies X! =_ X;. By Theorem 3.3, X/ is expressible. In particular, there exists
at least one minimal DNA expression E! denoting X/, i.e., satisfying E! =, FE;. This
holds for an arbitrary DNA expression E;. Then it certainly holds for the |-expression
FE; we consider in line 18. Hence, the substitution in this line is also well defined.

Now the only instructions in MakeMinimal that are not obviously well defined, are
the substitutions in lines 23 and 35. These lines presuppose the existence of a minimal
T-expression or a minimal |-expression, which is equivalent to a given DNA expression.
The proof that these minimal DNA expressions indeed exist, exploits some properties
of the DNA expression E which emerge in the proof of Claim 2. Therefore, we combine
the proofs of Claim 1 and Claim 2.

1, 2. We prove these claims by induction on the number p of operators occurring in
E}.
o If p =1, then E} is (T an), (T a1) or (J ay) for an N-word a;. These DNA expressions
are minimal already. Hence, by Theorem 7.12, MakeMinimal does not perform any
rewriting step on EY. The only thing the function does, is checking some conditions.
In particular, we do not have recursive calls of MakeMinimal and the substitutions in
lines 23 and 35 are not executed. As a result, F5 = ET.

Indeed, in this case, MakeMinimal is well defined, and E3 is a minimal DNA ex-
pression satisfying Fj = Ej.
e Let p > 1, and suppose that both claims are valid for all DNA expressions containing
at most p operators (induction hypothesis). Now let Ef be a DNA expression that
contains p + 1 operators.

- If Ef is an J-expression, then its argument must be a DNA expression Fj, with
p operators. By the induction hypothesis, the recursive call in line 5 yields a
minimal DNA expression FEj satisfying E] = F;. By Lemma 3.7, the resulting
(overall) string E' = (I EY) is a DNA expression, which satisfies £ = (] E]) =
@ Ey) = Ef.

We subsequently execute lines 6-10 of the function. In accordance with the
pseudo-code, we use E; to denote the (new and minimal) expression-argument
Ej of E.

If E; is an J-expression, then by Theorem 5.3, E; = (J ;) for an N-word a4, and
E = E1) = (§ ($ a1)). Applying the same operator § to the same argument
for a second time, does not change the result. In this case, we execute line 7,
yielding E5 = E; = (J a1). Indeed, this is a minimal DNA expression, which
satisfies 5 = E = (J (J an)) = E7.
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If, on the other hand, F; is an {-expression or a |-expression, then we execute
line 9, yielding F5 = E’, where E’ is a minimal DNA expression satisfying F' =
E=Ej}.

- If E} is not an J-expression, then without loss of generality, assume it is an 1-
expression. In this case, lines 13-37 of MakeMinimal are applicable. In accordance
with the pseudo-code, we use E to denote the ‘working DNA expression’ in this
part of the function. We prove that step by step, F becomes minimal.

We first consider the effect of the first for-loop. We prove that the following
property is an invariant for this loop:

E is an P-expression satisfying £ = E7j. (7.2)

Note that, because Ej contains at least two operators, it has at least one expression-
argument. Hence, the first for-loop has at least one iteration.

¢ Initially, before the first iteration of the for-loop, F is equal to Ej. By
assumption, the property is valid then.

¢ Suppose that Property (7.2) is valid before a certain iteration of the for-
loop. In this iteration, we consider an expression-argument F; of E. FE;
contains at most p operators. By the induction hypothesis, the recursive call
MakeMinimal (F;) in line 14 yields a minimal DNA expression E satisfying
E! = F;. When we apply Lemma 3.7, we find that after substituting E; by
E!, the (overall) string E is still a DNA expression satisfying £ = E}. Of
course, it is still an T-expression.

After the loop, all expression-arguments of F are minimal.

We proceed with the second for-loop. We prove that the following property is an
invariant for this loop:

E is an T-expression satisfying F = FEf, and each expression- (7.3)
argument of E is minimal. ’
By Lemma 6.15, this property implies that the expression-arguments of E have
Properties (Dyin.1)—(Duin-6). Because each occurrrence of the operator J in the
T-expression F must be in such an expression-argument, Property (Dyy,.1) is also
valid for E itself. E does not necessarily have Properties (Dyin.2)—(Dwmin-6). For
example, F may be any of the DNA expressions from Table 6.1, except the first
two (because they do not have Property (Duyin.1)) and the fifth one (the second
example for Property (Dyin-3)).

¢ Clearly, before the first iteration of the for-loop, the property is valid.
¢ Suppose that Property (7.3) is valid before a certain iteration of the for-loop.
Let £ = (Te1...&,) for some n > 1 and N-words and DNA expressions
E1,..+,En, let X = S(E)and fori=1,...,n,let X; = ST(g;). By definition,
X =vH (X))t (Xo)ys ... yn_1v (X)), (7.4)

where for : = 1,...,n — 1, y; = » if R(X;),L(X;11) € Ax and y; = A
otherwise.
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In the iteration, we consider a |-argument Fj;. If it is alternating, then E
is not changed, and Property (7.3) is obviously still valid at the end of the
iteration.

Now, assume that E; is not alternating. By (the analogue for |-expressions
of) Corollary 6.8, X; = S(E;) contains upper nick letters.

In line 18, we substitute F; by a minimal, nick free DNA expression E!
satisfying B! =, E;. Let X! = S(E}). Then X/ is nick free and satisfies
X! =, X;. Hence, X! = v(X;). This is equal to v"(X;), because, by
Lemma 3.2(1), X; does not contain lower nick letters.

By Lemma 3.7, after the substitution of F; by E!, F is still a DNA ex-
pression. In particular, it is an f-expression. Moreover, because v (X/) =
vt (vT(X;)) = vT(X;), and by Lemma 2.10, L(X]) = L(X;) and R(X]) =
R(X;), the semantics of E is the same before and after the substitution (see
(7.4)). In particular, F = E after the substitution.

Clearly, because we substitute a minimal expression-argument of £ by an-
other minimal expression-argument, each expression-argument of ¥ is min-
imal after the substitution, just like before the substitution.

We conclude that indeed, Property (7.3) is an invariant for the second for-loop.

We zoom in a bit more on the effect of line 18. Here, we substitute a minimal,
non-alternating |-argument F; of F by a minimal, nick free DNA expression
E!. If E! is again a |-expression, then by Corollary 6.8, E; is alternating. This
implies that by every substitution, the number of non-alternating |-arguments of
E decreases by 1. After the second for-loop, each (remaining) |-argument of F
is alternating. When we add this property to Property (7.3), we obtain

E is an T-expression satisfying £/ = LY, each expression-argument

of E is minimal and each |-argument of F is alternating. (7.5)

Now, consider an arbitrary inner occurrence |, of | in E. This is either an inner
occurrence in an expression-argument of E, or the outermost operator of a |-
argument of E. If |; is an inner occurrence in an expression-argument of E, then
by Property (Dyin.4) of the (minimal) expression-argument, |; is alternating. If,
on the other hand, |; is the outermost operator of a |-argument E; of E, then
by Property (7.5), it is also alternating.

Hence, as far as the inner occurrences of | are concerned, E has Property (Dyin-4).
However, there may be inner occurrences of 1 in F that have consecutive expression-
arguments.

We prove that line 23 of MakeMinimal is well defined and that Property (7.5) is
an invariant for the third for-loop.

¢ Clearly, before the first iteration of the for-loop, the property is valid.

¢ Suppose that Property (7.5) is valid before a certain iteration of the for-loop.
In the iteration, we consider a J-argument E; of F.

By Property (7.5), E; is minimal and alternating. Then by Property (D, .6),
either the first argument, or the last argument of F; (or both) is an N-word
« or an J-expression (J ) for an N-word «. It is impossible that both
arguments are T-arguments.
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If neither the first argument, nor the last argument of FE; is an T-argument,
then F is not changed. Obviously, in that case, Property (7.5) is still valid
at the end of the iteration.

Now, assume that either the first argument, or the last argument of F; is
an T-argument. Because E; is minimal, it has Properties (Dyin.1)—(Duin-6).
Then by Corollary 7.15, there indeed exists a minimal f-expression E! sat-
istying F! = E;. In particular, line 23 of MakeMinimal is well defined.

By Lemma 3.7, when we substitute F; in E by E!, E remains an T-expression
with the same semantics. Moreover, after the substitution, each expression-
argument of E' is still minimal, and each remaining |-argument is the same
as before and thus alternating.

Indeed, Property (7.5) is an invariant for the third for-loop. Clearly, by every
substitution in line 23, the number of |-arguments of E for which either the
first argument or the last argument is an f-expression decreases by 1. After
the loop, there are no such |-arguments left. Because the remaining (minimal)
l-arguments of E have (a.0.) Properties (Dyyin.1) and (Dyin.2), the following,
extended property is valid:

E is an T-expression satisfying ' = LY, each expression-argument
of E is minimal, each J-argument of F is alternating, and for each
J-argument of E|

¢ the first argument is either an N-word « or an J-expression (7.6)
(T ) for an N-word «, and

¢ the last argument is either an N-word « or an J-expression
(T ) for an N-word a.

Again, consider an arbitrary inner occurrence |; of | in E. If it is an inner
occurrence in an expression-argument of E, then by Property (Dyg,.5) of this
(minimal) expression-argument, the first argument of |; is either an N-word «
or an J-expression (J «) for an N -word «, and the last argument of |; is either an
N-word a or an J-expression (J a) for an N-word a. If, on the other hand, |; is
the outermost operator of an expression-argument of F/, then the first argument
and the last argument of |; have the same property by Property (7.6).

Hence, as far as the inner occurrences of | are concerned, E has Property (Dyin-5).
However, there may be inner occurrences of 1T in E, for which either the first
argument, or the last argument (or both) is a |-expression. In particular, by
Lemma 7.7, this is the case for the outermost operator of each T-expression E!
that we have substituted for a |-argument F; of E in the third for-loop.

We prove that Property (7.6) is an invariant for the fourth for-loop.

¢ Clearly, before the first iteration of the for-loop, the property is valid.

¢ Suppose that Property (7.6) is valid before a certain iteration of the for-loop.
In the iteration, we substitute an ft-argument E; of F by its arguments.
Because FE was an f-expression before the substitution, by Lemma 3.6, it is
still a DNA expression (and in particular, an f-expression) with the same
semantics, after the substitution. The outermost operator 1 of E; that we
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have skipped, did not really contribute to the semantics of E. Further, be-
cause the expression-arguments of the minimal DNA expression F; are also
minimal, each expression-argument of E is minimal after the substitution.

Finally, let EJ’ be a new J-argument of F after the substitution, i.e., a
J-argument that used to be an argument of the T-expression F; we have
substituted. Because E; is minimal, by Property (Dypin.4), its |-argument
FEj is alternating. Moreover, by Property (Dyin.5) of Ej, the first argument
of E is either an N-word «, or an J-expression (I a) for an N-word a, and
the last argument of £} is either an N-word a, or an J-expression (] a) for
an N-word a.

Consequently, each new |-argument of E after the substitution has the prop-
erties required by Property (7.6). All other |-arguments of E after the sub-
stitution also have these properties, simply because they had them before
the substitution and they have not been changed.

We also zoom in a bit more on the effect of line 27. Here, we substitute a minimal
t-argument F; of E by its arguments. By Property (Dypn.2) of E;, none of these
arguments is an T-expression. This implies that by every substitution, the number
of t-arguments of £ decreases by 1. After the fourth for-loop, the T-expression
E does not have any T-arguments, anymore.

All occurrences of 1 in E different from the outermost operator, and all occur-
rences of | in E occur in the expression-arguments of E. These expression-
arguments are minimal. Hence, by Property (Dygn.2), no occurrence of 1 in £
has an f-argument, and no occurrence of | in E has a |-argument. In other
words, FE itself has Property (Dyin.2).

Earlier in the proof, we deduced from Property (7.3) that E has Property (Dyn.1).
As Property (7.3) is still valid, F still has Property (Dyn.1).

Later, we deduced from Property (7.5) that each inner occurrence of | in E
is alternating. Even later, we deduced from Property (7.6) that for each inner
occurrence of | in F, the first argument is an N-word « or an J-expression (J «)
for an N-word «, and the last argument is an N-word « or an J-expression (J «)
for an M-word a.. As both Property (7.5) and Property (7.6) are still valid, the
inner occurrences of | in F still have these properties.

Now, consider an inner occurrence Ty of T in E. Because E does not have any
T-arguments anymore, this occurrence of 1 must be an inner occurrence in an
expression-argument F; (in fact, in a J-argument E;) of E. This expression-
argument F; is minimal. By Property (Dwin.4), T1 is alternating. By Prop-
erty (Dapin-D), the first argument of 1 is either an AM-word « or an J-expression
(T «) for an N-word «, and the last argument of 1; is either an N-word « or an
{-expression (] ) for an N-word a.

We conclude that E also has Property (Dyn.4) and Property (Dyin.5).

Note that by Property (Dygin-1), Property (Dyin.2) and Property (7.5), the ar-
guments of E are N-words «, J-expressions ({ «) for N-words «, and minimal,
alternating |-expressions. In particular, all arguments of E/ are nick free.

We finally analyse the if-then-else construction in lines 29-37 of MakeMinimal.
We prove that for every possible case, the resulting string E; is a minimal DNA
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expression satisfying Ej = E7.

¢ Assume that E has only one argument, and that this argument is a DNA
expression E;. Then, because F; is nick free, the outermost operator 1 of £
has no effect. Hence, in this case, £ = £y = (1 E) = E = Ef. Moreover,
by Property (7.3), E4 = E; is minimal.

¢ Assume that F has only one argument, and that this argument is an N-
word «ay. In this case, £ = E = (1 aq), which is indeed a minimal DNA
expression. Moreover, I3 = E/ = E7.

¢ Assume that E has at least two arguments, that F is alternating and both
the first argument and the last argument of E are |-arguments.

We first analyse the consequences of E having at least two arguments. Be-
cause the arguments of (the T-expression) F fit together by upper strands,
none of these arguments can be a |-expression (] «) for an N-word a.
By Property (Dyin.2) of E, none of the arguments can be an T-expression
(1 a) for an N-word «, either. Hence, by Property (Dyin-3) of the minimal
expression-arguments of F, each occurrence of 1 or | in such an argument
has at least two arguments itself. But then each occurrence of 1 or | in
FE has at least two arguments. Hence, in addition to Properties (Dygy.1),
(Dmin-2), (Dmin-4) and (Dyin.5), E has Property (Dyin-3).

Now by Corollary 7.15, there exists a minimal |-expression E’ satisfying
E’ = E. This implies that line 35 of MakeMinimal is well defined. Clearly,
in this case Ky = E' = F = EJ.

¢ Finally, assume that E has at least two arguments, and that either E is
not alternating, or the first argument of E is not a |-argument, or the last
argument of E is not a J-argument. Again, because E has at least two
arguments, it has Property (Duyin.3).

If the first argument of E is not a J-argument, then it is an N -word a or
an J-expression (I «) for an M-word «. Analogously, if the last argument
of E is not a J-argument, then it is an N-word « or an J-expression (] «)
for an N-word «.

In every case, F has Property (Dypin.6). This implies that £ = E has all
properties from Lemma 6.15, and thus is minimal. Moreover, Fj = E = EJ.

3. Assume that E7 is an J-expression, and let X = S(EY). By Corollary 3.4, there
exist N-words ay, ..., a,, for some m > 1 and a nick letter y € {V, a}, such that

X = (c&ll))y(c(ﬁ))y T y(c(océ)zl))'

Without loss of generality, assume that y = a.
Ifm=1,ie,if X = ( (0;11)), then by Theorem 5.3, there is exactly one minimal

C

DNA expression denoting X. If m > 2, then Lemma 6.14(2) leads us to the same
conclusion.

In other words, in both cases, there is exactly one minimal DNA expression £}
satisfying F3 = E7. Hence, given the J-expression Ej, the resulting DNA expression
E5 is fixed. It is independent of choices made in the procedures Make[ExprMinimal,
Denickify and RotateToMinimal.



86 Ch. 7 An Algorithm for Minimality

M{M.1.  Make]ExprMinimal (F)
// rewrites an [-expression E = (| F)) whose argument FE)
// is a minimal f-expression, into a minimal DNA expression E’
// satisfying F'=F

MiM.2. |
MiM\?) E1 = El;
MIM.4. for all |-arguments FE;; of E; (in some order)
MIM.5. do substitute Fi; in F; by <$ aEu>;
M{M.6. od

// arguments of FE; are N -words «1,; and i—expressions (i Oé1,z'>
MIM.7. for all N -word-arguments «;,; of F; (in some order)
MIM.8. do if (ay; is preceded by an argument (] ai;_1))
MIM.9 then if (oy; is succeeded by an argument (J aj,i1))
MiMlO then substitute <$ al,ifl> aq <$ @1’i+1> in E1

by (J ari—101,00441); R

MIM.11. else substitute (J ay;—1)1; in Ey by (aii—100.);
M{M.12 fi
MIM.13. else if (ay,; is succeeded by an argument (J ay;i1))
MIM. 14 then substitute g, ({ ai1) in By by ( o10041);
MIM.15. else substitute aj; in E; by (J au.);
M{M.16. fi
M{M.17. fi
MIM.18. od

/l Ey={Qarr)...(§arm)) for m>1

// and N-words aj1,...,Q1n,
MIM.19.  if (m==1)
MJM.20. then substitute E; by (J a11); (Dyin - 3)
MiM.21.  fi
M{M.22. E = Ey;
MiM.23. }

Figure 7.3: Pseudo-code of the procedure Make}ExprMinimal.

This completes the proof of Theorem 7.17. O

Now that we have established the correctness of the global description of the algo-
rithm, we can start working out the details. In Figure 7.3, we give the pseudo-code
of procedure Make}ExprMinimal (for line 9 of MakeMinimal), for the case that Ej is
an T-expression. The code for a |-expression E; is similar. We address one difference
soon.

As we will see in the proof of Theorem 7.20(1), initially each argument of E\ = Ey is
either an NV -word ay,; or an J-expression (I ;) for an N-word a4, OT a J-expression.
El does not have T-arguments.

In the first for-loop of MakeJExprMinimal, we substitute the |-arguments E;; of
E; by J-arguments (I ag, ,). Recall that the A-word ag, , is the concatenation of all
N-words (possibly complemented) occurring in Ey;, in the order of their occurrence.
For the moment, it is not important how exactly we determine ap,,. In the proof
of Lemma 7.34, where we analyse the time complexity of Make]ExprMinimal, we will
describe a straightforward implementation for this.

In the second for-loop of the procedure, we try to combine A -word-arguments «; ;
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with preceding and/or succeeding J-arguments. Indeed, at that point in the procedure,
these are the only types of arguments left. Clearly, if oy ; is the first argument of El,
then it is not preceded by an J-argument (I oy ;-1) for an N-word aq,;-1. In fact, if
we assume that the A-word-arguments are maximal N-word occurrences in E;,! then
this is the only case in which «ay; is not preceded by an J-argument (I a;,;-1). Under
the same assumption, oy ; is not succeeded by an J-argument (J oy ;41), if and only if
oy ; is the last argument of El. Note that in all four cases considered in this loop, the
required substitution can simply be achieved by a few insertions and/or removals of
brackets and operators in the DNA expression.

After the second for-loop, each argument of E is an J-argument (] ay;) for an
N-word ay,;. As we will see in the proof of Theorem 7.20(1), at that point, E, is
equivalent to the original J-expression E. However, it is not necessarily minimal.

If El = (1 (3 a1,1)) for an N-word a1, then it violates Property (Dyin-3). It is not
hard to prove that this will be the case, if and only if the original, minimal f-expression
E1 is alternating, i.e., nick free. According to line MiM 20, in this case, we substitute
E; by its only argument If on the other hand By = (1 (J ay1) ... (3 arm)) for some
m > 2, then it is minimal already (see Lemma 6.14(2)) and we can skip line MJM.20.

If F; is not an f-expression, but a J-expression, then lines MJM.8-MJM.17 are
a bit different. In all four cases, the new J-argument does not have «;; as (part
of) its own argument but c¢(ay;). For example, if the N-word-argument «; is pre-
ceded by an J-argument (J oy, 1) and succeeded by an J-argument (I aq,41), then
(T a1i-1) a1, (§ a1,4+1) must be substituted by (I a1 ;—1c(o)ariv1)-

We illustrate procedure Make[ExprMinimal by two examples:

Example 7.18 (cf. Example 7.2) Let

=T (Tt (T ag)az () (T as)as))) .

E is an J-expression, for which

S(E) _ (a1a2a3a4c(a5)).

clarasasag)as

The argument F; of E is a minimal, alternating f-expression. FE; itself has one
l-argument, Ei; = (} ({ au) as). In line MJM.5, we substitute it by <$ aEl,z‘> =
(T cuc(as)), yielding

Ey = (1 oy (T an) a3 (T auc(as))) -

Subsequently, in lines MJM.7-MJM.18, we substitute the two N-word-arguments «;
and az of F; (in some order). For both possible orders, the result is

~

E1 = (1 (§ cqagazasc(as))) .

El has m = 1 argument left, which is an J-argument. Hence, it violates Property
(Dyin-3). According to line M{M.20, E’ is set to this J-argument: E' = (§ ajasasay
c(as)). By Theorem 5.3, E’ is the only minimal DNA expression with S(E’) = S(F),
ie., with B/ = FE. [ |

IThis is a very natural assumption, but is not necessary for the correctness of procedure
Make]ExprMinimal.
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Example 7.19 (cf. Example 7.3) Let
E = (T (I (I arazazasc(as)) (I ag) ar)) -

E is an J-expression, for which

S(E) _ (a1a2a3a4c(a5)) - (0668(067))‘

c(arasasay)as c(ag)ar
The argument F; of E is a minimal, non-alternating |-expression. F; does not have
t-arguments, but it does have an N-word-argument a;. In line M{M.11, we substitute
(T ag) az by (T asc(ar)), yielding

Ey = (} (T caenasauc(as)) (T asc(ar))) -

This time, El has m = 2 arguments left. Hence, F' = El. By (the analogue for
upper nick letters of) Lemma 6.14(2), E’ is the only minimal DNA expression with
S(E')=S8(E),ie., with ' = E. |

We prove that procedure MakeExprMinimal is correct, not only for the two examples
we considered, but for any J-expression E with a minimal T-argument (or J-argument)
E;.

Theorem 7.20 Let E = (] Ey) be an J-expression whose argument Ey is a minimal
t-expression, and let E' be the result of applying procedure MakeJExprMinimal to E.

1. The string E" is a minimal DNA expression satisfying E' = E.

2. E' is independent of the order in which |-arguments are considered in line M{M.4
and independent of the order in which N -word-arguments are considered in line

MiM. 7.
Proof:

1. Fj is a minimal T-expression. By Corollary 6.2, each argument of F; is either
an N-word a ;, or an J-expression (] ;) for an N-word a4 ;, or a J-expression
El,i-

We prove that the following property of our ‘working DNA expression’ El is an
invariant for the first for-loop:

E is a minimal f-expression satisfying <i E1> =F. (7.7)

e Initially, before the first iteration of the for-loop, the property is valid, be-
cause then El = I, and thus <$ E1> =(FE)=F.

e Suppose that Property (7.7) is valid before a certain iteration of the for-
loop. Let By = (11 €11,...,61,) for some n > 1 and N-words and DNA
expressions €1 ; ... €1, before the iteration.

In the iteration, we substitute a |-argument ¢, = Ej;, of El by the J-
expression (J ag, , ). By Lemma 2.15(2), L(S((T ag, . ))), R(S(T ag, ,,)))
€ A4. In particular, the upper strand of the new argument covers the lower
strand both to the left and to the right. Because the arguments of 1, fitted
together by upper strands before the substitution, they certainly do so after
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the substitution. Hence, El is still a DNA expression after the substitution.
In particular, it is an T-expression.

By Theorem 6.16, El has Properties (Dyin.1)—(Dwmin.6) before the substi-
tution. It is easily verified that El still has these properties, and thus is
minimal, after the substitution.

We now consider the semantics of <$ E1> In order for the invariant to be
valid, this semantics must be the same before and after the substitution.
Fori=1,...,n,let X;; = ST(1,;). By the definition of the semantics of
an J-expression and Lemma 6.6, before the substitution,

S(<$ E1>) = /@(XM n X1,2 Y2 - Yip—2 X1,m-1 Yig—1"
S(El,z‘o) Yio Xl,io+1 Yip+1 -+ -+ Yn—1 Xl,n)
= FG(XLl) Y1 H(XLQ) Y2 - Yig—2 K(Xl,io—ﬂ Yig—1"
K(S(Eri)) Yio K(X1jio41) Yior1 -+ Un—1 K(Xin),

where for ¢ = 1,...,n — 1, y; = » if both &1, and £;,4; are expression-
arguments, and y; = A otherwise.
After the substitution of Ey;, by (3 ag,, ),

S(<$ E1>) = /{(X1,1 yi X12 Y2 oo Yig—2 Xiig—1 ygo_l.
S(<$ aEl,i0>) ygo Xl,i0+1 Yip+1 -+« Yn—1 Xl,n)
= K(X1,1> Y1 K(XLQ) Y2 oo Yig—2 I{(Xlﬂo—l) yéo—l'
« 1,4
(C e ) yéo K(Xl,io—i-l) Yip+1 -+ Yn—1 :‘i(XLn)?

(aEmo)
where the y;’s are as before, and
~ if both €1,ip—1 and <$ aEl,io>

Vi1 = are expression-arguments
A otherwise,

~ if both ($ ag,, ) and 111
Yio = are expression-arguments
A otherwise.

We must prove that
AFE 4
i1 £(S(Erio)) tio = Uiy (oo™ ) Vo (7.8)

c(aEl,io

Note that if igc = 1, then y;,—1 and y; , do not exist, and we have less to
check. Analogously, if ig = n, then y;, and y;, do not exist, and we have less

to check.
Now assume that igc > 2. Because clearly, the |-argument E;; is an
expression-argument, v;,—1 = », if and only if 1,1 is an expression-

argument. Similarly, the {-argument (J O‘Emo> is an expression-argument
and y; _; = », if and only if 14,1 is an expression-argument. This implies
that yi,—1 = yj,_1.

Analogously, we can prove that if igc < n — 1, then y;, = v, .
Finally, by definition, x(S(F14,)) is equal to S((J E14,)). We can apply
Lemma 3.13 to the J-expression (J Ej ;,):

@ El,z‘o> v= <i a<$E1»10>> .
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Because, by Lemma 6.3, E;, is nick free, (I E1,,) is also nick free and we
have (strict) equivalence here. Clearly, the N-words occurring in ( Ej ;)
and the ones occurring in Fj ;, are the same, and so are their parent opera-
tors. This implies that a (1B1i) = “Brio” When we combine all ingredients,

we find
R(S(Bri) = ST Eri)) = S(Tagp, )
= S(@ &El,i0>) _ (CCVEMO ))

(aEl,io

Indeed, Equality (7.8) holds.

We conclude that Property (7.7) is indeed an invariant for the first for-loop.

Clearly, in every iteration of this loop, the number of |-arguments of El decreases
by 1.

After the last iteration of the loop, there are no |-arguments left. By
then, El is a minimal f-expression satisfying <$ E1> = F, and each

argument of E; is either an AN-word a1, or an J-expression (] ay;) for
an N-word a; ;. Hence, the comment after line MJM.6 in Figure 7.3 is correct.

We prove that a relaxed version of this property, by which El is not necessarily
minimal, is an invariant for the second for-loop of the procedure:

El is an T-expression satisfying <$ E1> = F, and each argument
(7.9)

of Ej is either an N-word a;,; or an J-expression ({ ;) for an

N-word ay .

It is easily verified that an T-expression E, for which each argument is either an N-
word a4, or an J-expression ({ ay ;) for an N-word «y; has Properties (Dygin.1),
(Dmin-2), (Dmin-4), (Duin-5) and (Dyin.6). Hence, E is not minimal, if and only
if it violates Property (Dyin-3). This is the case, if and only if E = (1 (] a1.1))
for an N-word aq1. This case is dealt with after the second for-loop, in lines

MEM.19-MM.21.

A minimal DNA expression is in particular operator-minimal and a DNA expres-
sion of the form (1 ( a1,1)) is also operator-minimal. Hence, whether or not our

‘working DNA expression’ F; is minimal, it is certainly operator-minimal.

As long as E; has N-word-arguments, it cannot be of the form (1 (T ai4)) for an

N-word «; 1. This implies that before any iteration of the second for-loop, E is
minimal, after all.

The global structure of the proof that Property (7.9) is an invariant for the second
for-loop, is the same as that of the proof of Property (7.7) for the first for-loop.
Because the details are different, especially the ones involved with the semantics

of <$ E1>, we give the full proof.

e Clearly, Property (7.9) is valid before the first iteration of the second for-
loop.
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e Suppose that Property (7.9) is valid before a certain iteration of the for-loop.
Let El = (t1e11...€1) for some n > 1 and N-words and J-expressions
€11,--.,E1n, before the iteration. Each J-expression is of the form (I ;)
for an M-word ay ;.

In the iteration, we substitute an A/-word-argument 1 ;, = o 4, and possibly

a preceding J-argument and a succeeding J-argument of E; by a new J-
argument (J ). Again, because L(S(( a))), R(S({J «))) € A4 and the
arguments of El fitted together before the substitution, they certainly fit
together after the substitution. Hence, E is indeed an T-expression after the
substitution. Moreover, because the new argument is (§ «), the arguments
of El are still of the types occurring in Property (7.9). As we discussed
above, El is still operator-minimal.

The only thing left to be verified is that the semantics of <$ El> does
not change by the substitution. We assume that the N-word-argument
€14, = @14, of Ey is both preceded by an J-argument €11 = (J a145-1)
and succeeded by an J-argument &1 ;.41 = (J @1i9+1). If @14, is a maximal
N-word occurrence in El, then this is the case, if and only if 2 < ig < n—1.
The other three cases in lines M{M.8-MJM.17 can be checked in a similar
way.

Fori=1,...,n,let X;; = S"(e1,). Before the substitution,

3(<$ El>) =r(X11 5 X12 %2 - Yig—2 S(T avip-1)) Yio-1-
S+(041 io) Yig (@ Oél,z‘o+1>) Yig+1 +++ Yn—1 X n)
= k(X11) y1 £(X12) Y2 -+ Yig—2 < “f’ 1)) Yig-1-

C(alﬂo
Qg g ) ( Q jo+1 )
’ ; coe Ynog K(X
( (al,i0+1) Yip+1 Yn—1 ( 1771)7
where for ¢ = 1,...,n — 1, y; = » if both &1, and €;,4; are expression-

arguments, and y; = A otherwise.
After the substitution of <$ al,i0—1> a1 4 <$ al,i0+1> by <$ 0517i0_10é1’i0()41’i0+1>7

S(<$ E1>) =r(Xipy Xigy2 -0 Uiy o
ST arig-10100Qig+1)) Yigs1 -+ Yn—1 X1n)
= I{(XLl) Y1 H(XI,Q) Y2 ... yéo—Z'

A io—100 i 1 ig+1 ) ’
. . -1 K X1
(C(al,io—lal,ioal,wH) Yio+1 Yn1 K Xin),

where the y;’s are as before, and

A lf bOth 5171‘0_2 and <$ al,io—lal,ioal,i0+1>
/ - .
Yio—o = are expression-arguments
A otherwise,

~ if both <$ al,io*lal,ioal,’io+1> and E1,ig+2
/ _ .
Yig+1 = are expression-arguments
A otherwise.

We must prove that

aqio—1 ) ( QA i ) ( QA jg+1 )
oo . | .
Yio c(anig—1)) Jio clar,)) Yo \e(an ig41)) Yiot
=y ( Q1 i —101,5g O ig+1
02 \e(a,ig—101,ip O1ig+1)

; (7.10)
yi0+1’
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Clearly, if i9 — 1 = 1, then neither y;,_o, nor y; _, exists, and we have less
to check. Analogously, if 49 +1 = n, then neither y;,41, nor y; |, exists, and
we have less to check. We now assume that 2 <75 —1and 7g+1<n — 1.
Because €1 ;,—1 = (J a1,4,-1) is an expression-argument, 1 ;, = ay ;, is an N-
word-argument, and eq;,41 = (J @1,,+1) IS again an expression-argument,
we have

Yio—2 = &, if and only if €1 ;,_2 is an expression-argument

Yip—1 = Yip = A, and

Yio+1 = &, if and only if ;4,42 is an expression-argument.

On the other hand, because obviously (] a1 4,101 4,01 4o+1) 1S an expression-
argument, we have

Yio_2 = &, if and only if £, ;,_» is an expression-argument
Yio11 = &, if and only if €} 4,42 is an expression-argument.

This implies that
Yio—2 = Yiy—2>
Q1501 ) 14 ] Q1 ip+1 _ 159 —100 46 X ip+1
(C(al’iol)S Yio—1 (C(al,io)) Yio (C(al’io+1)) - (c(al)io,lauoauo“))’ and
Yio+1 = y§0+1.
Indeed, Equality (7.10) holds, and S (<$ E1>) is the same before and after
the substitution.

We conclude that Property (7.9) is indeed an invariant for the second for-loop
of procedure Make[ExprMinimal. Clearly, in every iteration of this loop, the
number of AN-word-arguments of £ decreases by 1.

After the last iteration of the loop, there are no N-word-arguments

left. By then, each argument of E; is an J-expression (] a;;) for an
N-word oy ;. Hence, there exist m > 1 and N-words aq1,..., a1, such

that £, = (1 (] i) ... (0 @im)). Indeed, the comment after line MJM.18 in
Figure 7.3 is correct.

Moreover, by the invariant, El satisfies <$ E1> = FE. Because S(E\l) =
ST (T air)... (T aim))) does not contain single-stranded components, the out-
ermost operator J in <$ E1> has no effect. This implies that B = <$ E1> =F.

Now, if m = 1, then F; = (1 (J a1.1)). In this case, the outermost operator 1 has
no effect, either. Hence, ' = (J 1) = E; = E. Indeed, E’ is a minimal DNA
expression.

After the formulation of Property (7.9), we deduced that a DNA expression E,
with that property, which is not of the form (1 (J ay1)) for an N-word ay; is

minimal. If m > 2, then obviously E; is not of this form. Hence, in this case,
E’ = E; is minimal. Moreover, £’ = F; = E.

. In the proof of the previous claim, we did not make any assumption on the order

in which J-arguments and N -word-arguments of F; are considered in lines MJM.4
and MJM.7, respectively. For all possible orders, E’ is a minimal DNA expression
satisfying ' = F = ({ E).
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As we have seen in the proof of Theorem 7.17(3), there exists exactly one such
DNA expression E’ (regardless of the minimality of F4). Then certainly, £’ must
be independent of the orders in which |-arguments and N-word-arguments are
considered.

This completes the proof of Theorem 7.20. O

The next instruction from MakeMinimal we refine is the one in line 18. In Figure 7.4 we
describe procedure Denickify. Line Dni.24 of this description will be implemented by
the same procedure RotateToMinimal that we use for lines 23 and 35 of MakeMinimal.
Again, all substitutions can be achieved by a few insertions and removals of brackets
and operators in the DNA expression.

In Lemma 6.6, we have related the presence of consecutive expression-arguments in
an operator-minimal f-expression F to the presence of nicks in its semantics S(E). In
order to understand the effect of the while-loop in procedure Denickify, it is useful to
establish such a relation for a more general set of T-expressions.

Lemma 7.21 Let E = (1e1...¢,), wheren > 1 and e1,...,&, are mazimal N -word
occurrences and DNA expressions, be an 1-expression denoting a certain formal DNA
molecule X. Fori=1,...,n, let X; = ST (e;).

If E has Properties (Dygin-2), (Duyin-4) and (Dygin.5), then fori = 1,...,n, X; is
nick free, and

X = X1 Xoyo . Yn1Xn,

where fori=1,...,n—1, y; = » if R(X;), L(X;+1) € AL, and y; = X otherwise.

Here, fori=1,...,n—1, R(X;), L(X;11) € Ay, if and only if both &; and £;,1 are
expression-arquments. In particular, in this case, E is nick free, if and only if E is
alternating.

Of course, there is an analogous result for |-expressions. The proof of this result is
similar to that of Lemma 6.6. At several places in the proof, however, we have to
use different arguments to conclude that a certain property is valid. For the sake of
clearness, we give the full proof.

Proof: Assume that £ has Properties (Dyin-2), (Dyin-4) and (Dyin.5). By the defini-
tion of the semantics of an T-expression (equation (2.9)),

X = I/+(X1)yly+<X2)y2 cee ynfll/Jr(Xn)a

where for i = 1,...,n — 1, y; = » if R(X;), L(X;11) € Ay, and y; = A otherwise. By
Property (Dyin.4), each occurrence of an operator 1 or | in an argument ¢; of F is
alternating. Hence, by Lemma 3.5, for i = 1,...,n, X; = §T(g;) is nick free, and in
particular, v (X;) = X;. We can thus reduce the semantics to

X =Xy Xoyo ... Yn—1Xp,

with y;’s as before. This is the first part of the claim.

Next, consider any ¢ with 1 < i < n — 1. By Property (Duin-2), €; is either an
N-word «, or an J-expression, or a |-expression.

If &; is an N-word «, then X; = S*(g;) = (f) and R(X;) ¢ Ax.

If &; an J-expression, then by Lemma 2.15(2), R(X;) = R(S(&;)) € AL.
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Dni.1. Denickify (FE;)
// rewrites a minimal |-expression F£; which is not alternating,
// into a minimal, nick free DNA expression E|
// satisfying E/ =_ E;;
// uses local rearrangements of the DNA expression for this

Dni.2. {
Dni.4. while (F; is not alternating)
Dni.5. do select two consecutive expression-arguments £;_1,&; of E;;
Dni.6. if (§,_1 is an f-expression <T<$ Oéj—1,mj,1>>)
Dni.7. then if (¢; is an fT-expression (1 (J aj1)...))
Dni.8. then substitute £;_;&; in E;

by g\T C <$ Oéj_17m]._106j71> .. .>;
Dni.9. else // &; is an J-expression ({ o)
Dni.10. substitute £, 4&; in E;

by <T st <$ aj717m‘771&]71>>;
Dni.11.
Dni.12. else // €j-1 is an J-expression (J a;_11)
Dni.13. if (¢; is an f-expression (T (J @j1)...))
Dni.14. then substitute £;_;&; in E;

by (M (T oy-11051) - );
Dni.15. else // &; is an J-expression ({ aj1)
Dni.16. substitute £, 4&; in E;

by (T aj11051);
Dni.17.
Dni.18. fi
Dni.19. od

// E; is alternating
Dni.20. if (E; has only one argument £;; left)
Dni.21. then substitute E; by FE,i; (Dyin - 3)
Dni.22. else // E; has at least two arguments
Dni.23. if (both the first argument and the last argument of FEj
are T-arguments)
Dni.24. then substitute F; by a minimal f-expression FE!
satisfying E! = F;;
(procedure RotateToMinimal) (Dyin - 6)

Dni.25.
Dni.26. fi
Dni.27. E! = FE;;
Dni.28. }

Figure 7.4: Pseudo-code of the procedure Denickify.

Finally, if €; is a J-expression, then by Property (Dyin.5), the last argument of ¢; is
either an N-word «, or an J-expression ({ ) for an N-word «. If it were an N -word
a, then by Lemma 2.15(4), R(X;) = R(S(g;)) = R(S () € A_. In that case, the
arguments ¢; and ¢;,; would not fit together by upper strands, as is required by the
outermost operator 1 of E. Hence, the last argument of &; must be an J-expression
(1 a) for an N-word a. By Lemma 2.15(4), R(X;) = R(S(g;)) = R(S(( «))) € A..

We conclude that R(X;) € Ay, if and only if ¢; is an expression-argument. Anal-
ogously, we find that L(X;,1) € A., if and only if &, is an expression-argument.
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Consequently, R(X;), L(X;11) € AL, if and only if both ¢; and £;,; are expression-
arguments. O

~

In the while-loop of procedure Denickify, the ‘working DNA expression’ FE; is a -
expression. Moreover, as we will see in the proof of Theorem 7.24, it then has (among
others) Properties (Dyiin-2), (Dmin-4) and (Dyn.5). Hence, the outermost operator |
introduces a nick letter between every pair of consecutive expression-arguments, and
these are the only nick letters in S(E;).

In every iteration of the while-loop, two consecutive expression-arguments of E\ are
substituted by a single expression-argument. In other words, in every iteration, one
nick letter is removed from S(F;). Step by step, E becomes nick free.? As we will see
in (the proof of) Theorem 7.24(3), the result of the while-loop is independent of the
order in which we select pairs of consecutive expression-arguments.

After the while-loop, Fj; is nick free, but it is not necessarily minimal anymore. The
if-then-else construction at the end of the procedure ensures that the DNA expression
E! resulting from the procedure is not only nick free, but also minimal. Lines Dni.21
and Dni.24 tackle violations of Properties (Dyin.3) and (Dygin.6), respectively.

We illustrate procedure Denickify by two examples. In the first example, EZ is not
minimal after the while-loop, and the DNA expression is modified by the if-then-else
construction. In the second example, E; is still minimal after the while-loop. Hence,
it does not have to be modified any further.

Example 7.22 (cf. Example 7.3) Let

E; = (I (T anazazayc(as)) (T asc(ar)))
for which
S(EZ) _ (a1a2a3a4c(a5)) v (0466(067))_

clarasasag)as c(ag)ar
F; is minimal and not nick free. Its two arguments are expression-arguments. For this
DNA expression, the while-loop has only one iteration, in which the two expression-
arguments are merged according to line Dni.16. The result is:

E = (] (T aqasasayc(as)age(ar))) .

Indeed EZ is nick free, but it is not minimal. It violates Property (Dyun.3), as the
outermost operator | has only one argument F;;. In this case, line Dni.21 of the
procedure is applicable, and the result of the procedure is

E! = E;1 = (J aqanazagc(as)age(aq)) .

Clearly, E! satisfies E! = E;. Moreover, by Theorem 5.3, E! is minimal. ]

)

Example 7.23 (cf. Example 7.8) Let

E; = (1 (T aravasasc(as)age(ar))
(T asag) aig (I (T anr) ara (T auz)) (T o)
(i @ 0415) 16 (i 0417>> a1 @ 0419> @ 0420) > )

2We could have reached this conclusion also using Lemma 6.6 instead of Lemma 7.21. For that,
however, we would have to prove that F; is operator-minimal in the while-loop. It is possible to do
that, but it is more elegant to use Lemma 7.21.
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for which
_ (arasagagc(as)asc(az) Qg a1 o1 —
S(E’J o (c(a1a2a3a4)a5c(a6)a7)A(c(agag)) ( — ) (C(Oéll)) (0112) '
a3 14 a5 - aq7 ag Q19 Q20
(C(Oé13))A(C(O&14))A(C(O¢15)) (0[16) (C(Oé17)) ( — ) (C(Oqg))A(C(O[gQ)) ’

F; is minimal and not nick free. It has seven expression-arguments, clustered in
three groups of consecutive expression-arguments. There are four pairs of consecutive
expression-arguments. Hence, the while-loop has four iterations. If in each iteration,

we consider the leftmost (remaining) pair of consecutive expression-arguments £,_; and
£;, then we successively get

Ei = <T <$ Oé1042063a40(0é5)OéﬁC(OW)OégOég) 10
(I (T o) arz (T auz)) (T )
(1 (T aus) aag (T onr)) cns (T ong) (T ano) )

(by applying line Dni.16),

B = <T (T arasazayc(as)age(ar)asag) g
<¢ (i Oén) Q12 @ 04130414>>
(1 (T aus) aug (T eur)) cus (T o) (T azo) )

(by applying line Dni.10),

B = <T (T aqasazayc(as)age(ar)agag) aig

<¢ (i 0411) 12 (i 041304140415> Q16 @ CY17>> (651 @ a19> @ 0420> >

(by applying line Dni.8), and

Ei = <T <$ 0[1(1/2063(140(0[5)@60(047)0[8&9> 10

@ (i 0411) Q19 @ 0413CY140415> 16 @ 0617>> (03T @ CY190620> >

(by applying line Dni.16 again). The final version of EZ would have been achieved also
if we had considered consecutive expression-arguments in a different order.

E; is nick free now. It has more than one argument left and neither its first argu-
ment, nor its last argument is a |-argument. Hence, the if-then-else construction at
the end of Denickify leaves E; unchanged, and E! = F;. We have

S(E{) _ (Ca1a2a3a4c(a5)a60(a7)a8ag ) (a10) (Cau )( — ) )

e (arasagag)asc(ag)arc(agag) (a11)/ \aq2

(6(0;11330(;1144?;1155)) (a_lg) (C(iéil)) (0118) (0(0;411990(;2200))'

Indeed, E] =, E;. Moreover, it is easily verified that E! has all six properties from
Lemma 6.15 and thus is minimal. [ |

We have seen two examples for which procedure Denickify works well. We now prove
that the procedure is correct in general.

Theorem 7.24 Let E; be a minimal |-expression which is not alternating, and let E.
be the result of applying procedure Denickify to FEj.

1. Procedure Denickify is well defined.

2. The string E! is a minimal, nick free DNA expression satisfying £ =, E;.
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3. E! is independent of the order in which pairs of consecutive expression-arguments
€j_1 and €; are selected in line Dni.5.

Proof: The only instruction in procedure Denickify that is not obviously well defined,
is the one in line Dni.24. This instruction presupposes the existence of a minimal 1-
expression E! satisfying £ = F;.

The proof that such an T-expression indeed exists uses some properties of EZ which
emerge in the proof of Claim 2. Therefore, we combine the proofs of Claims 1 and 2.

1, 2. We first analyse the while-loop of procedure Denickify. We prove that the
following property is an invariant of the loop:

Ei is a J-expression satisfying EZ =, b, EZ has at least one

expression-argument, has Properties (Dyin-1), ('DMiB\.Q), (Dniin-4) 7.11)

and (Dypin.5), and each inner occurrence of 1 or | in E; has at least

two arguments.

Before we proceed with the proof, we mention two implications of this property.
Suppose that the property is valid. Then let &; be an arbitrary expression-
argument of EZ Clearly, ¢; also has Properties (Duin-1), (Dpin-2), (Dyin-4) and
(Dain-5). Moreover, each occurrence of 1 or | in &; is an inner occurrence in El
and thus has at least two arguments. Hence, £; has Property (Dyin.3). Finally,
by Property (Duin.5) of Ei, g, has Property (Dypin.6). This implies that &; has
all six properties from Lemma 6.15, and thus is minimal. By Property (Dyn.4)
and Lemma 3.5, ; is nick free.

Suppose that in addition, EZ is not alternating, i.e., that it has at least two con-
secutive expression-arguments. Then by definition, E; has Property (Duin-6).
Moreover, the total number of arguments of (the outermost operator | of) El is
certainly at least two. This implies that EZ also has Property (Dyin-3). Conse-
quently, in this case, EZ itself is also minimal.

e Initially, before the first iteration of the while-loop, E is equal to the min-
imal J-expression E;. Then obviously, El =, E;, and by Lemma 6.15, E
has Properties (Dygin-1)—(Dwmin-6). In particular, by Lemma 6.17(2), each
inner occurrence of 1 or | in Ez has at least two arguments. Finally, because
E; = E; is not alternating, it has at least two (consecutive) expression-
arguments. Hence, Property (7.11) is valid.

e Suppose that before a certain operation of the while-loop, Property (7.11)
is valid. Let E; = = (L& ...&,) for some n > 1 and N-words and DNA
expressions &y, . .., &y.

EZ- is not alternating at the start of the iteration. Hence, as we have just
observed, E; is minimal. In the iteration, we substitute two consecutive
expression-arguments £;_; and &; of E; by a single expression-argument &’
By Corollary 6.2, each expression-argument of E is either an J-expression
(T «) for an N-word «, or an T-expression. Hence, there are four possible
combinations for the pair of expression-arguments £;_; and &;,. We now
assume that both £;_; and &; are T-expressions. The proof for the other
three possibilities is similar (and in fact easier).
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Let &1 = <T Ej-11 - -5]'_1,mj_1> and €; = <T €j1-- .é\j,mj> for some m;_q,
m; > 1 and N-words and DNA expressions &;_1 1, . .. Ej—1my_, and Ej1, ...,
Ejm,- In fact, by Property (7.11), m;_1,m; > 2. By Property (Duin.5),
the first argument £;_;; of £;_; is either an N-word « or an J-expression
(T @) for an N-word . The same goes for the last argument £, of &;.
By Lemma 6.17(5), the last argument £;_,,, , of ;_; is an J-expression
<$ aj_lvmj_1> for an N -word @j_1m, ,, and the first argument £, of ; is
an J-expression (J «1) for an N-word «;;. Indeed, £;_; and &; satisfy
the description of the f-arguments in lines Dni.6 and Dni.7 of procedure
Denickify. By Property (Dwyin.4) of E;, both €;_; and &; are alternating.
As we argued after the formulation of Property (7.11), the T-arguments £;_4
and &; of EZ are minimal and nick free. Hence, by Corollary 6.7,
SE-) = ST G0 ST Emrma ) (o ),

C(ajflﬁmjfl
SE) = (o' ))S"E2) .S Em,)  and

SULGAE) = S G118 Eom ) ()

c(aj_lamj—l

(o ))s+(§m) ST Ehm,y)- (7.12)

(aja
Now, let

8] - <T 8.]71’1 e E:Jilamjflfl <:t ajilvmjflaj71> 8]»2 et €J7mj> :

The arguments of &} fit together by upper strands, because the arguments
of £5_1 and &; do so. Hence, £’ is an f-expression. It is easily verified that
g’ also has Properties (Dyin-1)~(Dwmin-6), and thus is minimal. Moreover,
g is alternating, because £;_; and &; are. Hence, &} is nick free, and by
Corollary 6.7,

SE) = 87 E10)- S Emrm ) ()

ST (E2) .- S (Eim,). (7.13)

It follows from (7.12) and (7.13) that & =, ({ £;_1&}). In fact, €} is nick free.
whereas S((| £,_1€;)) contains one upper nick letter, between the semantics
of €;_1 and the semantics of &;.

Because L(S(€})) = L(S(€j-1)) and R(S(E})) = R(S(g;)), the arguments of
B still fit together by lower strands when we substitute £;_4&; in E; by €.

Hence, EZ is still a DNA expression after the substitution. In particular, it is
a J-expression. Moreover, by Lemma 3.7, Lemma 3.6 and Property (7.11),

<\l, é\l NP é\j—nggj—l—l e é\n> =g <$ 51 . g\j_g <J/ gj—lgj> gj—i—l e é\n>
= <\l, é\l . %,Qé\j,lgjgj+1 Ce /E\n>
= E. (7.14)

-V
Hence, after the substitution, E, still satisfies E\z =, L;. The upper nick
letter between S(£;_;) and S(&;), which was present in S (E;) before the
substitution, is no longer present after the substitution. For the rest, S (E)
is the same before and after the substitution.
Because é’j is a DNA expression, EZ still has at least one expression-argument
after the substitution.



7.1 The algorithm and its correctness 99

The outermost operator 1 of 5} has m;_; + m; —1 > 3 arguments. As
we observed before, these are maximal N-word occurrences and DNA ex-
pressions, alternately. Now, it is easily verified, that after the substitution,
E; has Properties (Duin-1), (Duin-2), (Dyin-4) and (Dygin.5), and that each
inner occurrence of 1 or | in El has at least two arguments, because this
was the case before the substitution.

We conclude that Property (7.11) is indeed an invariant of the while-loop. In ev-
ery iteration of the loop, we substitute a pair of consecutive expression-arguments
of E; by a single expression-argument. Thus, the number of pairs of consecutive
expression-arguments decreases by 1. After the last iteration of the loop, F; is
alternating. By Lemma 7.21, this implies that E; is nick free.

At the beginning of the proof, we deduced from Property (7.11), that each
expression-argument of EZ is minimal and nick free. Because Ez has become al-
ternating, it does not necessarily have Property (Dyin.3) and Property (Dyin.6),
anymore. Hence, after the last iteration of the while-loop, E; itself is not neces-
sarily minimal.

This is made up for in the if-then-else construction following the while-loop. We
prove that for every possible case, the resulting string E! is a minimal, nick free
DNA expression satisfying E! =_ F;.

e Assume that EZ has only one argument. By Property (7.11), this must be an
expression-argument E; ;. This argument is minimal and nick free. Because

it is nick free, the outermost operator | of EZ has no effect. In this case,
E,: = Ei,l = <\L Ei,l) = Ez EV Ez

e Assume that EZ has at least two arguments, and that both the first argument
and the last argument of F; are f-arguments.
Because EZ has at least two arguments, by Property (7.11), each occur-
rence of 1 or | in EZ has at least two arguments. This implies that, in
addition to Properties (Dyin.1), (Dmin-2), (Dmin-4) and (Dygin.5), Ez has
Property (Duin-3)-
E is nick free. Hence, by Lemma 7.14, there exists a minimal {-expression
EZ’ satisfying EZ’ = EZ In particular, line Dni.24 of the procedure is well
defined. In this case,

E.=FE =FE;, =, E,.

e Finally, assume that E has at least two arguments, and that either the first
argument, or the last argument of Ez is not an f-argument. Without loss
of generality, assume that the first argument of E; is not an f-argument.
As in the previous case, because /E\z has at least two arguments, it has
Property (Dyin-3).

By Property (Dyin.1) and Property (Dyn.2), the first argument of E; must
be either an N-word a or an J-expression (] «) for an N-word a. Hence,
E; also has Property (Dyin-6).

This implies that E, has all six properties from Lemma 6.15, and thus is
minimal. In this case

E =E = E
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and indeed, E! = E; is nick free.

3. We prove that the DNA expression E; that is left after the while-loop is independent
of the order in which pairs of consecutive expression-arguments £;_; and &, are
selected for substitution in line Dni.5. Then the final result E! of the procedure
is certainly independent of this order. In the remainder of this proof, we call this
order the substitution order.

Let 1,...,e, for some n > 1 be the arguments of the original |-expression Fj;.
In this sequence of arguments, we can distinguish (maximal) subsequences of
expression-arguments. Such a subsequence is succeeded by a maximal N-word
occurrence, which is in turn succeeded by a (maximal) subsequence of expression-
arguments, and so on. Hence, the different subsequences of expression-arguments
are separated by the maximal A-word occurrences, which are not affected by the
while-loop. The substitution of pairs of consecutive expression-arguments in one
subsequence of expression-arguments does not affect the expression-arguments in
another subsequence. In fact, the different subsequences are rewritten indepen-
dently in the while-loop. Therefore, we only have to consider the substitution
order of the expression-arguments within the same (maximal) subsequence.

Let €j,,...,¢j, with 1 < jo < j; <n be a (maximal) subsequence of expression-
arguments of E;. If jo = ji, then the subsequence does not contain any pair
of consecutive expression-arguments, and the subsequence is not affected by the
while-loop. Now assume that j, < j;. In the course of the while-loop, the sub-
sequence of expression-arguments €;, ...¢€;, is rewritten into a single expression-
argument £’ .

By Corollary 6.2, each expression-argument ¢; of the minimal |-expression F; is
either an J-expression (J oy 1) for an N-word a1 or an T-expression.

We first assume that for j = jo, ..., j1, &; is an J-expression (J a; 1) for an N-word
a;1. Then it is easy to prove by induction on j; — jo that

é\;l = <$ Qjo1 - - aj1,1> )

regardless of the substitution order.

From now on, we assume that there is at least one €; with jo < j < j; which is an
T-expression. We establish three properties of the resulting expression-argument
g7, which are independent of the substitution order. We then prove that these
properties completely determine »?’J L

Suppose that in the while-loop in procedure Denickify, two consecutive expression-
arguments £;_; and &; of E; are substituted by a single expression-argument
g7, and that at least one of the two expression-arguments substituted is an 1-
argument. Then it follows from a simple inspection of the code of the procedure
that 5; is also an T-argument. This implies that after any substitution, there
is at least one T-argument left in the subsequence of arguments corresponding
to €j, ...€j,. In particular, after the last iteration of the while-loop, when the
subsequence has been reduced to a single expression-argument, this expression-

PO
argument £} is an T-argument.

Moreover, when we substitute £;_; and &; by &}, the N-word-arguments and |-

arguments of the f-argument &, come straight from £;_; and &;. There is just

J
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one J-argument of 53- that is new, i.e., that is a combination of two original,
‘adjacent’ J-arguments. In particular, after any substitution, the J-arguments of
the subsequence of arguments corresponding to €;, ..., €;, are the same as before
the substitution, and they occur at corresponding positions in the subsequence,
in the same order. This is still the case after the last iteration of the while-loop,
when the entire subsequence ¢j, ...¢€; has been rewritten into the f-expression
g’. That is, the |-arguments of &, are exactly all |-arguments of the original
expression-arguments €, ..., €;,, in the same order. This is independent of the
substitution order.

As we have seen in the proof of Claims 1 and 2, £, is minimal and nick free. More-
over, by a derivation similar to (7.14), we can prove that &, = (| &j,...€;)-
Hence, S(&)) = X}, where

Xi, =v(S({gjo - -€3)))-
Again, this is independent of the substitution order.

By Theorem 6.9, the |-arguments of é’jl define a lower block partitioning P of

X}, and ), satisfies the construction from Theorem 5.12(1) based on P.

Now, because the |-arguments of €, (and the order of their occurrence in £ ) and
the semantics X7 of €’ are independent of the substitution order, so is the lower
block partitioning P. Moreover, in the construction from Theorem 5.12(1), the
arguments corresponding to the lower blocks in P are precisely the |-arguments
of &, which (thus) are independent of the substitution order. Because the ar-
guments corresponding to the other parts of P (N-words « and J-expressions
(T ) for N-words «) are fixed by the construction, the entire -expression &} is

independent of the substitution order. We have thus proved the claim.

In fact, it is possible to completely specify €7 . For each J-argument ¢; with
jo < j < i, let my = 1. Hence, e; = (3 aj1) = (3 atjm, )-

For each f-argument e; with jo < 7 < jp, let ¢; = <T €1 - - .ej,mj> for some
m; > 1 and N-words and DNA expressions ¢;1,...,&jm,. By Lemma 6.17(2),
m; > 2. By Lemma 6.17(5), if j > jo+ 1, then €;, = ({ a;1) for an N-word o1,
and if j < j; — 1, then gj,,, = @ ozj7mj> for an NV-word ;.

One can prove by induction on j; — jg that

/\/ P . . . .

€ = <T €j0.1 - - - Ejo,my,—1 <$ Qjo,my, Con+1,1>
€jo+1,2 - - - Ejo+1,my41-1 i O‘jo+1,mjo+104jo+271>
s <i ajl_lymjlfl&jlyl> €j1,2 -+ Eji,my,

Here, if for some j with jo+ 1 < j < j; — 1, ¢; is an J-argument (J a;1) (which
is the case, if and only if m; = 1), then the sequence of arguments

(T orm, 1 @1) €52 -+ Em—1 (T jam, 041.1)
must be understood as
@ aj—l,mj,laj,laj+1,1> .

Otherwise the N-word a1 = a;,,; would occur twice in & . This interpretation

extends in a natural way to two or more consecutive J-arguments ;.
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RtM.1. RotateToMinimal (F)
// rewrites an alternating |-expression F = (] ¢&1...¢,)
// with Properties (Dyi,.1)-(Dyin.5), for which either
// the first argument e; or the last argument &, (or both)
// is an T-argument, into a minimal T-expression F’
// satisfying E' = E;
// uses local rearrangements of the DNA expression for this

RtM.2. {

RtM.3. if (¢; is an T-expression (T €11...€1m—1€1,m,))

RtM.4. then if (¢, is an T-expression (T e,16n2-.-Enm,))

RtM.5. then £/ = (Te11. . €1m-1{ €1m€2 - En1En1) En2 -+ Enmn)s
Dhin - 6)

RtM.6. else F'=(Te11.. . €1m-1{ €1m2.. En16n));

RtM.7.

RtM.8. else // €, must be an T-expression (T&,16n2.--Enm,)

RtM.9. E' = (lc1e2...enc16n1)En2- - Enmn)s

RtM.10. fi

REM.11. }

Figure 7.5: Pseudo-code of the procedure RotateToMinimal.
This completes the proof of Theorem 7.24. O

There are three instructions left in the recursive function MakeMinimal and procedure
Denickify, which have to be worked out in detail.

In line 23 of MakeMinimal, we have to determine a minimal T-expression E! satis-
fying E! = E;. Here, E; is a J-expression for which either the first argument or the
last argument is an f-argument. In the proof of Theorem 7.17(1) and (2), we have
established that in addition, £; is minimal and alternating. By Lemma 6.15, E; has
Properties (Dygin-1)—(Dmin-6)-

The situation in line 35 of MakeMinimal is not too different. We have to determine
a minimal |-expression £’ satisfying £/ = E. Here, E is an alternating f-expression
with at least two arguments, for which both the first argument and the last argument
are J-arguments. In the proof of Theorem 7.17(1) and (2), we have established that in
addition, E has Properties (Dygin.1)—(Duin-5)-

Finally, the situation in line Dni.24 of procedure Denickify is completely analogous
to the previous situation: we have to determine a minimal f-expression E! satisfying
EZ’ = E, Here, E, is an alternating |-expression with at least two arguments, for
which both the first argument and the last argument are f-arguments. In the proof
of Theorem 7.24(1) and (2), we have established that in addition, E; has Properties
(Duin-1)—(Dyin-5)-

As the three cases are so similar, it is not surprising that they can be tackled by
the same procedure RotateToMinimal. As usual, T-expressions and |-expressions are
rewritten in analogous ways. In Figure 7.5, we give the procedure for |-expressions. In
fact, the procedure is just a (nested) if-then-else statement. In all cases, the result can
be achieved by a few insertions and removals of brackets and operators in the DNA
expression.

The name RotateToMinimal is derived from the procedure’s effect on the structure
trees of the DNA expressions involved. In the proof of Theorem 7.27, we will see that
the procedure is justified by Theorem 3.10 and Theorem 3.12. As we have depicted
in Figure 3.1, Theorem 3.10 corresponds to a rotation in the structure tree. In the
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present situation, Theorem 3.12, which is based on Theorem 3.10, corresponds to two
rotations in the structure tree.
We illustrate procedure RotateToMinimal by two examples.

Example 7.25 (cf. Example 7.5) Let

E = (1 ({J asag) a1 (T ann)) a1z (T ou3)) ,
for which

SE) = (200 ) () () (o) ().

The |-expression F is minimal and alternating, its first argument is an T-argument and
its last argument is not an f-argument. According to line RtM.6,

E' = (1 (T asag) aro (I (T ann) a1z (T as))) -

Indeed, S(E') = S(E), i.e., E' = E. Moreover, |E'| = |E|, which implies that £’ is
minimal just like E. |

Example 7.26 (cf. Example 7.11) Let

E = <¢ <T (T apaazagc(as)age(ar)agag) aig
(i (i 0é11> Q12 (i 0413CY140415> Q16 @ a17>) a8 @ CY190420> >
Q21 <T @ Oé22> 0423> > )

which denotes the formal DNA molecule X from Figure 7.2. The |-expression F
is alternating, has Properties (Dygin.1)—(Dwin.D), and both its first argument and its
last argument are f-arguments. Hence, it violates Property (Dyn.6). According to
line RtM.5,

£ = <T (T arasazayc(as)asc(ar)asag) g
<¢ @ 0411> 12 @ 061304140415> 16 (i 0417>> 18

(I (T a19ai0) 21 (T arg2)) gs > .

E’ also denotes X, i.e., E' = E. Moreover, it is easily verified that E’ has all six
properties from Lemma 6.15 and thus is minimal. ]

Procedure RotateToMinimal is also correct:

Theorem 7.27 Let E be an alternating | -expression with Properties (D pgin-1)—(Dppin-5),
for which either the first arqgument or the last arqgument (or both) is an 1-argument.

Then the string E' resulting from procedure RotateToMinimal is a minimal 1-
expression satisfying B’ = E.

Proof: Let E = (| &...¢,) for some n > 1 and N-words and DNA expressions

€1,...,En. Without loss of generality, assume that the first argument of E is an
targument: &1 = (T €11...€1m,—161,m,) for some m; > 1 and N-words and DNA
eXPIessions €11, - - -, E1,myi—1, E1,my -

By Property (Dwmin-3), m,m; > 2. Because the arguments of the |-expression FE
must fit together by lower strands, the last argument 1 ,,,, of £; cannot be an N-word.
Hence, by Property (Dyin.5), it is an J-expression ({ «) for an N'-word «. By the same
property, the first argument €;; of € is either an N-word « or an i—expression (i a)
for an N-word a.
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Because E is alternating and has Property (Dyn-4), each occurrence of 1 or | in F
is alternating.

By Property (Dyin.1) and Property (Dyn.2), each argument &; of E is either an
N-word «, or an J-expression (J «) for an N-word «, or an T-expression. The string
E’ resulting from procedure RotateToMinimal depends on whether or not the last
argument ¢, of E is an T-expression. We prove that in both cases, £’ is a minimal
T-expression satisfying £’ = F.

e Assume that ¢, is an T-argument, which implies in particular that £ does not
have Property (Duin.6) and thus is not minimal. Let ¢, = (T €n16n2- - Enmy,)
for some m,, > 1 and N-words and DNA expressions €,,1,En2 - - -, Enm,. Hence,

E={{e11 - -€1m-161m1)€2---En-1 (T Enina---Enmn)) -

By Property (Duin-3), my, > 2. When we apply Theorem 3.12(1) and (2) (with
r=1) to E, we find that

El = <T0 8171 RN 51,m1—1 <$1 51,m152 .. ~5n—15n,1> 8»,172 Ce en,mn>

is a DNA expression (and in particular, an f-expression) satisfying £’ = FE.
Moreover, each occurrence of 1 or | in E’ is alternating. In particular, £’ has
Property (Dyin-4).

As we observed before, the first argument €1 ,,, of |; (which used to be the last
argument of €1) is an J-expression (J a) for an N-word a. Analogously, the last
argument e, ; of |, is an J-expression (J ) for an N-word «. Clearly, |, has
at least two arguments.> Because mq,m,, > 2, the outermost operator 1, of E’
has at least three arguments. Now, it is easily verified that E’ has Properties
(Duin-1)—(Dyin-3) and (Dygin.b), simply because E has these properties.

Finally, because the first argument &1 of 1y is either an AM-word «, or an J-
expression (§ a) for an N-word «, E’ also has Property (Dypn.6). We conclude
that £’ has all six properties from Lemma 6.15 and thus is minimal.

e Assume that ¢, is not an T-argument. Hence,

E= <\L <T €11 - 817m1_1€17m1> Eo... 5n> s

where &, is either an N-word « or an J-expression (] «) for an N-word «. This
implies that E also has Property (Dy,.6), and thus is minimal itself.

By Theorem 3.10(1) and (2),

E = (T €1,1---€1,mi—1 (i €1,m.€2 - - en>)

is a DNA expression (and in particular, an T-expression) satisfying £’ = E. Each
occurrence of 1 or | in F’ is alternating. Because E is minimal and E’ is equally
long, E’ is also minimal.

O

3In fact, by Property (Dyjin-4). the two expression-arguments €1 ,,, and €, 1 of }; must be sepa-
rated by at least an A/-word-argument. Hence, the operator has at least three arguments.
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7.2 The algorithm for an example

In the previous section, we have illustrated each stage of our algorithm by some example
DNA expressions. It is instructive, though, to see the effect of the algorithm as a whole
for a single DNA expression. Therefore, we systematically work out the algorithm for
the DNA expression E7 from (7.1). Step by step, we rewrite this DNA expression into
an equivalent, minimal DNA expression. For simplicity, whenever we have to consider
certain arguments of a DNA expression ‘in some order’, we consider them from left to
right. To visualize the effect of the algorithm on the structure of the DNA expression,
we also give the structure trees of a number of the intermediate DNA expressions.

Recall that the algorithm is recursive: we first rewrite the expression-arguments of
a DNA expression F into equivalent, minimal expression-arguments, and then consider
E as a whole. For the structure tree of E, this means that it is reshaped in a bottom-up
fashion.

Example 7.28 Let E be the DNA expression Ef from (7.1):

=L TCU T Ta)as{l T a)as) Tas) ar))
(I (T as) (T (T o) 1o (T an)) 12 (T eus)) (T 0414> (7.15)
(L (T a1s) g (1 (T anr) cug)) (P (T o) (T o)) ) ) '
(T (4 azn)) (1 (T an) as) ),

as depicted in Figure 7.6. When we apply the function MakeMinimal to E, we ob-
serve a cascade of recursive calls. The first time that E' is actually rewritten, is when
MakeMinimal is called for the DNA subexpression E* = (] (} ag)). This is an J-
expression with a minimal J-argument. As we have seen in Example 7.1, by line 7 of
MakeMinimal, E* is simply substituted in F by its argument (I as), yielding

=00 OCU Tlaa)as{d T a)as)) §as) ar))
G Ta > (1 (T ag) aro (T 1)) aua (T 041 ) 1(114
(L (T aas) ase (1 (T aar) aas)) (1 (T ang) (T a20)) ) )
(T (4 az)) (1 (T ) azs) )

We subsequently consider the DNA subexpression

=T (Tt T ag)az () (T as)as)),

which is an J-expression with a minimal, alternating f-argument. As we have seen in
Example 7.18, by procedure MakeJExprMinimal, F* is substituted in E by (} ajasagay
c(a)). This yields

< <¢ <T (T (T aazasayc(as)) (T as) ar))
(4 (T as) (1 (T ag) oo (T anr)) a2 (T ouz)) (T o) (7.16)
(b (3 ans) e (1 (T ) ans)) (1 (T ang) (T azo)) ) ) :

(T (L aa1)) (P (T am)ass)),

as depicted in Figure 7.7.
We subsequently consider the DNA subexpression

E° = (i { @ arpagoc(os)) @ ag) a7 ),

«
«



106 Ch. 7 An Algorithm for Minimality
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Figure 7.6: Structure tree of the example DNA expression E; for the algorithm for
minimality, (7.15).

which is an J-expression, with a minimal, non-alternating |-argument. Hence, E*
violates Property (Dygin-1). As we have seen in Example 7.19, by procedure Make]Expr-
Minimal, E* is substituted in E by (| (I ajasazasc(as)) (§ age(ar))). This yields

E={ (M ¢ amasasc(as)) (T age(ar)))
(I (T as) (T (T ag) 1o (T ) @12 (L auz)) (T oua) (7.17)
(L (T a1s) ang (1 (T anr) ans)) (P (T o) (T o)) ) ) '
(M (4 a2n)) (1 (T an) oa3) ),

as depicted in Figure 7.8.
We subsequently consider the DNA subexpression

E* = (1 (I (T ansasasc(as)) (T ase(ar)))
(I (T ag) (1 (T ag) a1 (T an)) a1z (T auz)) (T aw)
(4 (T aus) ang (1 (T aur) aus)) (T (T o) (T an)) ),

which is an T-expression with five minimal expression-arguments. In the second for-
loop of MakeMinimal, we consider J-arguments of E° that are not alternating. There



7.2 The algorithm for an example 107

D) HO
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(@ a7 ag 10 13 o5 0 18 (g Qi
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Figure 7.7: Structure tree of the example DNA expression for the algorithm for
minimality, after two substitutions, (7.16). The dashed box encloses the part of the
tree that has changed as compared to Figure 7.6.

O
O DIE
(1) O @ s

O 4 & 1) 1) @21 Qg

D DT Daedoan@a®@@

agc(ar): as a1 Q13 a5 6 18 Q19 0

aqasagagc(as)

(&%) a1 a1y

Figure 7.8: Structure tree of the example DNA expression for the algorithm for
minimality, after three substitutions, (7.17). The dashed box encloses the part of the
tree that has changed as compared to Figure 7.7.
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are two such arguments, viz the first two arguments. As we have seen in Example 7.22,
by procedure Denickify, the first argument

By = (1 (I exazasauc(as)) (T ase(ar)))
is substituted in E by (I aqasasayc(as)age(ar)), yielding

E= {1 { {t ¢ arasazasc(as)age(ar))
(I (T as) (1 (T ag) a1 (T an1)) a1z (T auz)) (T aw)
(L (T aas) ase (1 (T aar) aas)) (1 (T ang) (T a20)) ) )
(T (4 az)) (1 (T an) ) ).

We also apply procedure Denickify to the second argument

By = ({1 (T ag) (T (T ag) aro (T anr)) ara (T aus))

of E*. The first two arguments of this minimal |-expression are consecutive expression-
arguments. In the only iteration of the while-loop in procedure Denickify, these
arguments are merged according to line Dni.14. The result is

Ey = () (1 (T asag) arg (T aur)) aua (T ous)) .

This |-expression has more than one argument and its last argument is not an -
argument. Hence, F5 is not modified any further in procedure Denickify (cf. Exam-
ple 7.4). When we substitute Ey in E by FEs,, we obtain

E= {1 { {1t (¢ arasazasc(as)age(ar))
(I (1 (T agag) a1o (T aur)) a1z (T aus)) (T aus) (7.18)
(L (T aus) ase (1 (T aar) aas)) (1 (T ang) (T a20)) ) ) '
(T (L aa)) (1 (T an)ass) ),

as depicted in Figure 7.9. In this overall DNA expression, the DNA subexpression £*
that we consider has become

E* = (1 (T arasasasc(as)age(ar))
(L (1 (T asag) aro (T an)) ara (T ans)) (T aua)
(4 (T aus) ang (1 (T aar) aus)) (1 (T ang) (T an)) ).

We proceed with the third for-loop of MakeMinimal, in which we consider J-arguments
FE; of E°, such that either the first argument, or the last argument of F; is an 71-
argument. There are two such arguments, viz the (new) second argument and the
fourth argument. As we have seen in Example 7.25, by procedure RotateToMinimal,
the second argument

Ey = (1 (1 (T asag) aio (T an)) anz (T aus))
is substituted in E by

(1 (T asag) aro (4 (T 1) cua (T auz)))
yielding

E= ({1 { (T araasasc(as)age(ar))
(1 (T asag) aro (4 (T anr) a1z (T auz))) (T awa)
(L (T a1s) ang (T (T anr) ans)) (P (T o) (T o)) ) )
(M (L aar)) (1 (T an) ) ).
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Figure 7.9: Structure tree of the example DNA expression for the algorithm for
minimality, after five substitutions, (7.18). The dashed box encloses the part of the
tree that has changed as compared to Figure 7.8.

We also apply procedure RotateToMinimal to the fourth argument

Ey = (} (T as) ase (T (T aur) aug)) -

The |-expression Fj is minimal and alternating, its first argument is not an f-argument,
but its last argument is an T-argument. According to line RtM.9, E, is substituted in
E by

(* (4 (T aus) g (T ar)) cuas)
(cf. Example 7.6). This yields

E=(( (1 {§araazasc(as)asc(ar))
(1 (T agag) arg (4 (T aur) a1z (T auz))) (T aua) (7.19)
(t (€ aus) a6 (T ang)) cus) (1 (T o) (T ano)) ) ) '
(t (L aar)) (1 (T an)as) ),

as depicted in Figure 7.10. In this overall DNA expression, the DNA subexpression £*
that we consider has become

B = <T (T apaagagc(as)age(ar))
(T (T asag) aro (4 (T anr) arz (T ars))) (T aa)
<T <¢ @ CY15> (16 (i a17>> a18> (T @ a19> @ a20>) > .

We proceed with the fourth for-loop of MakeMinimal. As we have seen in Example 7.8,
in this loop, we substitute the three T-arguments of £ by their respective arguments.
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o apazasc(as)ose(or)

Figure 7.10: Structure tree of the example DNA expression for the algorithm for
minimality, after seven substitutions, (7.19). The dashed box encloses the part of the
tree that has changed as compared to Figure 7.9.

The overall DNA expression resulting from these three substitutions is

E= ({1 { {t (T arasasasc(as)age(ar))
(T agag) aig (I (T o) ara (T ans)) (T aw) (7.20)
(4 (T aas) are (T eur)) aus (T ong) ($azo) ) ) '
(M (L aar)) (1 (T an) ) ),

as depicted in Figure 7.11. As we have seen in Example 7.9, the DNA subexpression
E? of E that we consider is not modified any further in its own call of MakeMinimal.
We subsequently consider the DNA subexpression

£ = <¢ <T (T arasazayc(as)age(aq))
(T asag) aig (I (T an) iz (T az)) (T aus)
(L (T aus) e (T ur)) ans (T ano) (Tamo) ) ),

which is a |-expression whose only argument is a minimal T-argument E; that is not
alternating. Hence, F; makes E° violate Property (Dypn.4). In the second for-loop
of MakeMinimal, we make this argument nick free. In particular, as we have seen in
Example 7.23, by procedure Denickify, £ is substituted in F by

(1 ($ arasasauc(as)ase(ar)agag) ag

(I (T ) a1z (T arzangas) ase @ Qi7)) ous @ Q190i20) > .
This yields
E = <¢ <¢ <T @ 041042043&4C(065)0660(047)048049> 10

(3 (T o) a12 (T aazonacus) a (3 car)) aas (T arga) > > (7.21)
(t{}az)) (1T az)as) ),
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ayagagayc(as)age(ar)

Figure 7.11: Structure tree of the example DNA expression for the algorithm for
minimality, after ten substitutions, (7.20). The dashed box encloses the part of the
tree that has changed as compared to Figure 7.10.

Figure 7.12: Structure tree of the example DNA expression for the algorithm for
minimality, after eleven substitutions, (7.21). The dashed box encloses the part of the
tree that has changed as compared to Figure 7.11.
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as depicted in Figure 7.12. In this overall DNA expression, the DNA expression E*
that we consider has become

Es = (] {1t (T cranazouc(as)age(ar)asag) aig
(I (T ann) arz (T azanans) ais (T air)) ais (T argazo) > > '

The third and the fourth for-loop of MakeMinimal do not affect E*. In the if-then-
else construction at the end of the function, we observe that E? still has one argument,
which is a DNA expression. Hence, E* violates Property (Dyin-3). According to line 31,
E? is substituted in E by this expression-argument, yielding

E = <¢ < (T arasazayc(as)age(ar)agag) arg
( @ 0411) Q12 (i 041306140615> 16 @ Oé17>> a1 @ 06190420> >

(P (4 az)) (1 (T an) os) ).

We subsequently consider the DNA subexpression E* = (1 (| a91)), which is an 1-
expression whose only argument is the minimal, alternating J-argument (| aw). The
for-loops of MakeMinimal do not affect E*°. As we have seen in Example 7.10, by
the if-then-else construction at the end of the function, £* is substituted in F by its
argument (| agy), yielding

E = <¢< (T arasazayc(as)age(ar)agag) aig
( (i 0411) 12 (i 061306140415> 16 @ 0617>> 18 @ 06190420> >

<¢ 0421> <T @ 0622> 0623> > .

At last, we consider F itself, which is a |-expression with three minimal expression-
arguments. The second and the third for-loop of MakeMinimal do not affect E. In the
fourth for-loop, we discover that the second argument of F is the |-expression (| ag;).
Hence, E violates Property (Dyin.2). According to line 27, we substitute (| o) in E
by its own argument as;. This yields

E = <¢ < (T aqasazayc(as)age(ar)asag) agg
( (i Oé11> Q19 @ 041304140415> Oé16 i Ol17>> (63T @ 04190420> > (7'22)
(0931 <T @ Oé22> a23) > >

as depicted in Figure 7.13. In the if-then-else construction at the end of MakeMinimal,
we observe that the |-expression E has more than one argument, is alternating and
that both its first argument and its last argument are t-arguments. Hence, according to
line 35, we apply procedure RotateToMinimal to £. As we have seen in Example 7.26,
E is substituted by

£ = <T (T arasazayc(as)age(ar)agag) ang
(I (T an) aix (§ aasaiaaas) age (T aar)) oas (7.23)
(I (T cngarag) vy (T v2)) cag > .

This is the final result Ej of the algorithm, and has been depicted in Figure 7.14.

We encountered Ej already in Example 7.11. There, it appeared to be one of the
two minimal DNA expressions that are equivalent to the original DNA expression Ef
from (7.1) and (7.15). Note, however, that in Example 7.11, we obtained the two
minimal DNA expressions from the semantics of Ef, using the recursive construction
from Theorem 5.12. Here, we have simply performed string manipulations on the DNA
expression itself, as prescribed by procedure RotateToMinimal. [ |
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ayagagayc(as)age(ar)agag 12 @ Q16 Q19020

Q11 (13415 Qqr

Figure 7.13: Structure tree of the example DNA expression for the algorithm for
minimality, after fourteen substitutions, (7.22). The dashed box encloses the part of
the tree that has changed as compared to Figure 7.12.

Q23

aragagagc(as)age(ar)agag

11 345y (9 22

Figure 7.14: Structure tree of the example DNA expression F3 for the algorithm for
minimality, after all fifteen substitutions, (7.23).

In the above example, when we compare the original DNA expression Ef and its
structure tree (in Figure 7.6) to the final DNA expression Ej and its structure tree
(in Figure 7.14), we can conclude that the latter are not only smaller, but also much
better readable.

One may be surprised by some of the differences between the two structure trees.

For example, in the original tree, the N-words «q, ..., a7 are in one subtree, and the
N-words ag, . .., ay3 are in an adjacent subtree. In the final tree, ag and oy have joined
ai,...,qr7, whereas o, . .., a3 have not made this move.

At first sight, one might think that it requires very complex steps to achieve such
changes. This is, however, not the case. Every substitution performed by the algorithm
corresponds to a relatively simple, local rearrangement of the structure tree.

The substitution that probably has the largest effect on the tree, is the one in
line MJM.5 of procedure MakeJExprMinimal. There, we substitute a J-expression E;
by the {-expression ({ ag,,). The effect on the structure tree is that the subtree
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corresponding to Fj,; must be replaced by a node labelled by J, with a child node
labelled by ag,,. This N-word ap,, is the concatenation of all N-words (possibly
complemented) in the leaves of the subtree of E;;. Since this effect is restricted to a
subtree of the total structure tree, and is uniform for the entire subtree, we may also
view this as a local change.

In our running example, we have used line M{M.5 of Make[ExprMinimal once, in
Example 7.18. There, we substituted the (small) |-expression E1; = (| (J au) as) by
(T ap,,) = (I asc(as)). Part of the difference between the structure trees in Figure 7.6
and Figure 7.7 can be traced back to this substitution.

7.3 Detailed implementation and complexity of the
algorithm

In § 7.1, we have described an algorithm for rewriting an arbitrary DNA expression
into an equivalent, minimal DNA expression, and we have proved that the algorithm
is correct. However, we have not specified all details of the algorithm. We now work
out these details in an implementation of the algorithm. The details concerning the
datastructure for the DNA expression have immediate consequences for the complexity
of the algorithm. Therefore, we discuss these details in the context of an analysis of
the complexity.

The recursive function MakeMinimal contains four successive for-loops. In each for-
loop we consider (some of) the expression-arguments of £ ‘in some order.” Because dif-
ferent expression-arguments are rewritten independently, the actual orders used within
the loops do not influence the result. We choose to consider the expression-arguments
in the order of their occurrence in the DNA expression, like we did in Example 7.28.
This is the most natural order.

The fact that different expression-arguments are rewritten independently, also im-
plies that the aggregate effect of the four loops on a particular expression-argument F;
of E depends only on E; itself. We can as well perform all operations (at most four)
on FE; first, before proceeding to the next expression-argument. This way, the four
for-loops can be replaced by a single for-loop. The conceptual advantage of this is that
each expression-argument is considered only once, instead of (at most) four times.

When we modify the algorithm in the above way, and also refer to the procedures
Make[ExprMinimal, Denickify and RotateToMinimal more directly, we obtain the
function in Figure 7.15.

One may wonder why we did not use a single for-loop in MakeMinimal from the very
beginning. The reason is, that it is easier to formulate invariants for the four separate
loops, than it would be for a single loop with all four types of substitutions. We need
such invariants to prove the correctness of MakeMinimal, see the proof of Theorem 7.17.

We now examine the time complexity of the algorithm. In our analysis, we will
frequently use the big O notation. For example, we will say that the time spent in (a
specific part of) the algorithm for a given DNA expression E is in O(|E|). Recall from
§ 2.1, that in this case, in order to conclude that this time really is linear in |E|, we
have to establish that |E| also provides a lower bound for the growth rate.

When we apply the function MakeMinimal to a DNA expression F, all arguments
of E are examined individually. By a cascade of recursive calls of the function, the
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1".  MakeMinimal (F)
// recursively rewrites an arbitrary DNA expression F
// into an equivalent, minimal DNA expression

2.
3. if (E is an J-expression)
4", then if (the argument of E is a DNA expression FE))
5. then MakeMinimal (FE));
// we proceed with the new (minimal) version of Fj
6. if (B, is an J-expression)
7. then substitute FE by Fi; (Dyin - 1)
8. else // E; is an f-expression or a |-expression
9. substitute E by the result
of procedure Make[ExprMinimal; (Dyin - 1)
10". fi
11". fi
12'. else // E is an T-expression or a |-expression;
// without loss of generality, assume it is
// an fT-expression (T¢e;...g,) for some n > 1
// and N-words and DNA expressions €y,...,&,
13". for (i=1 to n)
14'. do if (¢; is a DNA expression FE;)
15. then MakeMinimal (FE;);
// we proceed with the new (minimal) version of F;
16". if (F; is a |-expression which is not alternating)
17". then substitute E; in E by the result
of procedure Denickify; (Dyin -4)
18'. fi
19". if (F; is a |-expression for which the first argument
or the last argument is an f-argument)
20. then substitute E; in E by the result
of procedure RotateToMinimal; (Dyin - 5)
21", fi
22", if (E; is an T-expression)
23, then substitute F; in F by its arguments; (Dyi,.2)
24 . fi
25, fi
26’ . od
27 . if (F has only one argument &)
28, then if (¢; is a DNA expression FEj)
29", then substitute F by Ei; (Dyin -3)
307, fi
31, else // E has at least two arguments
32 if (F is alternating and both its first argument
and its last argument are |-arguments)
33 then substitute E by the result
of procedure RotateToMinimal; (Dyin - 6)
34" fi
35, fi
36. fi
37. }

Figure 7.15: More detailed pseudo-code of the recursive function MakeMinimal (cf.
Figure 7.1).
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(Tar) (4 ( taz( Las) jau( Las)
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Figure 7.16: First two features of the datastructure used in the implementation of
the algorithm for minimality. (a) An example DNA expression, where the letters are
stored in a doubly-linked list (indicated by the dashes). (b) The result after substitut-
ing the J-subexpression ({ (I a1)) by (I a1). Corresponding brackets are connected,
and the first letter and the last letter of each maximal A -word occurrence are con-
nected. Note that each of the maximal N-word occurrences aj, ..., a5 may consist
of many more than one N-letter. We can use connections 1, 2 and 3 as indicated to
step through the DNA expression efficiently, for the substitution of the |-subexpression
T asTas)as (T as) by (Tax(d (§ as)as($ as))). (¢) The result after this sub-

stitution.

expression-arguments of £/ are examined up to the highest nesting level of the brackets.
This way, in principle every letter of E is considered. Hence, the time required for
executing the function is at least linear in the length of F.

We demonstrate that the function can indeed be executed in linear time, if we use
a proper datastructure to store £ in. We now discuss two features of a possible, proper
datastructure. We later introduce two more features.

First, it is useful to store (the letters of) E in a doubly-linked list. Then letters
can be inserted and removed in constant time. For example, in line 7’ of the function,
substituting an J-expression F by its (minimal) J-argument E; corresponds to removing
three redundant letters: an occurrence of J, and the corresponding brackets. We have
depicted this in Figure 7.16(a) and (b) for the DNA subexpression (J (J a1)) of an
example DNA expression.

As another example, in line 20’ of the function, substituting a J-argument

Ez = <J/ <T €11+ 51,m1—1€17m1> ... €n> (724)
for some my,n > 1 and N-words and DNA expressions €11, . ..,&1m, and €q,...,&, by
an equivalent T-argument

E = <T 81’1 .. .81’m1,1 <\l/ 61,m1€2 . 5n>> (725)

(the result of procedure RotateToMinimal) corresponds to moving the operator |, an
opening bracket and a closing bracket to new positions. Moving a letter to a new
position means that we remove it from its old position and insert it at its new position.

It is important that we can easily approach the positions in the DNA expression
where operations like removals and insertions must be performed. In particular, it
is useful if we can step directly from, for example, the first letter to the last letter
of an argument, and vice versa. This is the second feature of the datastructure: we
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connect each opening bracket to the corresponding closing bracket, and for each N-
word-argument of an operator, we connect the first letter to the last letter. Moreover, if
we allow N -word-arguments of an operator that are not maximal N -word occurrences,
then we also connect the first letter of each maximal N-word occurrence to the last
letter. We establish such connections both from left to right and from right to left.

For example, with these connections it is easy to rewrite the |-expression E; from
(7.24) into the T-expression E! from (7.25). Let us use €; to denote the first argument
(T€11---€1m—1€1,my) of E;. We can step directly from the end of E; (where a closing
bracket must be inserted), via the beginning of F; (where the operator | and an opening
bracket must be removed), and the end of £; (where a closing bracket must be removed),
to the beginning of €1 ,,,, (where an opening bracket and an operator | must be inserted).
This way, the entire substitution can be performed in constant time, independent of
the length of E; or the length of £;. In Figure 7.16(b) and (c), we carry out this
substitution for the DNA subexpression E; = (] (1 a2 (I a3)) a4 (I as)) of our example
DNA expression.

We can also use the connections to travel efficiently along all arguments of a given
operator. In two steps we can move from the beginning of an argument, via the end
of that argument, to the beginning of the next argument. This requires constant time,
independent of the length of the argument.

All connections can be initialized in linear time. For any (basic) operation applied
to F, the connections can be updated in constant time. Hence, the overhead for
maintaining the connections is linear in the time required for the function MakeMinimal
itself.

The connections enable us to perform most instructions in the function in constant
time. There are, however, two places in the function, where we may spend more than
constant time. These places are line 9, where we apply procedure Make[ExprMinimal,
and line 17', where we apply procedure Denickify. Moreover, the test if F; is not
alternating in line 16" and the test if F is alternating in line 32’ may be time consuming.
We may have to examine all arguments of a DNA expression, before we can decide
whether or not it is alternating.

If the datastructure for the DNA expression ' does not have more features than
we have described so far, then the function MakeMinimal requires quadratic time for
specific instances of E. We illustrate this by two examples, one for line 9’ and one for
line 17’ of the function.

In procedure MakeExprMinimal, we first substitute all |-arguments of the ‘working
DNA expression’ El, and then substitute all N-word-arguments. As it is, in order
to find all |-arguments (or N-word-arguments) of a given DNA expression, we have
to examine all arguments, and check if they are |-arguments (N -word-arguments,
respectively).

Example 7.29 Let a be an arbitrary N -word, and let

Ey = (J aa)

By, = (1 Egp1 (T @) a) (p=>1)

Eopi1 = (T Eap) (p=>1).
Hence,

E; = (Jaa)
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Ey, = (1(
By = (1
Ey = (1(

/\/\Q
£
S8l

ya)) (T a) )

It is easy to prove by induction on p, that for any p > 1,
e both Fy, and Ey,;; are DNA expressions,

SEn) = (am)a (fam) 2 o) (0)

S(Eypi1) = (c(aaoc;))A T (C&O&)) > (C&O&))

p times

o [Ey|=3-3p+(2p+2)-|a and [Eypi| =3-Bp+1)+ 2p+2) - |al.

In particular, the lengths of Fs, and Ey,,, are linear in p.

Moreover, by Summary 6.12(5), Theorem 5.28 and Theorem 5.26, for p > 1, the
only minimal DNA expression denoting S(FEs,), i.e., the only minimal DNA expression
that is equivalent to Ey, is

(& J/
'

p times

By, - <¢ ( aq)...{J aa) <$a>a>.
By Lemma 6.14(2), the only minimal DNA expression denoting S(Esp11) is

(. S
v~

p times

opi1 = <T (Jaa)... (Taa)(l aa>> :

Now, let p > 1 and let us apply the function MakeMinimal to the J-expression Es,41,
with argument F,,. When we call the function recursively for Es,, this argument is
rewritten into ), as that is the only minimal DNA expression that is equivalent to
Esp. The f-expression Ej, has p + 2 arguments. In procedure Make]ExprMinimal, we
need time that is linear in p to examine them all, to see if they are |-arguments or
N -word-arguments.

Likewise, at a higher level of the recursion, we have had to examine the p+1,p, p—
1,...,3 arguments of Eé(p—l)’ Eé(p_Q), Eé(p_?)), ..., B}, respectively. Altogether, this
takes time that is quadratic in p, and thus in the length of Es, ;. [ |

In every iteration of the while-loop in procedure Denickify, we select two consecutive
expression-arguments of the ‘working DNA expression’” E;, and merge them into a
single new argument. We have not specified how to select these consecutive expression-
arguments. We have not even specified how to find them. As it is, we must examine all
pairs of consecutive arguments of F; to see if both of them are expression-arguments.
Without further care, this may lead to a quadratic number of steps, as we see in the
next example.
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Example 7.30 Let a be an arbitrary N -word, and let

E; = ({ aa)

By = (T Eyp1 a (T a) (T a)) (p=>1)

Eopi1 = (I Eap) (p>1).
Hence,

E, = (Jaa

Ey, = 1t Qanyala)da))

By = (1 (M {Tax)al o)l a))

By = 0 Taala)a))ala)laq)

It is easy to prove by induction on p, that for any p > 1,
e both Fy, and Ey,;; are DNA expressions,

S(Eop) = (c(ﬁ)) (f) e (c(%iy)) (g)/ (c(oéz))ﬂ(c(oév))

N

~
p times

S(Epy1) = \(c(ccvxo(;)) (g) e (c((zé)zoc[x)) (g), (c((zoc;))

~
p times

o [Ey|=3-4p+ (Bp+2)-|al and |Eypir| =3 (4p+ 1)+ Bp+2) - |al.

In particular, the lengths of Es, and Es,; are linear in p.
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Moreover, by Summary 6.12(5), Theorem 5.28 and Theorem 5.26, for p > 1, the
only minimal DNA expression denoting S(Ey,), i.e., the only minimal DNA expression

that is equivalent to Ej, is

~
p times

E;p:<T\($aa>a...<iaa)a(ia>(ia)>.

By Lemma 6.14(1), the only minimal DNA expression denoting S(Esp11) is

~
p times

ol = <T$$aa>a...<$aa)q($aa)>.

Now, let p > 1 and let us apply the function MakeMinimal to the |-expression Fg,iq,
with argument F,,. When we call the function recursively for Es,, this argument is

rewritten into Ej ),

as that is the only minimal DNA expression that is equivalent to

Esp. The T-expression Ej, has 2p + 2 arguments. In procedure Denickify, we need
time that is linear in p to examine them all, to see if there are consecutive expression-

arguments.

Likewise, at a higher level of the recursion, we have had to examine the 2p, 2p —

2,2p —4,....4 arguments of Ey ), By o).

this takes time that is quadratic in p, and thus in the length of Es, ;.

a(p=3) El, respectively. Altogether,
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(1(3on) (taz{ 4 (Fas)as(Fas) ) ) (T (1 {a) ( Jar)
\Nd — -

ag
J

~

—

Jonjoa( ] (Jas)aa(Jas) ) (1 (Jas) ( Jaras) ) (1 (Jas) ) )
N == v /A

|

(1t (Jor)oa( ] (Tas)aa(Las) ) (L) ( Laras) (1 ( Jag) ) )
== )Y

Figure 7.17: Third feature of the datastructure used in the implementation of the
algorithm for minimality. Each occurrence of 1 or | has a circular, doubly-linked list
of its non-J-arguments. (a) The lists for an example DNA expression. Note that the
list is empty for the last occurrence of 1. (b) The result after substituting the 1-
subexpression (T ag (| (T a3) ag (T as))) by its arguments. (c¢) The result after using
procedure Make[ExprMinimal to substitute the J-argument (I (1 (T ag) (I a7) as)) by
(1 (T a6) (T arag)). As explained in the text, we do not need to insert the resulting 1-
argument into the list of non-J-arguments of the outermost operator 1. (d) The result
after substituting the f-subexpression (1 (J ag) (I aras)) by its arguments.

In order to avoid the quadratic time consumption of the algorithm due to the execution
of procedures MakeJExprMinimal and Denickify, we add two more features to our
datastructure, one for each procedure. We first focus on a feature that is useful for
Make[ExprMinimal: for each occurrence of 1 or | in F we maintain a circular, doubly-
linked list of its non-J-arguments. In fact, the list contains (the positions of) the first
letters of the non-J-arguments. This is the third feature of our datastructure. In
Figure 7.17(a), we show the lists for all occurrences of 1T and | in an example DNA
expression.

The time required to initialize the lists for all occurrences of 1 and | in F is linear in
|E|. One can verify that for almost every operation performed on £ in the course of the
algorithm, the lists can easily be updated in constant time. For example, in line 23’ of
MakeMinimal, we substitute an T-argument F; of an T-expression by its own arguments.
In principle, we can simply substitute £; (which is a non-J-argument itself) in the list
of non-J-arguments of its parent operator by the list of its own non-J-arguments (see
Figure 7.17(b)).* As both lists are doubly-linked lists, we can do this in constant time.

4There is a little subtlety one has to consider when implementing this: if E; is preceded by an
N-word-argument and its own first argument ¢, ; is also an N -word-argument, then these N-word-
arguments merge into one maximal A/-word occurrence. Hence, instead of two A/-word-arguments
in the new list of non-J-arguments, one may have a single maximal A -word occurrence. In the
example from Figure 7.17(a), this would be the case if the first argument of the DNA expression were
oy instead of (J o). We may have an analogous situation with the last argument of E; and the
argument succeeding F;.
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The only exception is line 9" of the recursive function. There, we substitute an J-
expression E = ( Ej), where Fj is a minimal 1-expression or J-expression, by the result
of (precisely) procedure Make]ExprMinimal. If, for example, £} is an T-expression, then
the result may also be an f-expression E' = (1 (J au) ... ($ @) for some m > 2 and
N-words ay,...,a,,. If E is not the entire DNA expression and its parent operator
is 1 or |, then E’ should be inserted into the list of non-J-arguments of the parent
operator.

There are ways to do this in constant time, but we may as well omit it. Suppose
that we omit it, like we do in Figure 7.17(c). We examine what the next step of the
algorithm is, after substituting £ by £

MakeMinimal had been called recursively for £ (as expression-argument of a larger
DNA expression) in line 15'. If the parent operator of E is |, then according to lines
16'-18', the next step of the algorithm is to substitute E’ (which is not alternating)
by the result of procedure Denickify, which is the nick free J-expression (§ oy ... an).
If, on the other hand, the parent operator is 1, then according to lines 22'-24’ the
next step of the algorithm is to substitute E’ by its J-arguments (J cv), ..., (] am),
as in Figure 7.17(d). In both cases, it does not hurt that E’ was not in the list of
non-J-arguments of its parent operator. It is substituted by only J-arguments, after
all.

We conclude that for every operation performed on E, we can (sufficiently) update
the lists of non-J-arguments in constant time. Hence, if the total number of operations
performed by the algorithm is in O(|E|), then so is the time spent on updating these
lists.

In procedure MakeJExprMinimal, both the |-arguments and the A/-word-arguments
are substituted ‘in some order’. Hence, the order of the non-J-arguments in the lists
is not important. It is, however, natural to have the arguments in the order of their
occurrence in the DNA expression. This property can easily be achieved. In fact, it is
very natural to implement the initialization and updatings of the lists in such a way,
that the lists always have this property.

Example 7.31 In Example 7.29, we defined a series of DNA expressions Ey, s, Fs, . . .,
for which the function MakeMinimal spent at least quadratic time in procedure MakeJExpr-
Minimal. This complexity was based on the assumption that for p > 1, all p + 2
arguments of the T-expression

By, = <m aa) ... (} aa) (1 a>a>

~
p times

have to be examined to see if they are |-arguments or A'-word-arguments. This requires
time that is linear in p.

Now that we have a list of non-J-arguments for each occurrence of 1 or |, we can
do better. We can simply traverse the list of the outermost operator 1 of Ej . Because
the only element of this list is the last argument « of Ej, this requires constant time.

|

We prove that the current features of the datastructure are indeed sufficient to execute
procedure MakelExprMinimal efficiently. For this proof and a later proof, we need
some additional notation:
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Definition 7.32 Let E be an arbitrary DNA expression.
e n,(E) is the number of maximal N -word occurrences in E.

o noy(E) is the number of maximal N'-word occurrences in E for which the parent
operator is an occurrence of J.

o Nyt (E) is the number of mazimal N -word occurrences in E for which the parent
operator is an occurrence of either T or |.

o ny1 (E) is the number of N -letters occurring in E, for which the parent operator
(of the mazimal N -word occurrence that the N -letter is part of ) is an occurrence
of either 1 or |.

Let X be an arbitrary formal DNA molecule.
o 14 (X) is the number of single-stranded components of X.

Note the difference between nqt (E) and na4 (E): natr (E) denotes the number of
certain maximal A/-word occurrences, whereas n4| (E) denotes their total length. Note
also that in Definition 4.5, we introduced the notation n4(X), for the number of double
components of a formal DNA molecutle X. The notation n4 (X)) is the natural variant
for single-stranded components. Obviously, for each DNA expression E, n,(F) =
nat(E) + My (E) and nag, (E) < nyey (E).

Example 7.33 Let E be the DNA expression E} from (7.1) and let X = S(E) (see
Figure 7.2). Then

S

na(E) =
nap(E) =
nat (B) =
(E) =

) =

S

o | + as| + as| + |az| + |azo| + |ona] + |aae] + [ais| + |aar| + |as],
6

23,
13,
10,
nay (B
(X :

Lemma 7.34 Let EY be an arbitrary DNA expression. The total time that the function
MakeMinimal applied to E spends in procedure Make[ExprMinimal is in O(|E}|).

Proof: Let E° = (] Ey) be an J-expression whose argument F; is a minimal 1-
expression, and let us apply procedure Make]ExprMinimal to E*. We first analyse the
time required for this single application of the procedure. We will use the outcome of
this analysis to prove the claim about the total time spent in the procedure during the
execution of MakeMinimal for E7.

The main part of procedure Make[ExprMinimal consists of the two for-loops. The
other instructions of the algorithm require constant time. We assume that we have a
list containing the non-J-arguments of FEj.

Clearly, if E; does not have any non-J-argument, then also the for-loops require
constant time. In that case, the total time spent in procedure MakeJExprMinimal for
E?® is constant.
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Now, assume that E; has at least one non-J-argument. We prove that the number
of non-J-arguments is at most ny4 (E*). °

By Corollary 6.2, the arguments of E; are N-words o ;, or J-expressions (] o ;)
for N-words aq;, or J-expressions. In particular, the non-J-arguments are AN -words
aq,; and J-expressions. By Lemma 6.3, the expression-arguments of £ are nick free.

For each N-word-argument o ; of Ej, the parent operator is 7. Hence, this ar-
gument contributes its length |y ;| > 1 to nay (E®). By definition, an J-argument
(3 a1,) of Ey does not contribute at all to na4 (E£®). Finally, each J-argument E; of
Ey contributes nart) (E1;) to nae (E®). As all occurrences of N-letters in E® are in
arguments of F;, we have

(B = > lowl+ D nyn(Br). (7.26)

N-words a1 ; J-expr. Eq ;

Consider a |-argument £ ; of E;. E;; is in particular a proper DNA subexpression of
E;. Hence, by Lemma 6.17(4), it has at least one N -word-argument «. Because the
parent operator of this N-word-argument is |, na4 (E1;) > |a| > 1. This implies that
nar+,(E®) is an upper bound for the number of non-J-arguments of E.

Because there is a list of the non-J-arguments of Ej, the time needed to just it-
erate along all J-arguments and N -word-arguments is linear in the number of non-J-
arguments, which thus is in O(na+ (E?)).

We now examine the operations performed for the non-J-arguments.

e Let By ; be a J-argument of F;. In line M{M.5, we substitute E;; by <i aEu>.
For this, we first have to determine ap, ;. We prove that we can do this in time
that is in O(”NTJ,(ELZ'))'

We can determine ag, ; by traversing Fy ; from left to right, skipping the operators
and the brackets, and linking the maximal N-word occurrences we encounter.
Those maximal A/-word occurrences that have (an occurrence of) | as their parent
operator, must be complemented first, before they are added to ag,,. For the
moment, however, we ignore these complementations.

Each operator occurring in E;; corresponds to a DNA subexpression of Ej ;.
This DNA subexpression is a proper DNA subexpression of F;. Hence, by
Lemma 6.17(4) the total number of operators occurring in F ; is limited by the
number of maximal N-word occurrences in Fj ;, which we denote by n,(E1 ;).

As for the maximal N-word occurrences themselves, recall that we can step di-
rectly from the beginning of a maximal A/-word occurrence to the end. Therefore,
the upper bound on the number of operators implies that the total time required
for traversing E ; from left to right, skipping the operators and the brackets, and
linking maximal N-word occurrences is linear in n,(E1 ;).

We now relate n,(E;;) (the total number of maximal N-word occurrences in
E1 ;) to naty(E1;) (the maximal N-word occurrences with parent operator 1 or
1). Consider an arbitrary minimal, nick free f-expression or |-expression F,

®Under the natural assumption that each N-word-argument of E; is a maximal N-word occurrence,
we could easily derive a tighter upper bound on the number of non-{-arguments, viz nyqy (E®). How-
ever, this would not be sufficient as an upper bound for the total time spent in the call of procedure
Make]ExprMinimal for E*. As we will see later in the proof, we have to determine the elementwise
complement of maximal N-word occurrences with parent operator |. We cannot do this in time in
O(nty (E*)). We come back to this in § 7.4.
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and let X = S(F). By Summary 6.12, X contains at least one single-stranded
component and FE is constructed according to Theorem 5.12. It is not difficult
to prove by induction on the lower of B+(X) and B(X), that there is a 1-1

correspondence between components of X and maximal A-word occurrences in
Q5 —

E. Each upper component ( ) (or lower component (a ) or double component

i
Qy

(c(a ))) for an M-word «; corresponds to a maximal N-word occurrence «; whose
7

parent operator is 1 (or | or J, respectively).

This holds in particular for the minimal, nick free |-expression E; ;. Let X, =
S(El,i)- Then

Naty(Bri) = np(Xag) > 1,
nai(El,i) = n¢(X1,i).

Because, by Corollary 2.9, double components and single-stranded components
alternate in X, ;, we have

np(X1q) <y (X)) +1 <20 mq (X1a).
Combining the above equations, we find that

no(E1i) = nar (Bri) + nag(E1,)

= nNaty (1) + ng(Xy)
Nt (Eri) + 2y (X )
= 3 N (Ery).

IN

In words: the total number of maximal N-word occurrences in E); is at most
3 times the number of maximal N-word occurrences in Fj; with parent opera-
tor 1 or |. This implies that the time required for traversing E;; from left to
right, skipping the operators and the brackets, and linking maximal N -word oc-
currences is linear in nqq (£ ;). Because ngry(E1;) < nay(Er,), this time is in
O(nwcry(Evi))-

We finally examine the time required for complementing the maximal N-word
occurrences in Fj ; that have | as their parent operator. Clearly, these maximal
N-word occurrences contain at most ny (E1;) N-letters. Moreover, it does
not really cost time to find these maximal A/-word occurrences: we encounter all
maximal A -word occurrences anyway while traversing E ; from left to right, and
it is not difficult to keep track of their parent operators (a stack of operators that
are currently ‘active’ is sufficient). This implies that the additional time needed
to determine the elementwise complements of the maximal A-word occurrences
with parent operator | is in O(npry (E1;)).

We conclude that the time required for determining ag,, is in O(npry(E1;)).
Having determined o, ,, we can substitute Ey; by <$ O‘Eu> in constant time.
Hence, the total time requirement for line MJM.5 is also in O(npry(E1,)).

Let ay,; be an N-word-argument of ;. In lines MJM.8-MJM.17 of procedure
Make[ExprMinimal, we substitute oy, (possibly together with a preceding and a
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succeeding J-argument) by a new J-argument. We can do this in constant time.
Hence, we can certainly do this in time that is in O(|ay ).

Recall that if F; is not an f-expression, but a |-expression, then we must com-
plement the N-word-argument a ;, before we make it (part of) the argument of
1. Determining the elementwise complement of «;; requires time that is linear
in |y ;|. Also in this case, the total time required for the substitution of «;; is
in O(|Oél7i|).

When we combine the time requirements for the operations on the two types of argu-
ments, we find that the total time required for the operations on all non-J-arguments
is in

> Olwn(Br))+ Y, Oflawl).

J-expr. E1; N-words a1 ;

By (7.26), thisis in O(nary (E®)). Hence, the total time spent in procedure Make]Expr-
Minimal for the case that F; has at least one non-J-argument is in O(npry (E®)).

For the general case (E; with or without non-J-arguments), the time spent in the
procedure is in O(1 + na4 (E*)). The resulting DNA expression E*' is equal either to
(3 an 1) for an N-word a1, or to (1 ($ ar1) ... (J a1m)) for some m > 2 and N-words
Q11,01 In both cases, ny (E*") = 0. Now, let E be the overall ‘working DNA
expression’ of the algorithm. When we substitute E* in E by E¥, ny (F) decreases
by an amount of nprq (E*).

When we use function MakeMinimal to determine an equivalent, minimal DNA
expression for the original DNA expression Ef, there may be several J-subexpressions
E* for which we apply procedure Make]ExprMinimal. Let EX, ..., E? for some r > 0
be all these J-subexpressions. For h = 1,...,r, we spend O(1 + ny4 (E})) time in
procedure Make]ExprMinimal, and as a result ny (F) decreases by nart (E). The
total time spent in the procedure is in

O(1 +nparpy (EY)) + -+ O(1 + nprpy (E7)),
which is in
O(r + napy (EY) + - 4+ navpy (E7)).

In the course of the algorithm, we also perform other operations on DNA subex-
pressions of E. It is easily verified that none of these operations changes the parent op-
erator of any N-word « occurring in E. In particular, none of them increases nary (E).
Hence, the sum of the decreases of ny+ (E) caused by the application of procedure
Make]ExprMinimal to EX, ..., E? is bounded by the initial value of ny+ (E):

nar (EY) 4 e (B7) < navy (ET).

But then the total time spent in procedure MakeJExprMinimal is in O(r + nprt) (EY)).

It follows directly from lines 5’10’ of MakeMinimal, that r is bounded by the number
of recursive calls of MakeMinimal. It is not hard to prove by induction that this number
(including the call for E7 itself) equals the number of operators occurring in E7, which
is in O(|EY|). By definition, nar  (EY) is also in O(|E}|). We conclude that the total
time spent in procedure MakeJExprMinimal while executing function MakeMinimal for
E¥ is in O(|ET)).
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Figure 7.18: Fourth feature of the datastructure used in the implementation of the
algorithm for minimality. Each occurrence of 1 or | has a circular, doubly-linked list of
its consecutive expression-arguments. (a) The lists for an example DNA expression. (b)
The result after substituting the T-subexpression (1 (I ag) (§ a7) as) by its arguments.
(c) The result after substituting the T-subexpression (1 (J o) (I a10)) by its arguments.

This completes the proof of Lemma 7.34. O

By introducing lists of non-J-arguments, we have managed to spend at most linear
time in procedure Make]ExprMinimal of our rewriting algorithm. We now add a fourth
feature to our datastructure to achieve the same result for procedure Denickify. For
each occurrence of 1 or | in E, we maintain a circular, doubly-linked list of its consec-
utive expression-arguments. To be more precise: for each expression-argument &; of
the operator, which is preceded by another expression-argument £;_y, the list contains
the position of the first letter of £; (which is an opening bracket). In Figure 7.18(a),
we show the lists for all occurrences of T and | in an example DNA expression.

The time needed to initialize these new lists for all occurrences of T and | in a DNA
expression F is linear in |E|. After any basic operation performed on FE, the lists can
be updated in constant time.

As an example, we again consider line 23’ of MakeMinimal, where we substitute an
t-argument FE; of an T-expression by its own arguments. Let E; = (11 €;1...€;,,) for
some n; > 1 and N-words and DNA expressions €;1, . ..€;,,. In principle, we can just
remove F; from the list of consecutive expression-arguments of its parent operator T
(if it is in that list) and insert the list of consecutive expression-arguments of FE; into
that list. The borders of E;, however, require a special treatment.

Assume, for example, that the T-argument FE; is preceded by another expression-
argument F;_;. Then (the opening bracket of) E; is in the list of consecutive expression-
arguments of 1o. After the substitution, F;_; is succeeded by the first argument ¢;; of
E;. If ;1 is an N-word, then E;_; is no longer succeeded by an expression-argument.
Hence, the parent operator Ty loses a pair of consecutive expression-arguments. If, on
the other hand, ¢;; is a DNA expression, then it takes over the role of E;. Whereas
;1 was not in the list of consecutive expression-arguments of 11 (because it was not
preceded by any argument in F;), it must be inserted into the list of 1¢. Similar
situations may occur if E; is succeeded by another expression-argument F;,;. This
description is illustrated by Figure 7.18(b).

In the above, either E; or E;;; (or both) used to be in the list of consecutive
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expression-arguments of 17y. In that case, it is natural and easy to insert the list of
consecutive expression-arguments of 11 into the list of Ty at the position corresponding
to F;. If, however, E; is neither preceded, nor succeeded by an expression-argument,
then we should first determine this position. There are ways to do this in constant time,
but we may as well omit it. In fact, we may insert the list of consecutive expression-
arguments of 11 anywhere into the list of 1y, because in procedure Denickify, the
order in which we select pairs of consecutive expression-arguments is not specified.
By Theorem 7.24(3), the result of the procedure is completely independent of this
order. In Figure 7.18(c), we have arbitrarily inserted the J-argument (J aso) (which
is preceded by another expression-argument), at the end of the list of consecutive
expression-arguments of the outermost operator 1.

Although we have to distinguish a number of cases to update the lists of consecutive
expression-arguments after substituting the T-argument E; by its own arguments, we
can still do this in constant time.

For the other operations we perform in the course of the algorithm, updating these
lists is relatively easy. A number of operations simply consist of substituting one DNA
subexpression by another, which does not really affect the occurrence of consecutive
expression-arguments. As we observed in the proof of Theorem 7.27, in procedure
RotateToMinimal, we deal with DNA expressions for which each occurrence of 1 or |
is alternating. For those operators, the lists are and remain empty.

We can use the lists of consecutive expression-arguments also to check if a DNA
expression F; or E is alternating, in lines 16’ and 32’ of MakeMinimal, respectively. This
is the case, if and only if the list of consecutive expression-arguments of the outermost
operator is empty. We can check this in constant time.

Example 7.35 In Example 7.30, we defined a series of DNA expressions E1, Fs, Es, . . .,
for which the function MakeMinimal spent at least quadratic time in procedure Denickify.
This complexity was based on the assumption that for p > 1, all 2p 4+ 2 arguments of
the T-expression

EépZ<T§$&a>&---<i@&>%<ia><i04>>-

~-
p times

have to be examined to see if there are consecutive expression-arguments. This requires
time that is linear in p.

Now that we have a list of consecutive expression-arguments for each occurrence of
1 or |, we can do better. We can simply traverse the list of the outermost operator 1
of Ej,. Because the only element of this list is the last argument (I ) of Ej, (which
is preceded by another argument (§ «)), this requires constant time. ]

We now prove that the lists of consecutive expression-arguments indeed enable us to
execute procedure Denickify efficiently.

Lemma 7.36 Let EY be an arbitrary DNA expression. The total time that the function
MakeMinimal applied to Ef spends in procedure Denickify is in O(ny(EY)), which is

Proof: Let E; be a minimal |-expression which is not alternating, and let us apply
procedure Denickify to F;. We first analyse the time required for this single appli-
cation of the procedure. We will use the outcome of this analysis to prove the claim
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about the total time spent in the procedure during the execution of MakeMinimal for
E}.

The main part of procedure Denickify is formed by the while-loop. The other
instructions of the procedure require constant time. We assume that we have a list
containing the consecutive expression-arguments of E;.

At the beginning of each iteration of the while-loop, we test the condition “E\i is not
alternating.” This is the case, if and only if the list with the consecutive expression-
arguments is not empty. We can test this in constant time.

In each iteration of the while-loop, we select two consecutive expression-arguments
€j_1 and g; of the ‘working DNA expression’ EZ, and substitute £;_4&; in E by a single
expression-argument. Again, because we have a list with the consecutive expression-
arguments, we can perform the selection of £;_; and &; in constant time. For the
substitution, we have to distinguish four different cases. Both the distinction of these
cases and the subsequent substition can be carried out in constant time. Consequently,
each iteration of the while-loop requires constant time, and the total time spent in the
while-loop is linear in the number of iterations.

Let us use njer(E;) to denote this number of iterations. Then the time spent in
procedure Denickify for F; (outside and inside the while-loop) is in O(1 4 nje; (E;)).
As E; is not alternating, njier(£;) > 1. Hence, the time spent in the procedure for E;
is in O(nier(F;)). In fact, because nier(E;) also provides a lower bound, the time is
linear in nige, (F).

In the course of the execution of MakeMinimal for EY, procedure Denickify may
be applied to several different DNA subexpressions E;. If we use nj,(E7) to denote
the total number of iterations of the while-loop in the procedure during all these ap-
plications, then the total time spent in the procedure is linear in nje (E7).

It is immediate from the pseudo-code of procedure Denickify that the substitution
performed in an iteration of the while-loop leads to a decrease of the number of maximal
N-word occurrences in F; by 1. Of course, this corresponds to an equal decrease of
the number of maximal N -word occurrences in the overall ‘working DNA expression’
E, which we denote by n,(FE).

Now, it is easily verified that at no point in the algorithm, n,(E) increases.® Hence,
Niter(E7) < no(ET). This implies that the total time spent in procedure Denickify is
in O(n(E7)). Obviously, n,(EY) is in O(|ET]). O

By now, we know the time requirements of procedures MakeJExprMinimal and
Denickify. There is one more point we like to make before we determine the total
time complexity of the function MakeMinimal.

The (only) parameter of MakeMinimal is a DNA expression £. When we (recur-
sively) call the function for an expression-argument F; of F, we do not have to explicitly
copy this expression-argument as a sequence of individual characters into the actual
parameter of the call. It is sufficient to pass the starting position of E; (the position
of its opening bracket) to the call. This implies that both the time needed to set the
actual parameter and the space required to store it are constant for a single call.

Actually, we should have addressed this issue also when we analysed the time re-
quirements of the procedures Make]ExprMinimal and Denickify. The fact that we

OIf in procedure MakelExprMinimal, we allow A-word-arguments of E; that are not maximal N/-
word occurrences, then n,, (E) may temporarily increase. However, at the end of that procedure, n,(E)
cannot be higher than at the beginning. For example, if F1 = (1 a1 1012 ({ @1.3)), then (I E1) may be
successively rewritten into (J (1 (T ar11) a12($ a13))), (T (T ($ an1012013))) and (§ a1 101 2001 3).



7.3 Detailed implementation and complexity of the algorithm 129

ignored it there, does not mean that Lemma 7.34 and Lemma 7.36 are not valid. For
both procedures, as with MakeMinimal, the time needed to set the actual parameter
(a DNA expression) can be considered constant. In the proofs of both lemmas, we can
simply include this constant time in the time required by the instructions outside the
loop(s). The proofs can then proceed in the same way.

We now establish the time complexity of MakeMinimal.

Theorem 7.37 Let Ef be an arbitrary DNA expression. The time required by the
function MakeMinimal for E} is in O(|EY]).

Proof: For an arbitrary DNA expression F, let us use Tcy(E) to denote the time re-
quired by MakeMinimal for E, except the time spent in procedures MakeJExprMinimal
and Denickify. We prove that Tom(E) is in O(|E]). Then the claim follows from
Lemma 7.34 and Lemma 7.36.

To analyse Ty (E), we define three positive constants that are upper bounds for
the time spent in specific parts of MakeMinimal:

¢1 is the maximum time required by MakeMinimal for an J-expression E, except the
time spent in recursive calls of the function and the time spent in procedure
Make]ExprMinimal.

Hence, ¢; is the maximum time required for setting the actual parameter E in
line 1’ and executing lines 3'-11" and 36’ of the function, except the recursive call
in line 5" and procedure Make[ExprMinimal in line 9.

Co is the maximum time required by MakeMinimal for an f-expression F, except the
time spent for each of its n arguments ¢4,...,¢,.

Hence, ¢, is the maximum time required for setting the actual parameter E in
line 1’ and executing lines 3’, 12/, 27-36" and the initialization of the for-loop in
line 13’ of the function.

c3 is the maximum time spent in MakeMinimal on an argument €; of an T-expression
E, except the time spent in recursive calls of the function and the time spent in
procedure Denickify.

Hence, c3 is the maximum time required for executing lines 14'-26" and the itera-
tion in line 13’ of the function, except the recursive call in line 15" and procedure
Denickify in line 17'.

It follows from the observations made after the introduction of the first two features
and the fourth feature of our datastructure (on pages 117 and 127, respectively) and
from the observation about passing the parameter for a (recursive) call of MakeMinimal
(on page 128), that ¢, ¢ and ¢z are indeed constants. They do not depend on, e.g.,
the nesting level, the question whether or not a DNA expression is alternating, or the
number of arguments of a particular DNA expression E.

Note that for most DNA expressions E, we spend less time in MakeMinimal than
specified by the three constants. For example, the constant ¢; for J-expressions F is
based on the case that E = (J E;) for a DNA expression F;. If, however, £ = (] a)
for an N-word «, then we do not have to carry out lines 5~10’, and thus need much
less time.

Now, let the constant ¢* be defined by

. C1 Co+cC3
C = Inax g, 3 ,C3 ¢ .
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We prove by induction on the number p of operators occurring in E, that Tom(FE) <
¢* - |E| — c3. Here, we subtract ¢z, to be prepared for the additional constant time
required for every argument of an f-expression £. 7 We will come back to this later.
Although we may assume that N-word-arguments of an T-expression or |-expression
are maximal N -word occurrences, we do not make that assumption in the proof.

e Assume that p = 1. Then E can only have N-word-arguments, and we do not
have recursive calls of MakeMinimal.

If E is an J-expression, then £ = (] aq) for an N-word oy and Toy(F) < ;.
Clearly, |E| > 4. We now distinguish two (overlapping) subcases. If ¢; > 3cs,
then

4
TCM(E)§01:C1+63—63§561—63§4C*—03§C*-|E|—63,

where the third inequality follows from ¢* > <. If, on the other hand, ¢; < 3¢,
then

Tem(F) <c¢p <3c3=4dc3 —c3 <4 —c3 < - |E| — 3,

where the third inequality follows from ¢* > c3.

If F is an T-expression, then F = (1 a;...q,) for some n > 1 and N-words
aq,...,a,. In this case, |F| > n + 3 and

Tem(E) < co+n-c3<3c"—c3+n-c <c-|E|—c,

where the second inequality follows from c¢* > which is equivalent to ¢y <

3c* —¢3) and ¢* > 3.

02;-03 (

If F/ is a |-expression, then the proof is completely analogous.

e Let p > 1, and suppose that Tey(E) < ¢ - |E| — ¢3 for all DNA expressions F
containing at most p operators (induction hypothesis). Now let £ be a DNA
expression that contains p + 1 operators.

If £ is an J-expression, then E = (] E) for a DNA expression E;. We get a
recursive call of MakeMinimal for Ej, in line 5 of the function. Hence, Ty (F) <
c1 + Tem(Fy). Because Ej contains p operators, we can apply the induction
hypothesis to it:

Tem(E) < a+Tom(Er) <o +c - |Ei| —c
< (B 4+3)—cg =" |E] — ¢,

where the third inequality follows from ¢* > <.

If F is an T-expression, then £ = (1 &;...¢,) for some n > 1 and N-words and
DNA expressions €1, ...,&,. We examine the time spent in MakeMinimal on an

"The reader who is familiar with amortized complexity may view this as a kind of amortization:
a certain part of the time spent on the arguments of an f-expression (c3 per argument) is accounted
for by the individual arguments.
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argument ¢; with 1 <1 < n. If ¢; is an N-word «;, then the time spent on this
argument is bounded by

c3 <<y,

because obviously |o;| > 1. If, on the other hand, ¢; is a DNA expression F;,
then we have a recursive call of MakeMinimal for E;, in line 15" of the function.
Hence, the time spent on this argument is bounded by c3 + Tom(E;). Because E;
contains at most p operators, the induction hypothesis is applicable to it. This
implies that the time spent on E; is bounded by

C3 +TCM<E1-) <c3 +c* - |Ez| — C3 = - |EZ|

Note that here we benefit from the term —cg in the upper bound for Ty (E).

We conclude that both if ¢; is an N-word «; and if it is a DNA expression Ej;,
we spend at most ¢* - |g;| time on it, apart from procedures MakeiExprMinimal
and Denickify. Then

Tom(E) < ot (lea] + -+ lenl)
< 3¢ —cg+c (et + - en]) = - |E] — e,

where the second inequality follows from ¢* > %

If F/ is a |-expression, then the proof is completely analogous.

O

At the beginning of this section, we observed that the function MakeMinimal re-
quires at least linear time. Combining this with Theorem 7.37, we obtain the following
result:

Corollary 7.38 Let Ef be an arbitrary DNA expression. The time required by the
function MakeMinimal for E} is linear in |ET|.

It is not hard to see that the datastructure we propose to achieve this time complexity,
has linear size. For each letter (symbol) in the DNA expression, we need to store (at
most) a constant number of references to other letters.

For example, for the first feature of the datastructure, the doubly-linked list contain-
ing the entire DNA expression, we need two references per letter: one to the preceding
and one to the succeeding letter. For the other three features, the space required de-
pends on the DNA expression at hand. It may be much less than linear, but a single,
simple example suffices to demonstrate that each of these features may really require
linear space.

Example 7.39 Let a be an arbitrary A-word, and let E, be defined by

Ep=<¢<¢a><¢a>...<mz> (b>1).
pt;r,nes

It is easy to see that for any p > 1, E, is a DNA expression, with |E,| = 3+p-(3+|a|) =
3+3p+p-laland S(E,) = (f) (f) (f) In addition, for any p > 1,

~
p times
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e [, contains p + 1 pairs of matching brackets. Hence, the second feature of the
datastructure requires p+ 1 connections (in both directions) between an opening
bracket and the corresponding closing bracket.

e E, contains p occurrences of the M-word « (in fact, maximal N -word occur-
rences), each of which serves as the argument of an operator 1. Hence, the
second feature of the datastructure requires p connections (in both directions)
between the first letter and the last letter of such an N-word-argument.

e the outermost operator 1 of E, has p arguments (T «), which are, in particu-
lar, non-J-arguments. Hence, the third feature of the datastructure requires a
circular, doubly-linked list for this operator containing these p arguments.

e [, contains p inner occurrences of the operator 1. Each of these inner occurrences
has an N-word-argument «, which is, in particular, a non-J-argument. Hence,
the third feature of the datastructure requires p circular, doubly-linked lists for
these operators, each containing the corresponding N-word-argument.

e the outermost operator 1 of £, has p arguments (1 «), which are, in particular,
consecutive expression-arguments. Hence, the fourth feature of the datastructure
requires a circular, doubly-linked list for this operator containing the last p — 1
arguments (each of which is the second of two consecutive expression-arguments).

Each of the specified sets of connections or doubly-linked lists requires space that is
linear in p, and thus in |E,|. ]

As we mentioned before the statement of Theorem 7.37 (on page 128), a single call of the
function MakeMinimal requires constant space to pass the (only) parameter, the DNA
expression E. The function is called recursively once for every DNA subexpression of
E}, i.e., once for every operator occurring in E}. Hence, the total space required for
passing the parameter for all recursive calls is at most linear in |E}|.

We can therefore conclude:

Theorem 7.40 Let EY be an arbitrary DNA expression. The space required by the
function MakeMinimal for EY is linear in |ET|.

Hence, both the time complexity and the space complexity of the function are linear.

7.4 Decrease of length by the algorithm

In the previous section, we proved that the total time required by the function Make-
Minimal is linear in the length of its argument E. We first observed that we need at
least linear time, because we must in principle consider every letter of E. That is,
we must simply read E. We subsequently introduced a proper datastructure, which
can be initialized in linear time. We proved that with this datastructure, we can
perform all rewriting steps in the function (together) in O(|E]) time. Our analysis
did not differentiate between DNA expressions which are close to minimal and DNA
expressions which are far from minimal.

Now, we choose a different approach. We ignore the time needed to read E and
to initialize the datastructure. We focus on the actual rewriting steps, and prove that
the time they require is proportional to the improvements they produce, i.e., to the
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decrease of |E| resulting from them. For this, however, we need to make an assumption
about F, and to slightly adjust one of the rewriting steps.

So far, in the analysis of our algorithm, we allowed occurrences of operators 1 and
1 in E to have consecutive N -word-arguments. That is, we did not assume N -word-
arguments to be maximal N-word occurrences in . We sometimes mentioned the
possibility to make such an assumption, but we did not need it to prove that the
algorithm is correct and that it runs in linear time. By Theorem 2.13, however, we can
make the assumption without loss of generality.

The adjustment of the algorithm deals with complementing N-words. In the proof
of Lemma 7.34, we observed that in procedure Make]ExprMinimal, we may have to
determine the elementwise complement of an N -word a. This requires time that is
linear in |o|. Instead of doing this, we can also mark the N-word as a whole, to
indicate that it has to be complemented. For example, we can label its first letter and
last letter, as if we write “c(a)”. ® That requires constant time.

Note that the issue whether or not the AN-word-arguments of an operator are max-
imal N -word occurrences may have consequences for the (number of) steps to be per-
formed in procedure MakeJExprMinimal. However, the result of the procedure does
not depend on it. It is not hard to verify this from the pseudo-code of the procedure
directly. It also follows from the observation in the proof of Theorem 7.20(2), that
there exists exactly one minimal DNA expression E’ with the desired semantics.

For the other operations performed in the course of the algorithm, it does not
matter at all whether or not N-word-arguments are maximal N-word occurrences.
Marking N -words instead of determining their elementwise complement certainly does
not change the resulting DNA expression.

We now have

Theorem 7.41 Let E} be an arbitrary DNA expression, and let Ej be the result of
applying the function MakeMinimal to Ef. Assume that for each occurrence of T or in
E%, each N -word-argument is a maximal N -word occurrence, and that we simply mark
the N -words that have to be complemented. Then the time required by the rewriting
steps in MakeMinimal is linear in |EY| — | Ej|.

Proof: Let F be the ‘working DNA expression’ of the function MakeMinimal. In
principle, we prove that each substitution in the function corresponds to a decrease of
|E| that is proportional to the time required by the substitution. As we will see below,
there is one exception to this rule: for the substitution in line 20/, we need to combine
the effect with the effect of another substitution.

e In line 7" of MakeMinimal, we have an J-expression E = (] E), where F; is a
minimal J-expression. We substitute E' by E;. This requires constant time and
yields a decrease of |E| by 3.

e In line 9’ of MakeMinimal, we have an J-expression E = (J E;), where E is either
a minimal T-expression, or a minimal |-expression. Without loss of generality,
assume it is a minimal T-expression. We substitute E by the result of procedure
Make[ExprMinimal.

8In this report, we often do write c(a) in a DNA expression. This is, however, only meant as a
simple notation for the elementwise complement of . In particular, |c(«)| = |a|. Indeed, the letters
¢, (and ) are not in the alphabet ¥p that our language of DNA expressions is based on (see page 13).
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This substitution is a bit more involved. For its analysis, we distinguish specific
parts of procedure Make[ExprMinimal, and examine how much time we spend
and how much shorter £ becomes in each part. To simplify the notation, we do
not consider the length of F directly. Instead, we count (changes in) the number
of operators occurring in . By Lemma 4.1, this number determines |E|, given
that (the number of A-letters in) the semantics of E' is fixed.

— A certain part of procedure Make[ExprMinimal is executed once for every
DNA expression E to which the procedure is applied. This part consists of
lines MJM.1-M$M.3, MIM.19-MJM.23, and the initializations of the two
for-loops in lines M{M.4 and MJM.7.

Let ¢; and d; be the minimum and maximum time spent in this part of the
procedure, respectively. In lines MJM.19-MJM.22, the final rewriting step
on the (total) ‘working DNA expression’

($B) =@ 0 Gan). (T arm))

is performed. As a result, we lose one (if m > 2) or two (if m = 1) operators.

— Another part of the procedure is executed once for each |-argument £ ;
of Ey. This part consists of lines MJM.5, MJM.6 and the iteration of the
for-loop in line MM 4.

In line M{M.5, we substitute £y ; by (3 o, ,). In the proof of Lemma 7.34,
we have observed that we can determine ag, ; by traversing Fy; from left
to right, skipping operators and brackets, complementing maximal N -word
occurrences that used to have | as parent operator, and linking consecutive
maximal N-word occurrences. We established that the time required for
traversing, skipping and linking is linear in n,(E1 ;).

By assumption, we only mark maximal N-word occurrences that have to
be complemented. This implies that the time required for determining ag, ,
completely (including the marking of maximal A/-word occurrences) is linear
in n,(E1 ;). Consequently, the time spent in procedure Make[ExprMinimal
on E; is also linear in n,(E7 ;). Let ¢y and dy be positive constants such
that ¢o - no(E1;) and dy - no(E1,;) are a lower bound and an upper bound
for this time, respectively.

We now examine how many operators we lose by substituting £ ; by <$ ag, >
Let us use p to denote the number of operators occurring in £ ;. We derive

an upper bound and a lower bound for p. As we observed in the proof of

Lemma 7.34, p < ny(E1;). On the other hand, let X;; = S(Ey;). By

Corollary 6.13(2),

We also observed in the proof of Lemma 7.34 that

Nty (Bri) = np (X1, (7.28)
nat(Eri) = np(X1y) (7.29)

Now by Corollary 2.9, double components and single-stranded components
alternate in the nick free formal DNA molecule X;,;. By Lemma 6.17(6),
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either the first component or the last component of X, ; is a double compo-
nent. Hence, ny(X1;) > ny (X;;). Combining this with (7.27)(7.29), we

find
1
1 1
= 1+ 5(”&T¢(ELZ’) + nap(Erg)) =1+ §na(El’i)'

We can conclude that by substituting E;; by <$ aEM>, we lose at most
na(F1:) — 1 and at least %na(EM) operators.

— Finally, a part of the procedure is executed once for each N-word-argument
ay,; of Ey. This part consists of lines M{M.8-MJM.18 and the iteration of
the for-loops in lines M{M.4 (given that we do not have a list of |-arguments
of Ey, but only a list of non-{-arguments) and MJM.7.

Let ¢3 and d3 be the minimum and maximum time spent in this part of
the procedure for a single N/-word-argument, and let & > 0 be the number
of N-word-arguments. By assumption, each N -word-argument of E is a
maximal A-word occurrence.

We examine the result of the substitution of the A/-word-arguments in lines
MJIM.8-MJM.17. At that point in the procedure, the only other arguments
of the ‘working f-subexpression’ E; are J-arguments (] ay) for N-words
oy ;. Let us denote the number of operators occurring in E’1 by Op(El) We
distinguish three cases.

If an N-word-argument «;; is neither preceded, nor succeeded by an -
argument (i.e., if it is the only argument of El), then «ay; is substituted
by (1 a1.). In this case, Op(E)) increases by 1. Otherwise, if an N-word-
argument « ; is not preceded or not succeeded by an J-argument (i.e., if o
is the first or the last argument of El), then the corresponding substitution
does not affect Op(El). Finally, if an N-word-argument o ; is both preceded
and succeeded by an J-argument, then the corresponding substitution yields
a decrease of Op(Ey) by 1.

Clearly, there are at most two N-word-arguments that are the first or the
last argument of El. Hence, if k > 3, then the substitution of the N -word-
arguments results in a decrease of Op(El) by at least k£ — 2. In other words,
in that case, we lose at least £k — 2 operators.

We now combine the effects of the different parts of procedure MakeJExprMinimal
to compute the overall effect for an J-expression E. Let Typ(E) be the total
time spent in the procedure for E and let §(E) be the decrease of the number of
operators due to the substitutions in the procedure. Then

c1+co- Z na(Er;) +c3- k

J-arg El,i

< Tup(E) <di+dy- Y na(Erg) +ds-k, (7.30)

J-arg B ;

where k is (again) the number of N-word-arguments of the f-expression Ej.
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For 0(FE), we distinguish three cases, which are related to the three cases for
N -word-arguments we considered above.

If E; does not have any expression-argument, then because its A/'-word-arguments
are maximal AV-word occurrences, it has only one argument, which is an N -word
aq1. In this case,

S(E)=2+0—-1=1,

where the three terms correspond to the three parts of the procedure. If the -

expression E; has at least one expression-argument and & < 2 N-word-arguments,
then

g Y na(B)H0<HE) <24 Y (na(Bi) —1) 4k (731)

l-arg B ; J-arg En;

Finally, if the t-expression E; has at least one expression-argument and k > 3 N/-
word-arguments,” then at least k — 2 > 1 A -word-arguments are both preceded
and succeeded by an expression-argument, and

1

1+ 3 Z Na(Er;) +k—2<0(F) <2+ Z (na(Eri) — 1) + k.
J-arg E1 ; J-arg B ;

In the first case, where E; only has an N-word-argument oy, we have k = 1
and no |-arguments Ey; at all. Hence, the value 6(F) = 1 also satisfies (7.31).

Now, let us define the constants ¢* and d* by

* _ ma 2 1 1 and 7 — mi 1 1
¢ T max 01702763 t - d1+2d372d2 '
If £ <2, then
1
0(E) > 1+ D> nalEry)

l-arg By,

> d" - | dy+ 2d3 +ds - Z na(E1)

J-arg El,i

> d - | dy+dy- Z na(El,i)"’d?;‘k Zd*’TM$M(E)7

J-arg Eu

where the second inequality follows from d* < —L__and d* < L. and the last

di1+2d3 = 2dy’
inequality follows from (7.30). If, on the other hand, k£ > 3, then
1
(S(E) > 1+§ Z Tla(E17i)+/{5—2
l-arg By

> dr- d1+2d3+d2' Z na(ELi)‘i‘d:g'(k_Q) Zd*TM@\/I(E)?

J-arg B ;

9Because the N-word-arguments are maximal N-word occurrences, F; actually has at least k—1 >
2 expression-arguments.
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d*_—andd*_ <

where the second inequality follows from d* < Tooh +2 %

— d +2d3
d_13= and the last inequality follows from (7.30).

Further, for all cases,

0(E) < 24+ Y (na(Bry)—1)+k

J-arg B ;

S c - c1+ ¢ Z (na(El,i) - 1) +c3- k

J-arg E7;

< c*- Cc1+ Cy - Z na(ELi) + Cs3 - k S ct- TMiM(E>7

J-arg Eq ;

where the second inequality follows from c* > 2 o> —2 and ¢* > 3, and the
last inequality follows from (7.30).

We can conclude that Tyigpm(£) (the time spent in procedure Make[ExprMinimal
for F) is linear in 0(FE) (the decrease of the number of operators due to the appli-
cation of the procedure to F). Thus Tyg(£) is also linear in the corresponding
decrease of |E|. In other, less formal words: the time we spend in procedure
Make[ExprMinimal is payed for with a proportional decrease of |E|.

Note that the above conclusion is valid for the application of the procedure as a
whole. As we have seen when we analysed the substitution of N-word-arguments
of Ey, the substitution of an individual N-word-argument does not necessarily
yield a decrease of |E[; it may even lead to an increase of |E].

e In line 17" of MakeMinimal, we have an f-expression E, with a minimal |-
argument F; that is not alternating. We substitute E; by the result of procedure
Denickify.

In that procedure, the ‘working |-expression’ is denoted by /E\z As in the previous
case, we count (changes in) the number of operators occurring in E;, rather than
examining |F;| directly. We also use Op(E;) to denote the number of operators
occurring in Fj;.

Let Tpni(F;) be the time we spend in procedure Denickify for F;, and let 0(E;)
be the number of operators we lose due to the application of the procedure to E;.

As we observed in the proof of Lemma 7.36, Tpy;(F;) is linear in nje (E;), the
number of iterations of the while-loop in lines Dni.4-Dni.19 for F;.

We now examine 0(E;). In every iteration of the loop, we substitute two con-
secutive expression-arguments £;_; and &; of E by a single expression-argument.
It is easily verified from the pseudo-code of the procedure, that this results in
a decrease of Op(E;) by 1 (if either &;,_; or &; is an J-expression) or 2 (if both
£j-1 and &, are f-expressions). Hence, the decrease of Op(EZ») as a result of (all
iterations of ) the while-loop is linear in nje, (F;).

At the end of procedure Denickify, in lines Dni.20-Dni.26, we distinguish three
cases. If E has only one argument left, then we substitute E by this argument.
Thus, we lose one more operator. If EZ has two or more arguments, and both its
first argument and its last argument are f-arguments, then we substitute F; by



138 Ch. 7 An Algorithm for Minimality

an T-expression EZ’ , which is the result of procedure RotateToMinimal. It is easy
to see from the pseudo-code of that procedure, that in this case, we also lose an
operator. Finally, if E; has two or more arguments, and either its first argument
or its last argument is not an T-argument, then we do not rewrite E; any further.

We conclude that we lose either zero or one operator in lines Dni.20-Dni.26 of
procedure Denickify. Because the original |-expression F; is not alternating,
Niter(£;) > 1. This implies that §(E;), the total number of operators we lose due
to the application of procedure Denickify (both inside and outside the while-
loop), is linear in njer (E;).

Because Tppi( E;) is also linear in nie, (E;), Tpni( E;) is linear in §(E;). By Lemma 4.1,
Toni(E;) is also linear in the corresponding decrease of |E|.

e In line 20" of MakeMinimal, we have an T-expression F with a J-argument Fj,
such that either the first argument or the last argument of F; is an f-argument.
By the recursive call in line 15’ of the function, and the possible application of
procedure Denickify in line 17/, E; is minimal and alternating.

We substitute E; by the result of procedure RotateToMinimal, which is an equiv-
alent, minimal T-expression E;. Because E; and E! are equivalent and both of
them are minimal, they are equally long. Hence, the substitution itself does not
yield a decrease of |E|. However, in the next step of the function, in line 23'; the
T-expression E! is substituted by its arguments. Both substitutions for F; require
constant time, and the total effect of the substitutions is a decrease of |E| by 3.

e In line 23’ of MakeMinimal, we have an T-expression F with an f-argument E;.
Because E; is not necessarily the product of the substitution in line 20" (which
we considered in the previous case), we also consider this case separately.

We substitute E; by its arguments. This requires constant time and yields a
decrease of |E| by 3.

e Inline 29’ of MakeMinimal, we have an T-expression F with exactly one argument,
which is a DNA expression F;. We substitute £ by FE;. This requires constant
time and yields a decrease of |E| by 3.

e Finally, in line 33’ of MakeMinimal, we have an alternating f-expression E with
at least two arguments, such that both the first argument and the last argument
are J-arguments.

We substitute E by the result of (the version for f-expressions of) procedure
RotateToMinimal. This requires constant time. As was the case for the appli-
cation of RotateToMinimal in procedure Denickify, it is easy to see that the
substitution yields a decrease of |E| by 3.

This completes the proof of Theorem 7.41. O

If a DNA expression E7 is minimal, then its length is equal to that of the equivalent,
minimal DNA expression Ej produced by MakeMinimal. Now Theorem 7.41 implies
that MakeMinimal spends no time on actual rewriting steps for E;. In other words, E;
must be equal to £7. Thus, Theorem 7.41 yields an alternative proof for Theorem 7.12.

This conclusion does not depend on the assumptions in Theorem 7.41, that each
N -word-argument of an operator 1 or | is a maximal N -word occurrence and that we
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simply mark N -words that need to be complemented. As we have seen in the proof of
Theorem 7.41, each substitution we perform in MakeMinimal corresponds to a decrease
of |E|. This is also true if the assumptions are not satisfied, because, as we observed
before the theorem, the result of a substitution is independent of the assumptions. If
E is minimal already, then |E| cannot decrease, and we cannot have any substitution,
either.



Chapter 8

A Minimal Normal Form for DNA
Expressions

When we want to find out if two DNA expressions F; and E5 are equivalent, we can do
this in a straightforward way, by computing their semantics and checking if these are
the same. It can be shown that this approach takes time that is linear in the length of
FE, and E5. This is certainly efficient.

There is also another approach, which is based on a normal form. A normal form is
a set of properties, such that for each DNA expression there is exactly one equivalent
DNA expression with these properties. If we can find the normal form versions of F;
and Fs, then it is easy to decide if E; and E, are equivalent: this is the case, if and
only if their normal form versions are the same. This alternative approach is more
elegant, because it operates at the level of DNA expressions only. It does not refer to
the semantics, at all.

To implement this approach, we first have to decide what our normal form should
look like, i.e., what properties the DNA expressions in normal form should have. For
this, we observe that minimal DNA expressions can be considered as the ‘best” DNA
expressions. They require the smallest number of letters to denote a formal DNA
molecule. Moreover, we know exactly what are the minimal DNA expressions for a
given formal DNA molecule (see Summary 6.12). We also have a useful characterization
of minimal DNA expressions in general (see Lemma 6.15 and Theorem 6.16). Therefore,
it would be desirable that normal form DNA expressions be minimal. In this chapter,
we will describe a normal form which achieves this goal. Because of this, we will refer
to it as the minimal normal form.

We first describe the minimal normal form in a constructive way: for each ex-
pressible formal DNA molecule, we specify how to construct the corresponding DNA
expression in minimal normal form. Next, we give a characterization of the normal
form DNA expressions, by five simple, syntactic properties. We subsequently consider
the structure trees of DNA expressions in minimal normal form. Finally, we consider
the language-theoretic complexity of the set of all DNA expressions in minimal normal
form. We give a context-free grammar generating this set and prove that that grammar
is not self-embedding. This implies that the DNA expressions in minimal normal form
constitute a regular language.

140
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8.1 Definition of the minimal normal form

As we have seen in Chapter 5 and Chapter 6 (and especially in § 6.4), for many
formal DNA molecules, there exists more than one minimal DNA expression. Hence,
minimality alone is not sufficient to define a normal form. From among all different
minimal DNA expressions denoting the same formal DNA molecule, we have to choose
one to be the normal form DNA expression. We do this by explicitly fixing the choices
that are made in the construction of a minimal DNA expression.

First, this construction is based on lower block partitionings and upper block par-
titionings of nick free (sub)molecules, see, e.g., the overview in Summary 6.12. If these
partitionings are not unique, then the resulting DNA expression depends on the par-
titionings that we choose. Here, we make a very natural choice: we always use the
primitive lower block partitioning or upper block partitioning.

In addition, if a formal DNA molecule X is nick free, contains at least one single-
stranded component and By(X) = B|(X), then there exist both minimal T-expressions
and minimal |-expressions. Here, our choice for an f-expression or a |-expression is
determined by the first single-stranded component of X. An upper component results
in an T-expression; a lower component results in a J-expression.

We thus have the following definition of the minimal normal form, where FEygiung(X)
denotes the normal form DNA expression for a formal DNA molecule X (cf. Sum-
mary 6.12):

Definition 8.1 Let X be an expressible formal DNA molecule.

1. If X = (C(O:;l)) for an N-word ay, then Eypmne(X) = ( o).

2. If X is nick free, contains at least one single-stranded component and By(X) =
B, (X), then

(a) if the first single-stranded component of X is an upper component, then
Eyviinne(X) is the minimal T-expression denoting X based on the primitive
lower block partitioning of X, as described in Theorem 5.12(1);

(b) if the first single-stranded component of X is a lower component, then
Eyvinne(X) is the minimal | -expression denoting X based on the primitive
upper block partitioning of X, as described in Theorem 5.12(2).

3. If X is nick free and B(X) > B(X), then Epyunr(X) is the minimal 1-
expression denoting X based on the primitive lower block partitioning of X, as
described in Theorem 5.12(1).

4. If X is nick free and By (X) > By(X), then Epynne(X) is the minimal |-
expression denoting X based on the primitive upper block partitioning of X, as
described in Theorem 5.12(2).

5. If X contains at least one lower nick letter, then let Zy,Zs, ... \Zy for some
m > 2 be the nick free decomposition of X. For h = 1,...,m, let E}y be the
operator-minimal T-expression denoting Z; based on the primitive lower block
partitioning of Zy, as described in Theorem 5.26. Epunne(X) is the minimal
T-expression denoting X based on E., ..., E,,, as described in Theorem 5.28.
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6. If X contains at least one upper nick letter, then let Z1V 725" ...V Z,, for some
m > 2 be the nick free decomposition of X. For h = 1,...,m, let E}y be the
operator-minimal |-expression denoting Z, based on the primitive upper block
partitioning of Zy, analogous to the description in Theorem 5.26. Eypnne(X)
15 the minimal |-expression denoting X based on Ei, ..., E,,, analogous to the
description in Theorem 5.28.

Example 8.2 Consider the nick free formal DNA molecule X from Figure 5.3, for
which B+(X) = 4 and B (X) = 3. In Example 5.13, we have used Theorem 5.12 to
construct two minimal DNA expressions denoting X. They were based on the lower
block partitionings of X shown in Figure 5.2(a3) and (a4). By Case 3 of Definition 8.1,
FEinnr(X) is based on the primitive lower block partitioning Yo X ;Y1 X,Y5X5Y5 of X,
which is depicted in Figure 5.2(al).

A minimal DNA expression F; denoting the (primitive) lower block X1, for which
Bi(X1) = 1 > By(X;) = 0, is constructed according to the description in Theo-
rem 5.12(2). By Lemma 5.10, the only upper block partitioning of X, is P; = X;.
Hence,

By = (T a2) az (T au) as (T ag)) -

In the same way, we can construct the minimal DNA expressions F» and E3 denoting
the (primitive) lower blocks X5 and X3, respectively:

Ey = (L (T as) ag (T ono)) and
Bz = (} (T awu) a5 (T aue)) -

Consequently,

Eniinne(X) = (T oq Ev o By aq1 (3 oaa) ars Es o7 (3 aas) )
= (1 a1 (I $aw)az(Tas)as (T as) ar (I (T as)ag(l aw)) (8.1)
a1 @ Oé12> Q13 (i (i a14) Q15 (i a16>> a7 (i 0418) > .

Example 8.3 Consider the nick free formal DNA molecule X from Figure 5.4, for
which B;(X) = By (X) = 2 and whose first single-stranded component is an upper
component. In Example 5.14 we have used Theorem 5.12 to construct four minimal
DNA expressions denoting X, one for each upper block partitioning and each lower
block partitioning of X. By Case 2a of Definition 8.1, E\jinnr(X) is the T-expression
based on the primitive lower block partitioning of X. This partitioning is depicted in
Figure 5.4(a). Hence,

Eninne(X) = B,
= (tar ({ Tag)az(law)) as (T as)ar (| (T as)ag (T aw)))- (8.2)
(see (5.8)). ]

Example 8.4 Consider the formal DNA molecule X from Figure 5.5, which contains
four lower nick letters. The nick free decomposition of X is 2y, Zs .23, 24,25 for the
submolecules Zi, ..., Z5 from (5.12).

In Example 5.29, we have constructed a minimal DNA expression E denoting X.
We observed that each of the submolecules 71, Z3, Z,, Z5 has exactly one lower block
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partitioning, which must be the primitive lower block partitioning then. For Z;, there
exist two lower block partitionings, each of which corresponds to an operator-minimal
T-expression denoting Z5. In the construction, we used the T-expression E) which was
based on the primitive lower block partitioning of Z,.

Thus, each of the operator-minimal T-expressions used in the construction of F
was based on the primitive lower block partitioning of the corresponding nick free
submolecule. Consequently, Eyinne(X) is equal to the minimal DNA expression F
from (5.19):

Ertiong (X) = (T a1 (3 (T a2) a3 (T au))
<¢ (T as)a @ ar)) as (I (T ag) ao (T an)) (8.3)
% 0412 13 @ 0414> Q15 @ CY16> (i 0417) ‘

(4 (T cug) g (T ano)) o (T aa) ) -

At several places, Definition 8.1 refers to the construction of (operator-)minimal
DNA expressions, as described in Theorem 5.12 and Theorem 5.26. These construc-
tions involve minimal DNA expressions E; denoting lower blocks or upper blocks Yj.
In Definition 8.1, we do not consider the choice of these E;’s. Therefore, one may
wonder if, for certain formal DNA molecules X, there might exist different minimal
DNA expressions £; denoting a particular lower block or upper block occurring in the
construction of Eyj,ng(X). If so, then Epung(X) would not be uniquely determined,
and the minimal normal form would not be well defined.

This situation does, however, not occur, just like it did not occur in the examples
above. Because in the constructions from Theorem 5.12 and Theorem 5.26, we use
primitive lower block partitionings (or primitive upper block partitionings), the lower
blocks (upper blocks) X; are primitive lower blocks (primitive upper blocks). Hence,
by Lemma 6.14(1), the minimal DNA expressions E; denoting the X;’s are unique.

We want the normal form DNA expressions to be minimal. By Theorem 5.3, if
X = (C(C;ll)) for an N-word ay, then Eypuwg(X) = (§ aq) is the only minimal DNA
expression denoting X. For all other types of expressible formal DNA molecules, the
minimality of Fyinne(X) follows immediately from the definition.

We thus have

Lemma 8.5 For each expressible formal DNA molecule X,
1. Epyinne(X) is well defined, and

2. Eyinne(X) is a minimal DNA expression denoting X .

8.2 Characterization of the minimal normal form

For a given DNA expression E, we can decide if it is in minimal normal form by first
determining its semantics X = S(F), then constructing the minimal normal form DNA
expression ' denoting X according to Definition 8.1, and finally comparing F and F'.
In this section we will describe a more elegant way to achieve the same goal.

In § 6.2, we have given a characterization of minimal DNA expressions by six simple
properties. This characterization makes it easy to decide whether or not a given DNA
expression is minimal. We now do something similar for DNA expressions is minimal
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normal form. We derive a characterization of these DNA expressions, consisting of five
properties of (the arguments of) the operators occurring in them. Then in order to
decide whether or not a DNA expression is in minimal normal form, we only have to
check these properties.

We first prove that each DNA expression in minimal normal form has these prop-
erties. After that, we prove that each DNA expression with these five properties is
indeed in minimal normal form.

Lemma 8.6 Let ¥ be a DNA expression in minimal normal form.

(DminNr-1) Each occurrence of the operator ] in E has as its argument an N -word o
(i.e., not a DNA expression).

(DminNF-2) No occurrence of the operator 1 in E has an T-argument, and no occur-
rence of the operator | in E has a |-argument.

(Dminnrg-3) Unless E = (T a) or E = (| &) for an N-word «, each occurrence of an
operator T or | in E has at least two arqguments.

(DminNr-4) For each inner occurrence of an operator T or | in E, the arguments are
mazimal N -word occurrences « and J-expressions ( ) for N-words «, alter-
nately.

(DminNE-5) If the outermost operator of E is T or |, then

e cither its first argument is an N-word o or an J-expression (I ) for an

N -word «,

e or il has two consecutive expression-arguments.

Note that Properties (Dyinng-1), (Duminne-2) and (Dyinng.3) are equal to Properties
(Dmin-1), (Dmin-2) and (Dyin.3) of minimal DNA expressions in general.

Property (Dyinng-4) includes Properties (Dyin.4) and (Dygin.b). 1t is stronger, how-
ever, than these two properties together. As we will see in the proof, this is due to the
choice for primitive lower block partitionings and primitive upper block partitionings
in the definition of the minimal normal form.

Finally, Property (Duinnrg.D) is a stronger version of Property (Dy,.6). We will
see in the proof that the difference between the two properties is caused by the second
choice we make in the definition of the minimal normal form: if By(X) = B|(X) > 1
for a nick free formal DNA molecule X, then the first single-stranded component of X
determines whether Fyu,np(X) is an f-expression or a |-expression.

It is easily verified that the DNA expressions in minimal normal form from (8.1),
(8.2) and (8.3) have all five properties. In Table 8.1, we give some examples of minimal
DNA expressions which are not in minimal normal form. Such DNA expressions do have
Properties (Dyiinnrg-1)—(Duinnr-3), simply because all minimal DNA expressions have
these properties. However, they lack Properties (Dyjinng.4) and/or (Dyinng.5). We also
give the semantics of the DNA expressions, and the corresponding DNA expressions in
minimal normal form.

Proof of Lemma 8.6: Let X = S(E), i.e., X is the formal DNA molecule for which
E = Eytinne(X).
By Lemma 8.5(2), E is minimal. Hence, Properties (Dyjinng-1), (Dyinng-2) and
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’ Properties

X =8(F) Epiinne(X)

(DMinnr-4)

(T a1 (d (T a2)az (T au)) a5 (T ag)) (T az))

j)(c&i>)(a3)(< D) () ()

(DMinnr-4)

(
<Ta1iaz> (T T ag)as (T a >><i >>

L (T ag)az (T (T as) as (T as)) ar))
(1)(

) () (o) () (o) ()

iaz as (T o >> as (I (T ag) ar))

(DMinNF-5)

(DMinNF-5)

(T a1 (T az)) az (T (T aa) a5 (T ag)

) (o) () G (2

(DminNF-4), (DainNE-5)

a1 (I (T az) a3 (T aq))

)
(C(O{OZQQ)) (013) ( (014)) (Oitj) (C(O[OZ;)) (a_7)
{

} T ag)az (T ag))as () (T

ag

(
e {1 o) on o
(o
(

(DminNF-4), (DainNE-5)

(Tar(d (T a2)as (T (T as)as ia6>> a7 (T as))

(efor) () (o) () o) o) (e
(

ag (T ao)) a11)

)( )

i 0410> 0411))

10

)
)
o
n
) (o)

(T az)as (T ag))as (L (T 046> a7 (J as >

(a10)> (a11

)

Table 8.1: Examples of minimal DNA expressions which do not have all properties
from Lemma 8.6. The first column mentions the properties that are not valid. Each
entry in the second column contains a corresponding DNA expression E, the formal
DNA molecule X denoted by F, and the DNA expression in minimal normal form
Eminne(X). As usual, the ;’s occurring represent (arbitrary) A -words.

The DNA expressions in the third case are the ones from Example 5.2. The second, the
fourth and the fifth case deal with the same formal DNA molecule, which is similar to
the molecule from Example 5.14 (but slightly smaller). In fact, the DNA expressions
E in these three cases resemble the minimal DNA expressions Ej,, E. and Ey from this

example, respectively.

(Duinnr-3) are valid for E, simply because, by Lemma 6.15, they are valid for any min-
imal DNA expression. The other two properties require some specific considerations.

(Dminnr-4) If E is an J-expression, then by Property (Dyinng-1), E =

(T ) for an

N-word «. In this case, E does not contain any occurrence of 1 or |, which
implies that E trivially has Property (Dyiinng-4).

Assume that E is an T-expression. Inner occurrences of 1 and | in £ occur in
the arguments of E.

If X is nick free, then either Case 2a or Case 3 of Definition 8.1 is applicable

to F = EMinNF(X)-

In both cases, E is based on the primitive lower block

partitioning P of X, as described in Theorem 5.12(1).
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By the construction from Theorem 5.12(1), the arguments of E are N-words
a;, J-expressions (J ;) and minimal DNA expressions E; denoting the lower
blocks X; occurring in P. Obviously, N-words «; and J-expressions (] o) for
N-words «; do not contain occurrences of 1 and |. Hence, the inner occurrences
of T and | in E are the occurrences of these operators in the arguments E;. As
we argued before Lemma 8.5, the lower blocks Yj occurring in P are primitive
lower blocks of X. Hence, by Lemma 6.14(1), each Ej is a |-expression, whose
arguments are maximal A -word occurrences « and J-expressions ({ «) for N-
words «, alternately. Clearly, the only occurrence of an operator 1 or | in Ej is
its outermost operator |. Indeed, its arguments are maximal A/-word occurrences
a and J-expressions (] «) for N-words «, alternately.

If X contains lower nick letters, then Case 5 of Definition 8.1 is applicable to
E = Eyviinne(X). Let 21,25, ... \Z,, for some m > 2 be the nick free decompo-
sition of X. F is based on operator-minimal f-expressions FEi,..., E,, denoting
2y, . .., Lm, respectively, as described in Theorem 5.28. The arguments of E are
precisely the arguments of Fy, ..., E,,.

For h =1,...,m, the operator-minimal {-expression FE}, is based on the primitive
lower block partitioning of Z,, as described in Theorem 5.26. Because the con-
structions from Theorem 5.12(1) and Theorem 5.26 are in fact identical, we can
proceed in exactly the same way as in the case that X is nick free. We conclude
that also now, the only occurrences of operators 1 or | in an argument of F are
the outermost operators | of the |-arguments of E, and that the arguments of
such an occurrence of | are N-words « and J-expressions ({ «) for N-words «,
alternately.

Both if X is nick free and if it contains lower nick letters, we find that £ =
Etinnr (X)) has Property (Dyinng-4).

The proof for the case that E is a |-expression is analogous.

(Dminng-5) Assume that the outermost operator of E is 1. Then in particular, by

Theorem 5.3, X is not double-complete.

Assume further that E does not have two consecutive expression-arguments. By
Property (Dyinng-4) and Lemma 3.5, X is nick free. Hence, either Case 2a or
Case 3 of Definition 8.1 is applicable to E = Eyinne(X). In both cases, E is based
on the primitive lower block partitioning of X, as described in Theorem 5.12(1).

If Case 2a is applicable, then by definition the first single-stranded component
of X is an upper component. If, on the other hand, Case 3 is applicable, then
Bi(X) > By (X) and by Lemma 4.6(3), both the first single-stranded component
and the last single-stranded component of X are upper components. In both
cases, the first single-stranded component of X is an upper component.

By Lemma 5.6(3), the maximal upper prefix Yy of X is not empty, Hence, in the
construction from Theorem 5.12(1), the first argument of E corresponds to the
first component of Yy, and thus is either an A-word « or an J-expression (J «)
for an N-word « (cf. the proof of Property (Dy,.6) in Lemma 6.15).

We conclude that E has Property (Dyfinng.D).

The proof for the case that the outermost operator of E is | is analogous.
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Let us use Dyinnr to denote the set of DNA expressions with Properties (Dyginng.1)—
(DinNg-5).

Lemma 8.7 Fach DNA expression E € Dyynnr is itn minimal normal form.

Proof: Let E be an arbitrary DNA expression in Dyiunr, i-e., E has Properties
(DrtinNr-1)—~(Drtinnr-5)-

Properties (Dyin-1), (Dyin-2) and (Dyin.3) from Lemma 6.15 are identical to Prop-
erties (Dyiinng-1), (Duminng-2) and (Duinng-3), respectively. Both Property (Dyin.4)
and Property (Duyin.5) follow immediately from Property (Dyjinng-4), because they are
weaker versions of this property. Finally, Property (Dy,.6) follows immediately from
Property (Duyinng.5). Thus, E is in Dyg, and by Theorem 6.16, E' is minimal.

Let X = S(F). We distinguish several cases.

1. If X is (C(O;ll)) for an N-word «y, then by Theorem 5.3, E = (] a1). Indeed,
E = Eyinne(X) (see Case 1 of Definition 8.1).

2. If X is nick free, contains at least one single-stranded component and By(X) =
B, (X), then by Summary 6.12(2), E' is either an f-expression based on a lower
block partitioning of X as described in Theorem 5.12(1), or a |-expression based
on an upper block partitioning of X as described in Theorem 5.12(2).

We have to prove that the first single-stranded component of X determines if
E is a an f-expression or a |-expression, and that the lower (or upper) block
partitioning that F is based on, is indeed the primitive lower (upper, respectively)
block partitioning of X.

By Lemma 4.6(3), either the first single-stranded component of X is an upper
component and the last single-stranded component of X is a lower component,
or the other way round: the first single-stranded component of X is a lower
component and the last single-stranded component of X is an upper component.

(a) Assume that the first single-stranded component of X is an upper compo-
nent (and hence, that the last single-stranded component of X is a lower
component). First, we determine if F is an f-expression or a J-expression.
Subsequently, we consider the partitioning of X that is used in the construc-
tion from Theorem 5.12.

e By Lemma 5.15, the arguments of £ are AN-words and DNA expressions,
alternately. Hence, by Property (Dypinng.D), the first argument of F is an
N-word « or an J-expression (J ) for an N-word . In the latter case,
by Property (Dyinnre-3), £ has at least two arguments, and the second
argument of F is an N-word a. In both cases, if E were a |-expression,
then the first single-stranded component of X would be a lower component.
Because the first single-stranded component of X is an upper component,
E must be an T-expression.

e [ satisfies the construction from Theorem 5.12(1). Let P = Yo X 1Y, ... XY,
for some r > 0 be the lower block partitioning that E is based on. By con-
struction and by Corollary 5.17(1), the |-arguments of E are precisely the
minimal DNA expressions F; denoting the lower blocks X ; occurring in P.

Let E; with 1 < j < r be an arbitrary |-argument of F. By Prop-
erty (Duminnr-4), the arguments of E; are N-words a and J-expressions (§ «)
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for N-words . Hence, X; = S(E};) consists only of lower components and
double components.

By definition, the lower block 7j is an alternating sequence of primitive
lower blocks and maximal upper sequences of X, which both starts and
ends with a primitive lower block. By Lemma 5.7(4b), there cannot be
any maximal upper sequence in this sequence, because Yj does not contain
upper components. Hence, 7]- starts and ends with the same primitive lower
block. In other words, 7j is equal to a primitive lower block of X.

As the |-argument E; was arbitrary, each lower block Xj occurring in P is
equal to a primitive lower block of X. By the definition of a lower block
partitioning, each primitive lower block of X is contained in one of the X ’s.
Hence, the lower blocks Yj occurring in P are precisely all primitive lower
blocks of X. This implies that P is the primitive lower block partitioning
of X.

We conclude that E = Eyinne(X) (see Case 2a of Definition 8.1).

(b) Analogously, if we assume that the first single-stranded component of X is
a lower component, then we find that F is a |-expression, which is based on
the primitive upper block partitioning of X as described in Theorem 5.12(2).
Hence, also in this case, E = Eyiunr(X) (see Case 2b of Definition 8.1).

If X is nick free and B+(X) > B (X), then by Summary 6.12(3), E is an 1-
expression which is based on a lower block partitioning of X, as described in
Theorem 5.12(1). Now, we can prove that this lower block partitioning actually
is the primitive lower block partitioning of X, in the same way that we did in
(the second part of) the proof for Case 2a.

This implies that F = Fyinne(X) (see Case 3 of Definition 8.1).

The case that X is nick free and B (X) > B(X) is analogous to the previous
case. Hence, also in this case, F = Eyuwr(X) (see Case 4 of Definition 8.1).

If X contains at least one lower nick letter, then let 7y, 25, ... . Z,, for some
m > 2 be the nick free decomposition of X. By Summary 6.12(5), E is an 1-
expression which is based on operator-minimal T-expressions F1, ..., F,, denoting
21, ..., Zm, respectively, as described in Theorem 5.28. For h =1,...,m, E}, isin
turn based on a lower block partitioning P} of Zj, as described in Theorem 5.26.

Because the arguments of E are precisely the arguments of Fy, ..., E,,, and the
constructions from Theorem 5.12(1) and Theorem 5.26 are in fact identical, we
can proceed in the same way as in (the second part of) the proof for Case 2a:
for h = 1,...,m, the J-arguments of E} correspond to the lower blocks occur-
ring in P,. Because the arguments of these |-arguments are N -words « and
J-expressions (J «) for N-words «, the lower blocks occurring in P, are precisely
the primitive lower blocks of Z,. Hence, for h = 1,...,m, Ej, is based on the
primitive lower block partitioning of Z,.

We conclude that F = Eynne(X) (see Case 5 of Definition 8.1).

The case that X contains at least one upper nick letter is analogous to the
previous case. Hence, also in this case, we find that £ = Eyiune(X) (see Case 6
of Definition 8.1).

O
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When we combine Lemma 8.6 and Lemma 8.7, we obtain

Theorem 8.8 A DNA expression E is in minimal normal form if and only if £ €
DMinNF'

We can use the properties from Lemma 8.6 to prove other properties of normal form
DNA expressions.

Lemma 8.9 Let E be a DNA expression in minimal normal form.

1. If E is an T-expression, then E does not have any inner occurrence of 1, and the
only occurrences of | in E are the operators governing l-arguments of E.

2. If E is a |-expression, then E does not have any inner occurrence of |, and the
only occurrences of T in E are the operators governing T-arguments of E.

Proof:

1. Assume that F is an T-expression. Then by definition, each occurrence of | in F
is an inner occurrence.

Suppose that Ty is an inner occurrence of T in F, and let E; be the DNA subex-
pression of E governed by 1;. By Properties (Dyinng.1) and (Dyginng-2), the
parent operator of Ej is not { or 1. Hence, it must be . This, however, contra-
dicts Property (Dyninnr-4), as each occurrence of | in E is an inner occurrence.

Let |1 be an arbitrary (inner) occurrence of | in E, and let E; be the DNA
subexpression of E governed by |;. By Properties (Dyrinng-1) and (Dyiinnr-2),
the parent operator of E; is not J or |. Hence, it must be 1. By the above, the
only occurrence of 1 in F is the outermost operator. Thus, F; is a J-argument
of (the outermost operator of) E.

2. The proof of this claim is analogous to that of the previous claim.

O

In general, the nesting level of a DNA expression can get arbitrarily high. For example,
if £ is a DNA expression, then so are (I E), (I (I E)), (I (3 (T E))), etc. (cf. the proof
of Lemma 2.16). As we have seen in the proof of Lemma 5.20, even the nesting level of
a minimal DNA expression can get arbitrarily high. For DNA expressions in minimal
normal form, however, the nesting level is limited:

Lemma 8.10 Let E be a DNA expression in minimal normal form. The maximal
nesting level of E is at most 3.

Proof: If E only has N-word-arguments, then by definition, the maximal nesting level
of Fis 1.

Now assume that E has at least one expression-argument. By Property (Dyinnr.1),
each J-argument of F is equal to (J o) for an N-word a. The maximal nesting level
of such an argument is 1. Let F; be an arbitrary f-argument or |-argument of £. By
Property (Duinng-4), the only arguments of F; are maximal A-word occurrences «
and J-expressions (] a) for N-words a. In fact, by Property (Dyinng-3), at least one
of these arguments is an J-expression ({ ). Then by Lemma 2.14(2), the maximal
nesting level of Ey is 2.

When we subsequently apply the same lemma to E itself, we conclude that its
maximal nesting level is at most 3. O
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8.3 The structure tree of a DNA expression in min-
imal normal form

Many properties of DNA expressions can be directly translated into properties of the
corresponding structure trees, as defined in § 2.8 (see § 6.3). This is in particular true
for DNA expressions in minimal normal form. Let ¢ be the structure tree of a DNA
expression . We say that ¢ is in minimal normal form, if and only if £ is in minimal
normal form. We then have

Theorem 8.8 (and Lemma 8.6) ¢ is in minimal normal form if and only if

(DminNr-1) each node labelled by ] in ¢ has a (single) child labelled by an N-
word «, and

(DminNF-2) no node labelled by 1 in ¢ has a child labelled by 1, and no node
labelled by | in ¢t has a child labelled by |, and

(Dminnr-3) unless E = (1 a) or E = (| a) for an N-word «, each node labelled
by 1 or | in t has at least two children, and

(DminNr-4) for each non-root labelled by either 1 or | in ¢, the children are
labelled by an N-word « or by the operator {, alternately, and

(Dminnr.5) if the root of ¢ is labelled by either 1 or |, then either its first child
is labelled by an N-word « or the operator J, or it has two consecutive
children labelled by an operator.

Lemma 8.9 If ¢ is in minimal normal form, then

1. if the root of ¢t is labelled by 1, then ¢ does not have any non-roots labelled
by 1, and the only nodes labelled by | are children of the root;

2. if the root of ¢ is labelled by [, then ¢ does not have any non-roots labelled
by |, and the only nodes labelled by 1 are children of the root.

Lemma 8.10 and Lemma 2.22 If ¢ is in minimal normal form, then the height of ¢
is at most 4.

As we observed in Example 8.4, the minimal DNA expression from (5.19) is in min-
imal normal form. Hence, the corresponding structure tree, which we have shown in
Figure 6.1(c), is also in minimal normal form. Indeed, it has all properties listed above.

On the other hand, although the DNA expression £ from (5.6) is minimal, it
is not in minimal normal form. Consequently, the corresponding structure tree in
Figure 6.1(a) is not in minimal normal form, either. It does not satisfy (the tree-
version of) Property (Dyinng-4). In the tree, the second child of the root, which is
labelled by |, has a child which is labelled by 1. Consequently, the height of the tree
is greater than 4.

Likewise, the minimal DNA expression Ey; from (5.11) and the corresponding struc-
ture tree in Figure 6.1(b) are not in minimal normal form. They violate both Prop-
erty (Duinng-4) and Property (Dyinng.5). Again, the height of the tree is greater than
4.

In Example 8.2 and Example 8.3, we have given the DNA expressions in minimal
normal form for the last two cases. The corresponding structure trees are depicted in
Figure 8.1.
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Figure 8.1: Two structure trees that are in minimal normal form. (a) The struc-
ture tree of the DNA expression Eyjung(X) from (8.1), denoting the nick free formal
DNA molecule from (a.0.) Figure 5.3. (b) The structure tree of the DNA expres-
sion Eyfinne(X) = E, from (8.2), denoting the nick free formal DNA molecule from
Figure 5.4.

8.4 Regularity of D,

Neither the language D of all DNA expressions, nor the language Dyy, containing
only the minimal DNA expressions is regular (see Lemma 2.16 and Lemma 5.20). The
proofs of these results were based on the fact that in a DNA expression, every opening
bracket must be matched by a closing bracket, whereas there exist DNA expressions
(even minimal DNA expressions) with arbitrarily high nesting levels of the brackets.

Of course, in a DNA expression in minimal normal form, the opening brackets and
the closing brackets must still match. However, by Lemma 8.10, the nesting level of the
brackets in such a DNA expression is limited. We cannot get arbitrarily high nesting
levels. This suggests that the language Dyunr of DNA expressions in minimal normal
form is regular, and that indeed appears to be the case.

There are different ways to demonstrate this. One would be to give a right-linear
grammar and to prove that it generates Dyunr. In this report, we follow another
strategy. We describe a context-free grammar G5 and prove that it generates Dygunr.
This context-free grammar is not right-linear. However, as we will see, because the
grammar is not self-embedding, the language generated by it (i.e., Dynnnr) is regular,
after all.

The new grammar G5 is derived from the grammar G, that generates D, the lan-
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guage of all DNA expressions (see § 2.7). For example, like GG, it has non-terminal
symbols E, U and L (with some subscripts), which represent certain DNA expressions,
sequences of arguments for the operator 1 and sequences of arguments for the operator
J, respectively.

However, due to the characteristic properties of the minimal normal form, Prop-
erties (Dyinng-1)—(Dyinng-D), there exist important differences between the two gram-
mars. Before we describe G5 formally, we explain some of the differences. Most of these
differences give rise to the use of different non-terminal symbols. Because of the sym-
metry between T-expressions and |-expressions, we sometimes restrict the explanation
to T-expressions.

In our explanations, we often refer to the five properties of the minimal normal
form. However, in order for a string to be a DNA expression in minimal normal form,
it first has to be a DNA expression. Therefore, we also sometimes refer to properties
of DNA expressions in general. In particular, we refer to the fact that the arguments
of the operator 1 must fit together by upper strands.

e By Property (Duinnrg-4), the arguments of an inner occurrence of 1 or | are
N-words « and J-expressions (§ «) for N-words «, alternately. This is not nec-
essarily true for the arguments of an outermost operator 1 or |. Those arguments
satisfy different (in particular, weaker) conditions.

This difference is reflected by the notation we use for sequences of arguments of
1 and |. For the outermost operator, we use U and L (with some subscript),
respectively, as in (G;. For an inner occurrence, we introduce a new non-terminal
symbol A (with some subscripts). We use this symbol both for inner occur-
rences of 7 and for inner occurrences of |, because the arguments of these inner
occurrences satisfy the same conditions.

e An outermost operator 1o may have J-arguments. However, if the first argument
is a J-argument, then by Property (Dyinng.5), To must have two consecutive
expression-arguments. Hence, in this case, the second and later arguments of T
have to satisfy an additional condition.

We use the new non-terminal symbol U (with some subscript) to denote a se-
quence of arguments of T that must contain two consecutive expression-arguments.

Note that a sequence of arguments represented by U (with some subscript) may
also contain consecutive expression-arguments, but it does not have to.

e By the above, there is an essential difference between the sequence of all ar-
guments of an outermost operator 1, and a profer suffix of this sequence. A
J-argument which is the first of all arguments has other consequences for the rest
of the sequence than a |-argument which is the first of a proper suffix.

Moreover, by Property (Dyinnr-3), the sequence of all arguments cannot be just
one DNA expression, whereas a proper suffix of this sequence may be a DNA
expression.

This difference is reflected by the subscript of the non-terminal symbol U. We
use U, to represent the sequence of all arguments of an outermost operator 7,
and we use U with other subscripts for proper suffices of this sequence.

e In the grammar Gy, a non-terminal symbol U (with some subscripts) represents
an arbitrary suffix of the sequence of arguments of an operator 7. This may be



8.4 Regularity of DygiuNrF 153

a proper suffix, but it may also be the entire sequence of arguments. The first
subscript of U denotes whether or not one strand of this suffix of arguments must
cover the other strand to the left.

Now, consider a non-terminal symbol U or U (with some subscript) in Gg, which
is not equal to U,. By the above, this non-terminal symbol represents a proper
suffix of the sequence of arguments of an outermost operator 71, i.e., a subsequence
of arguments which is preceded by at least one other argument.

Because, by definition, the arguments of 7 must fit together by upper strands,
the upper strand of this subsequence of arguments must (always) cover the lower
strand to the left. It is no use indicating this explicitly by means of a particular
subscript.

e Consider again a non-terminal symbol U (with some subscripts) in the grammar
G1. The second subscript denotes whether or not one strand of the suffix of
arguments represented by the symbol must cover the other strand to the right.
This is useful for inner occurrences of 1. If, for example, the T-expression is an
argument of an operator | and it is not the last argument, then the lower strand
must cover the upper strand to the right.

Now, consider any non-terminal symbol U or U in G5. As mentioned before,
this symbol is used only to represent a suffix of the sequence of arguments of an
outermost operator 1. It does not matter if one strand of this suffix of arguments
strictly covers the other strand to the right. There are no restrictions of the right-
hand side of the strands, at all. Hence, we do not need a particular subscript to
indicate such restrictions, either.

e In the grammar G5, a non-terminal symbol E with a subscript + represents a
DNA expression that is the argument of an outermost operator 7. By Prop-
erty (Dyinnr-2), this DNA expression cannot be an f-expression. Hence, it can
only be rewritten into either an J-expression or a |-expression.

e In the grammar G, as soon as we introduce an operator 1 or |, we give it a
non-empty sequence of arguments, represented by a non-terminal symbol U or L
(with some subscripts), respectively.

Now, let E be a DNA expression in minimal normal form. If E contains inner
occurrences of 1 or |, then by Property (Dyinnrg-3), each inner occurrence of 1 or
4 in E has at least two arguments. We do not introduce a special non-terminal
symbol to represent “at least two arguments”. Instead, as soon as we introduce
an inner occurrence of 1 or |, we give it one argument plus a non-empty sequence
of arguments. As we explained before, this non-empty sequence of arguments is
represented by the non-terminal symbol A (with some subscripts).

e By Property (Dyiinng-4), for each inner occurrence of 1 or |, the arguments are
maximal N-word occurrences « or J-expressions (J «) for N-words «, alternately.
As we just explained, the non-terminal symbols A (with some subscripts) repre-
sent proper suffices of such sequences of arguments.

To enforce the alternation of the arguments, we provide A with a subscript (in
fact, its first subscript) « or J. If it is «, then the suffix of the sequence of
arguments must start with an N-word «. If it is J, then it must start with an
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J-expression. The actual value of the subscript depends on the argument (an
J-expression or an N-word) preceding the suffix.

Of course, we might allow consecutive N-word-arguments in the sequence of
arguments, because they can be considered as a single N-word. However, since
we have to avoid consecutive J-arguments, anyway, it is more elegant to also
avoid consecutive N -word-arguments.

Moreover, allowing consecutive N/-word-arguments would introduce ambiguity in
the grammar. If it were possible to have AN-words at consecutive positions in the
sequence of arguments, then an N -word-argument of length 2 or more could be
derived in different ways: both from a single non-terminal symbol « and from
two (or more) consecutive non-terminal symbols a.

e By Lemma 6.17(1b) and Property (Dynnrg-4), a proper J-subexpression is an
argument of an outermost operator 1. If it is not the last argument, then by
Lemma 6.17(5b), the last argument of the |-subexpression is an J-expression
(3 a) for an N-word a. It cannot be an N -word a.

To represent such restrictions, we provide the non-terminal A with a second
subscript, which is either x or J. It it is *, then the last argument in the sequence
of arguments may be either an A -word or an J-expression. If it is {, then the
last argument must be an J-expression.

e We do not only avoid consecutive N -word-arguments for inner occurrences of 1
or |. For consistency, we do the same for an outermost operator 1 or .

For this, consider a non-terminal symbol U or U which is not equal to U,. We
provide this non-terminal, which represents a proper suffix of the sequence of
arguments of an outermost operator 1, with a subscript « or E. If the subscript
is v, then the suffix must start with an N-word «. If it is F, then the suffix must
start with a DNA expression.'

Now, formally, G is a 4-tuple (s, Ao, Py, S5), where Sy = {E,,U,, U,,Ug, Ug,
E+,+7 E+,*J L*7 LCH LE? LE7 E*,*a E*,*a AO&,$7 Ai,i; Aa,*; A$,*7 «, A7 Cu GJ T7 Ta \1/7 :1:7 < ) >} is
the total alphabet, Ay = {A,C,G,T,1,{,3,(,)} is the alphabet of terminal sym-

bols, P; is the set of productions (which is given below), and Sy = E, is the axiom of

Go.

=

— (Ja) | MU | (L)

— a | alp | $)Us | $o)Ug

— (LaAp)alp | (Lady)Us | (LT a)Aag)alp | (L (T a)Aay) Un
— a | aUg

— By | EiqUs | B4 Up

— E,.aUp | B, Ug

By — (Ga) | (4 a)Auy)

Bew — Ga) | ({10} A0

! Actually, we have  skipped the non-terminal symbol [7(,, because there would be only one produc-
tion for this symbol: U, — aUg. We have substituted this production in the right-hand side of two
of the productions for U, and one production for Ug.

S B A T e A e
-
S|
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9. L, — a | alp | $a)L, | (Jo)Lg

10. L, — <T CVA$7$> CYEE | <T aA$,$> Lg | <T <$ a) Aa7$> aEE | <T (o) AO"¢> Lg
11. Ly, — a | alg

12. Ly — E_, | E._L, | E__Lg

13. Lp — E_7_0JAJE | E__Lg

4. B — (o) | (+{Ta)Auy)

15. E., — Qa) | 1 {Ta) A

16. Aay — a(la) | ala)Aag

17. Ay — Ta) | $a)Aayg

18. Am* — ’ OCAL*

19. A4, — (Ta) | o)A

2. « — A|C|G|T]|Aa]| Ca| Ga| Ta

As is the case with most of the DNA expressions in this report, the DNA expressions
we consider in this section are expressed in terms of general N-words «;, and not in
terms of the actual N-letters A, C, G and T. Therefore, in the examples below, we
do not use the productions from line 20 of the list, for (rewriting) o. When we speak
of a leftmost derivation in G5, we mean that in every derivation step, we rewrite the
leftmost non-terminal symbol unequal to o (with some subscript 7). In other words,
we treat o as a terminal symbol, ignoring the right-linear productions in line 20.

Example 8.11 Consider the nick free formal DNA molecule X = (Of) (Ca2 )(_)

(OéQ) Q3 ’

for which B4(X) = B|(X) = 1 and the first single-stranded component is an upper
component. By Case 2a of Definition 8.1,

Eniinne (X) = (Toq (4 (T o) a3)) (8.4)

which is DNA expression E from Example 5.2 (see also Table 8.1). The following,
leftmost derivation in Go yields Eypinne(X):

1,2

E, = (1U,)
% <T041UE>
=5 (T By
=5 (tar (b (§az) Aa))
=2 (tar (b (Faz) as))

EMinNF (X) .

As in earlier derivations, numbers i, j above an arrow indicate that we have used
production (i, ). [

Example 8.12 Consider the minimal normal form DNA expression Fypinne(X) from
(8.1), which denotes the nick free formal DNA molecule X from (a.o.) Figure 5.2 and
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Figure 5.3. The following, leftmost derivation in Gy yields Eynng(X):

1,2

E, = (1U,)

=2 (T a1Ug )

22 (Tt a1 By (U, )

22 (a4 (T an) Aag ) Ua)

=2 (tar (b (T az) as (T as) Aag ) Ua)

=5 (tar (b (T ao)as (T asas (T ag)) Ua )

fi (1 (b (T ) s ( auh as (1 ag)) arUs )

25 (tar (b (Faz)as (3 aa) as (3 as)) ar (L (3 as) ag (3 o)) ann By 4 Ua )

L5 (tar (b (Fas) as (T au) as (3 as)) ar (L (3 as) ag (3 auo))

4,2 a115<2 &12> Ua 22 16,1

= (tar (b Fas)as T a)as (T ag) a <¢ (T as) ag (T o))
a1 @ 0612> a3 <¢ @ 0614> Q5 @ a16>> a17Ug >

=5 (P on (4 (3 o) as (3 aa) as (3 ae)) o (L (T as) ag (T o))
Qa1 < Oé12> a3 (i @ Oé14> a5 (i Oé16>> arr by . >

== EMinNE (X )

Example 8.13 Consider the minimal normal form DNA expression Eyi,np(X) from
(8.3). This DNA expression denotes the formal DNA molecule X from Figure 5.5,
which contains four lower nick letters. The following, leftmost derivation in G5 yields

EninNr (X )i

E, = (1U,)
% <T041UE>
g <T041E+,+UE>
22 (T (L (fan) Auy ) Up)
= (P (b (G as)as($ad) Us)
25 (tar (b (T az)as (b)) By 4 U )
L2 (T on (L (T an)as (T aa)) (L (T as) Aag ) Us)
= (tar (b (Taz)as (T au)) (| (T as)as (T ar) Ua)
% (Ton (4 (T ) as (T au)) (4 (T as) ag (T ar)) asUp )
i%’ 2 w1

=
o)
S
—
<_
—~
PR
o)
s
o)
w
i
o)
£
=
i
o)
o
o)
(@)
S
Q
I
o)
o
=
i
Q
e
o)
=
o
i
2
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7,1

= (Tar(d Tag)az (T as)) (I (T as)as (T ar)) as (. (T ag) aio (T an))
(T aiz) Uy )

42 5,2 7,1 42
5,3

= (Tar(d T a)az (T as)) (I (T as)as (T ar)) as (| (T ag) aio (T an))
(T a1z) 13 (F cus) s By LU )

7,1 5,3 7,1
et . e — . e —
5,2

= (tar{} (T a)az (T ay)) (T as)as (T ar)as ({ (T ag) aio (T o))
@ Oé12> 13 (i 0414) (315 (i 0416> (i Oél?) E+,+Ua >

7,2 16,1

= (Tar{l (Tag)as (T a)

) (4 (T as) as (T ar)) as (3 (T ag) aro (T anr))
@0412)@13 @0414> 15<
5 (

J {
i 16) (i 0417) 1 i CY18> a9 (i a20>> a1 Ur )
" ) {
I )

(
(T as)as (T ar)) as (I (T ag) 1o (T a11))
0416> (i 0417> 1 @ Oé18> a9 @ Oé20> 0421E+,* )

= (Tar({ (T a2)as (T o)
@ 0412> 13 (i 0414> aq

= EMinne(X).

Example 8.14 Consider the formal DNA molecule
X = (1) (o) () (o)™ (o)

which contains one upper nick letter. The nick free decomposition of X is Z;VZs,
where

2= (") (o) (o) (o)

and 7y = (C(a > )). The primitive upper block partitioning of Z; is Yy XY, where

Qs

Yo=M\ X, = (al) ( 2 ) and Y] = (a3) (Ca4 )). By (the analogue for |-expressions

—/ \c(ag) (g
of) Theorem 5.26, we can use this primitive upper block partitioning to construct an

operator-minimal |-expression £ denoting Z;:

={ (T (T ag))az (T as)).

It is not hard to see that the only operator-minimal |-expression denoting Z, is Fy =
(I ( as)). By Case 6 of Definition 8.1, Eyinr(X) is the |-expression based on F; and
E5 analogous to the description in Theorem 5.28:

Eniinne (X) = (L (T o (T aa)) a3 (T o) (T as))

The following, leftmost derivation in Gy yields Eynng(X):

= (L L)
24 <¢ <Ta1A¢$>a3LE>
1:7’1> < Tal agLE>
=2 (L (tar (o)) asE__Lg)



158 Ch. 8 A Minimal Normal Form for DNA Expressions

The DNA expressions in minimal normal form from the four examples above can
indeed be derived in the context-free grammar Gy. We now consider the situation in
general. We prove that the language generated by GG is exactly the language Dyinnr of
DNA expressions in minimal normal form. Step by step, we analyse which languages
can be derived from certain non-terminal symbols or after applying a certain produc-
tion. Starting from ‘low-level’ non-terminal symbols, which generate a relatively simple
language, we work up to (the productions for rewriting) the axiom F, of the grammar.

Some of the languages consist of sequences ¢ ...¢g, with n > 1, which have certain
properties. In fact, these sequences consist of arguments of the operator 1. To simplify
the description of the languages, we introduce a notation for three (possible) properties
of such sequences:

(LU.1) for i = 1,...,n, & is either a maximal N-word occurrence « (in €1 ...&,),
or an J-expression (§ «) for an N-word «, or a J-expression with two or more
arguments which form an alternating sequence of N-words « and J-expressions

({ o).
(LU.2) &y,...,¢e, fit together by upper strands.
(LU.3) L(ST(e1)) € ALt UA,.
Lemma 8.15 In the context-free grammar G,
1. L(«) is the set of all N-words.

2. L((T «)) is the set of all J-expressions in minimal normal form.

3. L(Any) is the set of all (non-empty and finite) alternating sequences of N -words
« and J-expressions (L ) for N-words o, which start with an N-word o and end
with an J-expression ({ a).

4. L(Agy) is the set of all (non-empty and finite) alternating sequences of N'-words
a and J-expressions (T a) for N-words o, which start with an J-expression (I a)
and end with an J-expression ({ ).

5. L(Aax) is the set of all (non-empty and finite) alternating sequences of N'-words
a and J-expressions (§ a) for N-words o, which start with an N -word .

6. L(Ay,) is the set of all (non-empty and finite) alternating sequences of N -words
a and J-expressions (3 ) for N-words o, which start with an J-expression (I «).

7. L({} aAyy)) is the set of all |-expressions (| e11...€1m) with m > 2, such
that €11, ...,e1.m form an alternating sequence of N'-words v and J-expressions
(T @) for N-words o, which starts with an N-word e1; = o and ends with an
1-expression €1, = (] ).
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10.

11.

12.

15.

1.

15.

16.

17.

L({1 (T a)Aay)) is the set of all |-expressions (| €11 ...€1m) withm > 2, such
that €11, ...,e1m form an alternating sequence of N'-words o and J-expressions
(T @) for N-words «, which starts with an J-expression €11 = (J @) and ends
with an J-expression €1, = ( ).

L} (T a) Aux)) is the set of all L-expressions (| €11 ...1m) with m > 2, such
that €11, ...,€1m form an alternating sequence of N'-words o and J-expressions
(T @) for N-words «, which starts with an J-expression €11 = (J ).

L(Ey +) is the union of

e the set of all J-expressions (I ) for N-words «, and

o the set of all |-expressions (L €11 ...€1,m) withm > 2, such thatey 1, ..., e1m
form an alternating sequence of N'-words « and J-expressions (J «) for N'-
words o, which starts with an J-expression €11 = (J «) and ends with an
T-expression e1m = (] ).

L(E4 ) is the union of

e the set of all J-expressions (J ) for N-words «, and

o the set of all |-expressions (| €11 ...1,m) withm > 2, such thateqq,...,€1.m
form an alternating sequence of N'-words a and J-expressions ({ o) for N -
words «, which starts with an J-expression €11 = (J «).

L(U,) is the set of all sequences of arqguments €1 . ..e, with n > 1 and Properties
(LU.1)-(LU.3), such that (in addition)

e &1 is a mazimal N -word occurrence a (in ey ...e,).

L(Ug) is the set of all sequences of arguments e1 . . .&, with n > 1 and Properties
(LU.1)-(LU.3), such that (in addition)

e ¢ is a DNA expression.

E(ﬁE) 1s the set of all sequences of arguments e, . ..c, withn > 1 and Properties

(LU.1)-(LU.3), such that (in addition)

e ¢ is a DNA expression, and

o there exists © with 1 < ¢ < n — 1, such that both ¢; and ;11 are DNA
ETPTESSIONS.

L(U,) is the set of all sequences of arguments €1 ..., withn > 1 and Properties
(LU.1) and (LU.2), such that (in addition)

e ifn =1, then & is an N -word «, and

e if ¢1 is a |-expression, then there exists i with 1 < i < n —1, such that both
g; and g;41 are DNA expressions.

LT U,)) is the set of all T-expressions in minimal normal form.

L({] L)) is the set of all -expressions in minimal normal form.
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Note that the number m in Claims 8 and 10 is always odd, and thus at least 3, because
the alternating sequence in the claims both starts and ends with an J-expression (] ).
Note also that the number n in Claim 14 is in fact at least 2, because there are two
consecutive g;’s which are DNA expressions.

Finally, it is worth noting that some of the languages described are (proper) subsets
of other languages. We mention a few of the relations between the languages:

These relations fit in with the intuitive meanings of the non-terminal symbols involved.
For example, the subscript x denotes the absence of a particular restriction.

Proof:
1 This claim follows immediately from the productions for (rewriting) a.

2 This claim follows immediately from the observation that the J-expressions in min-
imal normal form are (exactly) all DNA expressions of the form (J «) for an
N-word «a (see Definition 8.1).

3 This claim follows immediately from the productions for (rewriting) A, ;.

4 This claim follows immediately from the productions for (rewriting) A;; and the
previous claim.

5, 6 These claims (simultaneously) follow immediately from the productions for (rewrit-

ing) A, and Az ,.

7 This claim follows immediately from Claim 4 and the fact that the elements of an
alternating sequence of N-words a and J-expressions (] «) fit together by lower
strands (so that each element of £({| (} a) Aay)) is indeed a DNA expression).

8 This claim follows immediately from Claim 3 and the fact that the elements of an
alternating sequence of N-words a and J-expressions (] «) fit together by lower
strands.

9 This claim follows immediately from Claim 5 and the fact that the elements of an
alternating sequence of N-words a and J-expressions (J «) fit together by lower
strands.

10 This claim follows immediately from the productions for (rewriting) E, . and
Claim 8.

11 This claim follows immediately from the productions for (rewriting) E.,, and
Claim 9.
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12, 13 We first prove that each element of L(U,) or L(Ug) is a sequence as described
in the respective claims. Let X be an arbitrary element of £(U,) U L(Ug).

It follows immediately from the productions for (rewriting) U, and Ug that X
is a sequence €, ...¢, for some n > 1, such that for : = 1,...,n, g; is either an
N-word «, or an element of L(E, ), or an element of L(E, ).

By Claims 10 and 11, each element of L(E, ) or L(E ,) is either an J-expression
(T @) for an N-word «, or a |-expression with two or more arguments which form
an alternating sequence of N-words o and J-expressions (J «). This implies in
particular that if X € L(Ug), then £ is a DNA expression (which is the additional
property in Claim 13).

To complete Property (LU.1), we must establish that each N-word ¢; is a maximal
N-word occurrence in X. For this, it is sufficient to show that no AM-word ¢; is
succeeded by another N-word. Therefore, assume that ; with 1 <7 <mn —1is
an N-word a. This N-word has been introduced into X by the application of
the production U, — aUg. Hence, ¢; = « is succeeded by an element of £L(Ug),
which starts with a DNA expression.

In particular, if X € £(U,), then X starts with a maximal A-word occurrence
1 (which is the additional property in Claim 12).

We proceed with Properties (LU.2) and (LU.3). By definition, for each N'-word
a,

L((%)) € As R(S*(a)) = R((7)) € A,
L

L<s<<¢ >>> <_(C<‘;)>eAi and R(S((} ) = R((,{,))) € Ae.

Hence, if ¢; with 1 <7 < n is a maximal N -word occurrence « or an i—expression
(T «) for an N-word «, then L(S™(g;)), R(ST(e;)) € AL UA,.

We now consider a J-expression ;. If ¢; € L(E, ), then by Claim 10, the first ar-
gument of ¢; is an J-expression (J «; 1) for an N-word «; 1, and the last argument
of &; is an J-expression (I a;m,) for an N-word «;,,. Now by Lemma 2.15(4),

L(S(ei)) = L(S({T @in))) € Az and R(S(e:)) = R(S((T aim))) € As.

If, on the other hand, ¢; € L(E, ,), then we must have ¢ = n. By Claim 11, the
first argument of the |-expression ¢; is an J-expression (J a; 1) for an N-word

«;1. Hence, L(S(e;)) = L(S((T ai1))) € Ax.

We conclude that for i = 1,...,n—1, L(S™(&;)), R(ST(g;)) € AL UA, and that
L(S8*(e,)) € AL U A,. This implies that X has Properties (LU.2) and (LU.3).

We also have to prove that each sequence ¢ ...¢, as described in the claims is
an element of L(U,) or L(Ug), respectively. Let X be such a sequence.

We first analyse the |-expressions occurring in the sequence. Therefore, let ¢;
with 1 <i < n be a J-expression. By Property (LU.1), ; has m > 2 arguments
which form an alternating sequence of N-words « and J-expressions (J «) for
N-words a.

If the first argument of ; were an N-word «; 1, then by Lemma 2.15(4), L(S(g;)) =
L(S (a1)) € A_. This would contradict Property (LU.2) (if ¢ > 2) or Property



162

Ch. 8 A Minimal Normal Form for DNA Expressions

(LU.3) (if ¢ = 1). Hence, the first argument of ; is an J-expression (J a;1) for
an N-word o ;.

If the last argument of ¢; is an N-word «; ,,, then R(S(g;)) = R(S™ (aym)) € A_.
If i < n —1, then this would contradict Property (LU.2). Hence, in that case,
the last argument of ¢; is an J-expression (§ «;,,,) for an N-word «; .

Now, by Claim 10, if 1 < i < n — 1, then the |-expression ¢; is an element of
L(E; 1). By Claim 11, if ¢ = n, then ¢; is an element of L(E, ).

By Claim 10 and Claim 11, £(E, ) and £(E, ,) also contain all J-expressions
of the form (J a) for an N-word . We can thus conclude that if an element ¢;
of the sequence X is a DNA expression (a |-expression or an J-expression), then
g€ L(Fi)if1<i<n-—1,and¢; € L(E;,)ifi=n.

We finally observe that if an element ¢; of the sequence X is a maximal N -word
occurrence «, then either it is the last element of the sequence, or it is succeeded
by a DNA expression. If, on the other hand, ¢; is a DNA expression, then either
it is the last element of the sequence, or it is succeeded by a maximal N-word
occurrence or it is succeeded by another DNA expression. These possibilities can
exactly be realized by the productions for U, and Ug, respectively.

We can thus conclude that X € £(U,) if €1 is an N-word « and that X € £(Ug)
if £1 is a DNA expression.

14 Let X be an arbitrary element of E(ﬁ ). We can prove that X is a sequence

€1...&, for some n > 1, which has Properties (LU.1)-(LU.3) and for which
g1 is a DNA expression, like we did in the proof of Claims 12 and 13. Next, we
observe that in the derivation of X from Ug, we must have applied the production
Up — E,  Ug (exactly) once. By Claim 10, E, ; is rewritten into a DNA
expression ¢; with ¢« > 1, and by Claim 13, Ug is rewritten into a sequence
€ix1-.-€n with n > ¢ + 1, for which ¢;,; is a DNA expression. Indeed, the
sequence € ..., contains two consecutive elements ¢; and ¢;,1 that are DNA
expressions.

On the other hand, let X =& ...¢, be a sequence as described in the claim. We
have to prove that X € L£L(Ug). Also for this, we can start in the same way as in
the proof of Claims 12 and 13. Thus, we find that if ¢; with 1 <7 < n is a DNA
expression, then ¢; € L(E; 4)if 1 <i<n—1,and¢; € L(E,,) ifi=n.

In addition, let 7 be the smallest value of ¢ for which both ¢; and ;1 are DNA
expressions. Then g1, ..., ¢&;, are maximal N -word occurrences and DNA expres-
sions, alternately. Because, by assumption, both ¢; and ¢;, are DNA expressions.
ip must be odd.

Now, when we start a derivation from U g, first apply the production U E —

E, aUg io; L times, and subsequently apply the production Uy — E,  Ug

once, we obtain

E+’+Oé Ce E+’+OZ E+7+UE.
—— =

(.

v
ig—1

5 times
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It follows from the foregoing that the % pairs E/, ;o can be rewritten into
€1...€;,—1 and that the subsequent occurrence of £, | can be rewritten into the
DNA expression ¢;,. Finally, by Claim 13, Ug can be rewritten into the sequence
€ig+1 - - - En Which starts with the DNA expression €;,1.

15 We first prove that each element of £(U,) is a sequence ¢ . .., with the properties
from the claim. Therefore, let X be an arbitrary element of £(U,).

It follows immediately from the productions for (rewriting) U, and Claims 7, 8,
12, 13 and 14, that X is a sequence €y ...g, with n > 1, which has Property
(LU.1).

If €1 is an element of £({} aAy3)) UL((L (T a) Aay)), then by Claims 7 and 8,
g1 is a J-expression, whose last argument is an J-expression ({ «) for an N-word
«. Hence, by Lemma 2.15(4), R(S(e1)) = R(S((J a))) € As. Now, Property
(LU.2) follows from the productions for (rewriting) U, and Claims 12, 13 and 14,

We finally consider the additional properties in the claim. If n = 1, then we
must have applied the production U, — « in the first step of the derivation of
X from U,. This implies that ; is an N-word a. If, on the other hand, &; is
a |-expression, then we must have applied one of the productions from line 3.
It follows from these productions and Claims 13 and 14 that in that case, there
exists ¢ with 1 <14 <mn — 1, such that both ¢; and €;,; are DNA expressions.

We now prove that each sequence ¢; ... ¢, as described in the claim is an element
of L(U,). Let X be such a sequence. We distinguish a number of cases, based on
1 and (possibly) subsequent &;’s.

e If £, is an M-word «, then we may have n = 1. In that case, X = «a, which is
derived from U, by the application of production U, — «.

If, on the other hand, n > 2, then the sequence ¢ ...¢, has Properties (LU.1)-
(LU.3) (with subscripts increased by 1), and 5 is a DNA expression. By Claim 13,
the sequence €. ..¢, is an element of L(Ug). Hence, X = aey... e, € L(aUg).

e If £, is an J-expression (J «) for an N-word «, then we must have n > 2. The
sequence € . . . €, has Properties (LU.1)—(LU.3) (with subscripts increased by 1).

Now, if &5 is an N-word «, then by Claim 12, the sequence €. .. &, is an element
of LIU,) and X = (Ja)ey...e, € L((J @) U,). If, on the other hand, &5 is a
DNA expression, then by Claim 13, the sequence 5. .. g, is an element of L(Ug)
and X = (J a)es...e, € L((T @) Ug).

o If £ is a |-expression, then we must again have n > 2. The |-expression €; has
m > 2 arguments €11, . ..,€1,m,, which form an alternating sequence of N-words
a and J-expressions (J «). Moreover, because ¢, prefits €2 by upper strands, the
last argument E1,m of ¢; must be an $—expression.

Now, if the first argument ;7 of & is an N-word «, then by Claim 7, & €
£(<$ aAm>). If, on the other hand, ¢, is an J-expression, then by Claim 8,

e € L1 ) Aag)).

In both cases, there exists ¢+ with 1 < ¢ < n — 1 such that both ¢; and ¢;,, are
DNA expressions.
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If e5 is an N-word «, then we do not have two consecutive DNA expressions,
yet. Hence, n must be at least 3 (in fact, at least 4) and €3...5, is a se-
quence with Properties (LU.1)—(LU.3) (with subscripts increased by 2), such
that (in addition) €3 is a DNA expression (because it succeeds the maximal
N-word occurrence e3) and there exists ¢ with 3 < ¢ < n — 1 for which both
g; and g;4; are DNA expressions. By Claim 14, the sequence €3...¢, is an
element of £(Ug). Hence, either X = ejaes...c, € L({| adyy)alg), or

X = E10E€3 ...y € £(<¢ <1 Oé) Aa’$> O./(/jE)

If, on the other hand, 5 is a DNA expression, then €; and €5 are two consecutive
DNA expressions. There does not necessarily exist ¢ with 2 < ¢ < n —1 for which
both ¢; and €;,; are DNA expressions. The sequence ¢5...¢, has Properties
(LU.1)—~(LU.3) and €5 is a DNA expression. By Claim 13, &5...¢, is an element
of L(Ug). Hence, either X = e165...6, € L({L @A) Ug), or X =¢e165...6, €
LT 0) Aug) Us).

16 Let X be an arbitrary element of L((1 U,)). By the previous claim, X = (1 &;...¢,)
for n > 1 N-words and DNA expressions &1, ...,&, with some special proper-
ties. By Property (LU.2), the arguments ¢4, . . ., &, fit together by upper strands.
Hence, X is indeed an T-expression. Each of Properties (Dyiinng-1)—(Duminng-5)
follows easily from the properties listed in the previous claim. By Theorem 8.8,
X is in minimal normal form.

On the other hand, let X be an arbitrary f-expression in minimal normal form.
Then X = (T &;...¢,) for n > 1 maximal N-word occurrences and DNA ex-
pressions €1, ...,&, that fit together by upper strands, and X has Properties
(Duminnr-1)—(Dminnr-5). It is easily verified that the sequence ¢; .. .¢g, have the
properties listed in the previous claim. Hence, ¢;...¢, is an element of L(UL,)
and X = (Te1...6,) € LT U,)).

17 The proof of this claim is analogous to that of the previous claim (with analogous
auxiliary claims).

O

In the first part of the proof of Claims 12 and 13, we showed that each element X of
L(U,) or L(Ug) has Properties (LU.1)-(LU.3). It is worth noting that such an element
X has even stronger properties. Also the ‘lower analogues’ of Properties (LU.2) and
(LU.3) are valid: &1, ...,&, fit together by lower strands and L(S™(e1)) € Ar UA_.

The lower analogue of Property (LU.1), however, is not necessarily valid. (Some
of) the elements ¢; of the sequences in £(U,) and L(Ug) may be |-expressions. Con-
sequently, the languages L£(L,) and L(Lg), which contain sequences ¢; ...e, with
the lower analogues of Properties (LU.1)—(LU.3), are really different from £(U,) and
L(Ug), respectively.

A corollary of Lemma 8.15(2), (16) and (17) is

Theorem 8.16 L(G,y) = Lg,(E,) is the language Dyjinnr of all DNA expressions in
minimal normal form.

Because (G5 is a context-free grammar, we know that Dygunr is a context-free language.
We use Proposition 2.4 to prove that it is even a regular language. In order to apply
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Level | Non-terminal symbols

1 | B
Us,Un,Ug, U, Ly, L, L, Lig
E, B E_ _E_,
AagAgy, Aoy Aps

«

Tt = W N

Table 8.2: Intuitive levels of non-terminal symbols in the context-free grammar Gs.
Note that the higher the level is, the ‘simpler’ the non-terminal symbols are.

Proposition 2.4 to G5 directly, we have to establish that G5 is not self-embedding, i.e.,
that none of its non-terminal symbols is self-embedding.

Note that it is not really surprising that this property is valid. Intuitively, we can
distinguish ‘levels’ of non-terminal symbols in G4, as indicated in Table 8.2. When we
rewrite a non-terminal symbol, the result consists of terminal symbols, non-terminal
symbols at a higher level and at most one non-terminal symbol at the same level, which
then is the rightmost letter of the result. Hence, if a non-terminal symbol expands at
its own level, then it does so ‘in a right-linear way’.

The levels of the non-terminal symbols, as listed in Table 8.2, do not correspond
perfectly to the nesting levels in the DNA expressions that can be derived in Go.
For example, the elements of {U,,U,,Ug,Ug, Ly, Lo, Lg, Lg} and the elements of
{Es 4+, Ei ,E_ _ E_,} are at different levels in the table. However, as we discussed
at the beginning of this section, each of these elements corresponds to a sequence of
arguments or a single argument of the outermost operator, i.e., at nesting level 1 of the
DNA expression. As another example, the symbol « is at level 5 in Table 8.2, whereas
an N-word o may occur at different levels in a DNA expression (in minimal normal
form).

On the other hand, there definitely is a relation between the levels in the table and
the nesting levels of a DNA expression. To see this, recall that a DNA subexpression
induces a temporary increase of the nesting level of the DNA expression. Indeed, for
each production A — Z in P, that introduces a new DNA subexpression (i.e., for
which the right-hand side Z contains a pair of matching brackets), the non-terminal
symbols occurring inside the brackets of the DNA subexpression are at the higher level
than the original non-terminal symbol A. Hence, the levels of the non-terminal symbols
in GGy ‘follow the direction’ of the nesting levels of the DNA expression.

Our intuition about the levels of the non-terminal symbols is expressed formally in
the following result:

Lemma 8.17 Let A be an arbitrary non-terminal symbol in ¥y \ Ag and let X be a
string over Yo that can be derived from A in one or more derivation steps.

1. Assume that A = «. If X contains a non-terminal symbol B, then B = « and B
is the last letter of X.

2. Assume that A € {Aag, Apg, Ao, Ari}. If X contains a non-terminal symbol
B, then

e cither B = «,
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o or B e {Any, Arg, Ao Ay} and B is the last letter of X.

3. Assume that A€ {E, ,,E,,,E__,E_L}. If X contains a non-terminal symbol
B, then B € {Aai? A@@ Ap s Aiv*’ a}.

4. Assume that A € {U,,U,, Ug, I/J\E} If X contains a non-terminal symbol B, then
o cither Be {E 4, E,,, Aag, Arg, Ao Ap, 0},
e or Be{U,,U,,Ug, ﬁE} and B is the last letter of X .

5. Assume that A € {Ly, Ly, L, ZE} If X contains a non-terminal symbol B, then
o cither Be {E__,E_,, Ayz, Arg, Aaws Ap i, ),
e or B¢ {L*,LQ,LE,ZE} and B is the last letter of X.

6. Assume that A = E,. If X contains a non-terminal symbol B, then B # E.

Proof:
1. This claim follows immediately from the productions for (rewriting) c.

2. This claim follows immediately from the productions for (rewriting) the non-
terminals in {Aq 1, Ay, Aax, A} and the previous claim.

3. This claim follows immediately from the productions for (rewriting) the non-
terminals in {E; ,E. ,,E__,E_,} and from the previous two claims.

4. This claim follows immediately from the productions for (rewriting) the non-
terminals in {U,,U,,Ug,Ug} and from the previous three claims.

5. The proof of this claim is analogous to that of the previous claim.

6. This claim is obvious, because the non-terminal symbol F, does not occur in the
right-hand side of any production in Gj.

O

It follows immediately from Lemma 8.17 that none of the non-terminal symbols in
G, is self-embedding, and thus that G5 is not self-embedding. By Theorem 8.16,
L(G9) equals the language of all DNA expressions in minimal normal form. Hence, by
Proposition 2.4,

Theorem 8.18 The language Dyjinng of DNA expressions in minimal normal form is
reqular.



Chapter 9

Algorithms for the Minimal Normal
Form

At the beginning of Chapter 8, we introduced the (minimal) normal form as a means
to check equivalence. Two DNA expressions E; and F, are equivalent, if and only if
their normal form versions are equal.

To utilize this property, we need an algorithm that, for a given DNA expression,
computes the equivalent DNA expression in minimal normal form. With such an
algorithm, we can compute the normal form versions of F; and F,. If these are equal,
then the original DNA expressions E; and E, are equivalent. If not, then £, and FEj
are not equivalent.

In order to obtain the normal form version of a given DNA expression Ej, we
may first compute its semantics X; = S(E]), and then use Definition 8.1 to construct
Fninne(X1). However, if we do this for £y and Es, to decide if they are equivalent, then
we make a useless detour. We can as well omit the second step, the construction of the
DNA expression in minimal normal form from the semantics, and base our decision on
S(Ey) and S(F,) directly. Apart from that, of course, it would be more elegant if we
did not need the semantics, at all, to get from one DNA expression (EY) to another
(Eninnr (X71)).

In this chapter, we discuss two ways to rewrite an arbitrary DNA expression E}
into its normal form equivalent, without referring to S(E7}). First, we propose a direct,
recursive function. This function turns out to use at least quadratic time in the worst
case. We subsequently describe an alternative, two-step algorithm, and prove that it
is correct and uses linear time and space.

Note that the recursive function MakeMinimal, which we have described in Chap-
ter 7, is not sufficient to produce some kind of a normal form. By Corollary 7.13,
MakeMinimal does not necessarily yield the same output for different equivalent in-
puts, which is required for a normal form.

9.1 Recursive algorithm for the minimal normal
form

In Chapter 7, we have described a recursive function MakeMinimal, which rewrites a
given DNA expression Ej into an equivalent, minimal DNA expression. We proved

that, with a proper datastructure, this function requires time and space that are linear
in |E}| (see Corollary 7.38 and Theorem 7.40).

167
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1. MakeMinimalNF (£)
// recursively rewrites an arbitrary DNA expression FE
// into an equivalent DNA expression in minimal normal form

2.

3. if (E is an J-expression)

4. then if (the argument of E is a DNA expression F£j)

5. then MakeMinimalNF (F;);

6. substitute E by a DNA expression F’ in minimal normal form

satisfying E' = F;

7. fi

8. else // E is an f-expression or a |-expression

9. for all expression-arguments F; of £ (in some order)

10. do MakeMinimalNF (FE));

11. od

12. substitute £ by a DNA expression F’ in minimal normal form
satisfying F' = F;

13. fi

14. }

Figure 9.1: Pseudo-code of the recursive function MakeMinimalNF.

We now want to rewrite a given DNA expression into the equivalent DNA expres-
sion in minimal normal form. Our first attempt is again a recursive function, which we
call MakeMinimalNF. When we apply this function to a DNA expression E, we first (re-
cursively) rewrite the expression-arguments of F into the minimal normal form. After
that, we deal with the DNA expression as a whole. Just like we did in MakeMinimal,
we consider J-expressions on the one hand, and f-expressions and J-expressions on the
other hand, separately. Figure 9.1 displays the global set-up of MakeMinimalNF.

In lines 6 and 12, we substitute a DNA expression E whose arguments are in
minimal normal form by an equivalent DNA expression £’ which is in minimal normal
form itself. We have not specified how to find this DNA expression E’. It is, however,
clear, that we should not implement those lines by a recursive call MakeMinimalNF(FE),
as that would start an infinite series of recursive calls of MakeMinimalNF, with the same
argument F.

A possible implementation of the two lines would be to first determine X = S(F),
and then to use Definition 8.1 to construct E’. Of course, since we prefer not to use
the semantics of the DNA expression, this is not a type of implementation that we look
for. Moreover, with such an implementation, we would not benefit at all from the fact
that the expression-arguments of £ are in minimal normal form already. Hence, the
recursive calls we have made for these expression-arguments would be useless, after all.
However, it does make clear that in principle, the two lines can be effectively executed
in finite time.

Note that indeed, the structure of MakeMinimalNFis equal to that of MakeMinimal(see
Figure 7.1). The main difference between the description of MakeMinimal and that of
MakeMinimalNF is that the former has more detail. Both lines 6-10 and lines 16-37
of MakeMinimal are an implementation of the general statement ‘substitute E by a
minimal DNA expression E' satisfying E' = E’ (cf. lines 6 and 12 of MakeMinimalNF).

Although we have not specified the details of lines 6 and 12, it is possible to prove
that the set-up of MakeMinimalNF is correct.
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Theorem 9.1 Let E; be an arbitrary DNA expression, and let E; be the result of
applying the function MakeMinimalNF to EY.

1. MakeMinimalNF is well defined.

2. The string E;5 is a DNA expression in minimal normal form satisfying E5 = EY.

Proof:

1. Clearly, for every DNA expression E, there exists an equivalent DNA expres-
sion E' which is minimal normal form. This implies that lines 6 and 12 of
MakeMinimalNF are well defined. Hence, the entire recursive function is well
defined.

2. The proof of this claim is straightforward by induction on the number p of oper-
ators occurring in F7.

If B} = (J oq) for an N-word ay, then MakeMinimalNF leaves E} unchanged.
By Case 1 of Definition 8.1, B3 = Ef = (} 1) = Eygune(X) for X = (/! )).

«
Indeed, E; is in minimal normal form, and obviously, E5 = Ef. o
In all other cases (E; = ({ E1) for a DNA expression Fy, or Ej is an T-expression
or a |-expression), suppose that the recursive calls in lines 5 and 10 of Make-
MinimalNF yield DNA expressions that are equivalent to the expression-arguments
E; of E = EY. Then Lemma 3.7 and lines 6 and 12 of MakeMinimalNF ensure
that £ is in minimal normal form and equivalent to E}. We leave the details to
the reader.

Note that we did not use the fact that the expression-arguments resulting from
the recursive calls are in minimal normal form. This fact may, however, be
exploited in an actual implementation of lines 6 and 12.

O

Regardless of the actual implementations of lines 6 and 12 of MakeMinimalNF, we can
also draw another important conclusion: the recursive approach of the function is not
as efficient as that of MakeMinimal. We demonstrate this by examining its complexity
for DNA expressions of a specific type.

Example 9.2 Let a be an arbitrary A -word, and let

Er=({({Taala),
Ey =1 T a)a By alla) Ep > 1;,

Epr1 = (L {Ta)a By a(l a)) p>1
Hence,
B = (( Jaalla),
Ey = (tTa)allTa)aa)a(la),
By = ((Taya{t$a)al Ta)ala)ala)alae)),
E, = taallaatTayald Toalla)ala)ala)a(la)),

ete.

It is easy to prove by induction on p, that for any p > 1,
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e both F,, and Ej,y; are DNA expressions,

SBa) = (i) (1) (o) () (efen) (O -+ () () (i) ()

p — 1 times

= (o) () Lefon) ) ) (0 - (i) () (o) () ()

-~

2p — 1 times

SFi1) = (o) () o) (1) (o) () (o) (4)

p times

p times

= (o) (@) (o) () () () -+ () () (i) () ()

By(S(Es)) = By(S(Ey))+1=2p,
By(S(Esps1)) = Bi(S(Eaprn)) +1=2p+1,

o n3(S(E,)) = 2¢, both if ¢ = 2p and if ¢ = 2p + 1,
o |[E,|=3-3¢+(4g—1)-|al, both if ¢ = 2p and if ¢ = 2p + 1.

In particular, Ey, and Es,q are nick free, and their lengths are linear in p. Moreover,
both Fs, and Es,.; are minimal, because they achieve the minimal lengths mentioned
in Summary 6.12(3) and (4), respectively. However, for ¢ > 3, E, is not in minimal
normal form, because it violates Property (Dyiinng-4).

By Definition 8.1(3) and (4) and the construction from Theorem 5.12, the corre-
sponding DNA expressions in minimal normal form are

By, = Eninne(S(Es))

~
2p — 1 times

Eyr = Entinne(S(Eapt1))

= <¢ Fayalfda)ala)a. . (1 <$@>a<$a>>a<ia>>-

2p times




9.2 Two-step algorithm for the minimal normal form 171

Now, let p > 1 and let us apply the function MakeMinimalNF to the |-expression
Es, 11, with the f-expression Ej, as one of its arguments. When we call the function
recursively for Fj),, this argument is rewritten into the f-expression Ej,. The other
two expression-arguments (§ a) of Es,;1 are already in minimal normal form. In order
to rewrite the result

(L Ta)a By ala))

into the corresponding DNA expression in minimal normal form Ej,,,, we must remove
the 2p — 1 occurrences of | in FEj;,, add 2p — 1 occurrences of 1 at other positions
in the DNA expression, and also rearrange the brackets. Regardless of the actual
implementation of such a rearrangement, it requires time that is at least linear in p.

Likewise, at a higher level of the recursion, we have had to rearrange 2p — 2,2p —
3,2p — 4,...,1 occurrences of operators in Ey, |, Fy o Ey s, ..., Ey, respectively.
Altogether, this takes time that is at least quadratic in p, and thus in the length of
E2p+1'

The analysis for the f-expression Ej, is completely analogous. [ |

It is instructive to examine the operation of the recursive function MakeMinimalNF on
the structure trees of the DNA expressions from the above example. We have depicted
this in Figure 9.2 and Figure 9.3 for the |-expression Ej.

Since there exist DNA expressions E for which MakeMinimalNF requires time that
is at least quadratic in |E|, we can conclude:

Theorem 9.3 The worst case time complexity of the recursive function MakeMinimalNF
18 at least quadratic.

9.2 Two-step algorithm for the minimal normal form

As we have seen in § 9.1, the direct, recursive function MakeMinimalNF does produce
an equivalent DNA expression in minimal normal form for its argument F, but it is
not really efficient. We now propose another, two-step algorithm. Given an arbitrary
DNA expression E, we first use the function MakeMinimal to construct an equivalent,
minimal DNA expression Ej;. This DNA expression is not necessarily in minimal
normal form. We subsequently rewrite E; into the minimal normal form.

In Figure 9.4, we give pseudo-code for the algorithm NormalizeMinimal, which
performs this second step. Both substitutions occurring in this pseudo-code can be
achieved by local rearrangements of brackets and operators in the DNA expression.

As usual, in NormalizeMinimal, we consider J-expressions on the one hand, and 1-
and |-expressions on the other hand, separately. If the minimal DNA expression EJ is
an J-expression, then by Theorem 5.3, there is no other minimal DNA expression with
the same semantics. Hence, 25 must be in minimal normal form already. It does not
have to be rewritten. This explains line 5.

Now, let us assume that £ = EJ is an T-expression. In lines 7-9, we consider the
case that E is alternating and its first argument is a |-expression. In this case, as
indicated in the code, E violates Property (Dyjinng.5). We correct this by applying
procedure RotateToMinimal.

In the subsequent while-loop, we deal with inner occurrences of 1 in the 1-expression
E. As we have seen in the proof of Lemma 8.9(1), such inner occurrences correspond
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Qaj ay () aig Q19 Qaq Qy 19

as Qg @ 14 aq7 a3 0 Qg 0 aio 0 Q14 0 aq7

Qs asg @ 12 15 Qs 0 asg 0 6 12 0 a5

am a10 a13 0% Qg Q11 13

Qg an (a) (b)

Figure 9.2: Structure trees of the DNA expressions that we successively obtain, when
we apply the recursive function MakeMinimalNF to the |-expression Fs from Exam-
ple 9.2. To make the structure trees easier to compare, we have added subscripts to
the occurring N-words. (a) Structure tree of the original DNA expression. The nodes
in the backbone of the tree correspond in top-down order to Es5, E,, E3, Ey and Ej,
respectively. Note that F; and E5 are already in the minimal normal form. The corre-
sponding two nodes are marked with an extra circle. (b) Structure tree after rewriting
the DNA subexpression Fj into the minimal normal form equivalent E}. The node
corresponding to F4 is marked with an extra circle. (Continued in Figure 9.3)

to violations of Property (Dyinng-4). When we perform the substitution in line 12, we
get rid of one inner occurrence of 1.

In Lemma 8.10, we have established an upper bound on the nesting level of the
brackets in a DNA expression in minimal normal form. In fact, due to the substitution
in line 12, the nesting level decreases by 2 at the location of the substitution. We
can also use the terms from Definition 8.1: the substitution in line 12 corresponds to
breaking a large lower block into two smaller lower blocks.

Note that Properties (Dyfinng-1)—(Duminnr-3) are not mentioned in the pseudo-code.
This is natural, as they equal Properties (Dygin.1)—(Dyin.3) of minimal DNA expres-
sions, and the input of NormalizeMinimal is supposed to be minimal.

We illustrate the algorithm by an example. In this example, we also show (or refer
back to) the structure trees of the DNA expressions we obtain in the course of the
algorithm.

Example 9.4 In Example 5.14, we have constructed four minimal DNA expressions
for the formal DNA molecule X depicted in Figure 5.4. Let

E=E.={(Ta(lay)as(t (T as)as (T as) ar (T ag)) ag (T o)) (9.2)
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as ar Qg a1l ais ais (c)

D w7 ol Man (D E aw (@
@ WA QT EDODADD D

as as o7 Qg a1l aiz ais aiy (d)

Figure 9.3: Structure trees of the DNA expressions that we successively obtain, when
we apply the recursive function MakeMinimalNF to the |-expression Fs5 from Exam-
ple 9.2 (continuation of Figure 9.2). (c) Structure tree after rewriting the DNA subex-
pression F, into the minimal normal form equivalent E}. The node corresponding to
E) is marked with an extra circle. (d) Structure tree of the final result of the function,
the minimal normal form equivalent E} of FEj itself. For consistency, the root node
(corresponding to EY) is marked with an extra circle.

(see (5.10)), which has been depicted in Figure 9.5(a). The fact that E is mini-
mal implies (1) that, by Theorem 7.12, it is not affected by the recursive function
MakeMinimal, and (2) that we can apply the algorithm NormalizeMinimal to it.

E is an alternating |-expression. Because its first argument is the T-expression
Ey = (T ag ($ ag)), E violates Property (Dyinnr.5). According to (the analogue for
l-expressions of) line 8 of algorithm NormalizeMinimal and line RtM.6 of procedure
RotateToMinimal, F is substituted by

E= (1o} (T a)az (T (T au)as (T as) ar (T as)) ag (T aw))) - (9.3)

This is the minimal DNA expression Ej from (5.9). It has been depicted in Fig-
ure 9.5(b). Because the f-expression F has an inner occurrence of 1, we enter the
while-loop. We select the |-subexpression

E = (] (Jas)az (T} as)as (T as) ar (§ as)) ag (T ano)) ,
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1. NormalizeMinimal (Ej)
// rewrites an arbitrary minimal DNA expression FEj
// into a DNA expression Ej in minimal normal form
// satisfying L5 = EJ;
// uses local rearrangements of the DNA expression for this
2. |
3. E =FE3;
4. if (F is an J-expression)
5. then Ej = I;
6. else // E is an {-expression or a |-expression;
// without loss of generality, assume it is an T-expression
7. if (F is alternating and its first argument is a |-argument)
8. then substitute F by the result of procedure RotateToMinimal;
(Dyinyr - 5)
9. fi
// E is an T-expression or a |-expression;
// without loss of generality, assume it is an f-expression
10. while (F has inner occurrences of 1)
11. do select a |-subexpression E of F
which has at least one f-argument F;;
// E = <\L E1.. ~5i—1Ei€i+1 .. .€n>
// and B = (1 €i1€i2- - Eim—1Eim)
12. substitute £ in E
by (Le1...€im18i1) €2 Eim—1 { €imEit1---€n)5  (Duinr-4)
13. od
14. E; =F;
15. fi
16. }

Figure 9.4: Pseudo-code of the algorithm NormalizeMinimal.

1) as

a1 (D

a2
Figure 9.5:
Example 9.4,

1
T Qg 1 |
a5 C@ ar a10 o3 T Q9
oy o o % as (3) o7 a0

(a) (b)

Structure trees of the first two minimal DNA expressions occurring in
denoting the formal DNA molecule from Figure 5.4. (a) The structure

tree of E, from (9.2). (b) The structure tree of E} from (9.3).
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(the second argument of E), whose third argument is the t-expression E3 = (1 (J au) a
(T ag) ar (T ag)). Because the outermost operator | of E is an inner occurrence in E ,
it violates Property (Dyinng.4). According to line 12 of algorithm NormalizeMinimal,
E is substituted in F by the sequence of arguments

T a2)as (T o)) asTas)ar { (T as)ag (T ),

yielding

E= (1o (T a)as T as))as (T as) ar (I (T as) ag (T aw))) - (9.4)

After the substitution, E has no inner occurrences of 1, anymore, and we exit the
while-loop. We do not rewrite the DNA expression any further. Indeed, E has all five
properties from Lemma 8.6, and thus is in minimal normal form. It equals Eyjing(X) =
E, from (5.8) and (8.2), which has been depicted in Figure 8.1(b). ]

In the above example, the while-loop in lines 10-13 of NormalizeMinimal has only one
iteration. In general, there may be more iterations. We will see an example of this in
§9.3.

When we introduced algorithm NormalizeMinimal, we already mentioned the re-
lation between inner occurrences of 1 in an T-expression F (and inner occurrences of |
in a |-expression E) and violations of Property (Dyinng.4). This property deals (a.o.)
with the arguments of arbitrary inner occurrences of | in F, i.e., the arguments of
arbitrary proper |-subexpressions of E. We now focus on the arguments of (direct)
J-arguments of an T-expression E.

Lemma 9.5 Let E be a minimal T-expression. Then E has an inner occurrence of T,
if and only if E has a |-argument with at least one T-argument.

Proof: Obviously, if E has a |-argument with at least one f-argument, then F has an
inner occurrence of 1.

Now assume that E has an inner occurrence 11 of T. Then Ty occurs in an argument
g of E. By Corollary 6.2, € is either an N-word «, or an J-expression (J «) for an N-
word «, or a ]-expression. Because the first two types of arguments do not contain
occurrences of T, € must be a J-expression E. R

Inside E, 11 occurs in an argument ¢; of £. Because F is minimal, so is £. Hence,
by Corollary 6.2, ¢; is either an N-word «, or an J-expression (J a) for an N-word a,
or an T-expression. Because ¢; contains 11, it must be an f-expression £;. We conclude
that F has a |-argument F with at least one T-argument F;.

Note that 17 may be the outermost operator of E;, but it may also be an inner
occurrence in F;. This is not important for the proof. O

We prove that algorithm NormalizeMinimal is correct.

Theorem 9.6 Let E5 be an arbitrary minimal DNA expression, and let E3 be the
result of applying algorithm NormalizeMinimal to Ej.

1. Algorithm NormalizeMinimal is well defined.
2. Algorithm NormalizeMinimal terminates.

3. The string E3 is a DNA expression in minimal normal form satisfying B3 = Ej.
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4. B3 is independent of the order in which |-subexpressions E with at least one
T-argument E; are selected in line 11.

Proof: We combine the proofs of Claims 1 and 3, because both of them (partly) rely
on an invariant of the while-loop in algorithm NormalizeMinimal.

1, 3. The only instructions that are not obviously well defined, are the ones in lines
8, 11 and 12. Before we can apply procedure RotateToMinimal to FE in line §,
we must verify that E satisfies the preconditions of the procedure. In line 11, we
select a |-subexpression F that has at least one f-argument. Of course, this is
only possible, if E has at least one such |-subexpression. Finally, the substitution
in line 12 is only well defined if m > 2.

We first consider the case that Fj is an J-expression. Because Ej is minimal, by
Theorem 5.3, E3 = ({ ;) for an N-word «;. By Case 1 of Definition 8.1, Fj is
in minimal normal form, already. In this case, by line 5 of NormalizeMinimal,
E; = E = E5. Obviously, I satisfies B3 = E3.

Now assume that E3 is an f-expression or a |-expression. We enter the else-
branch in line 6 with £ = Ej. Because E is minimal, it has Properties (Dygin.1)—
(Dmin-6) from Lemma 6.15. E also has Properties (Dyinng-1)—(Duyinng-3) from
Lemma 8.6, because these properties are equal to Properties (Dyin.1)—(Duin-3)-
E does, however, not necessarily have Properties (Dyjinng-4) and (Dyiinng-5)-

Without loss of generality, we assume that F is an T-expression. By Corollary 6.2,
the first argument of E is either an N-word «, or an J-expression (I a) for an
N-word a, or a |-argument.

If the first argument of E is an N-word « or an J-expression (J «) for an N-
word «, or F has two consecutive expression-arguments, then E has Property
(Dminnr-5) and we skip line 8 of NormalizeMinimal.

If on the other hand, the first argument of E is a |-argument and FE is alter-
nating, then E does not have Property (Dyunwr.5) and we do execute line 8.
Indeed, F satisfies all conditions of (the analogue for f-expressions of) proce-
dure RotateToMinimal. By Property (Dyun.6), the last argument of E cannot
be another |-argument. Hence, in RotateToMinimal, we execute line RtM.6.
The result is a minimal |-expression E’, which satisfies £’ = E and whose last
argument is an T-argument. As we have seen in the proof of Theorem 7.27, the
first argument e1, of E’ is either an N-word « or an J-expression (J a) for an
N-word a.. Hence, E’ has Property (Dyiinng-5)-

In both cases, after the if-then construction of lines 7-9, E is a minimal 1-
expression or |-expression with Property (Duyinng.D), which satisfies £ = FEj.
Without loss of generality, we again assume that E is an f-expression. We thus
have

FE is a minimal T-expression with Property (Dyinnr.5), satisfying (9.5)
E =FE;3. '
Before we prove that this property is an invariant for the while-loop in Normalize-
Minimal, we examine some implications. As we observed before, because E is
minimal, it also has Properties (Dyinng-1)—(Dminnrg-3). Hence, Property (9.5)
and Theorem 8.8 imply that F is in minimal normal form, if and only if £ has
Property (Dyinng-4).
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Now suppose that E has at least one inner occurrence of 1. Because FE is minimal,
we can apply Lemma 9.5 and conclude that £ has a |-argument with at least one
T-argument. Then there certainly exists a |-subexpression E of F with at least
one T-argument. Hence, line 11A0f NormalizeMinimal is well defined.! Moreover,
the outermost operator | of E (which is an inner occurrence in E) makes F
violate Property (Duyinnr-4).

Suppose, on the other hand, that E has no inner occurrence of . Let |; be an
inner occurrence of | in . Because E is minimal, so is the DNA subexpression
of E governed by |;. By Corollary 6.2, the arguments of |; are N-words «,
J-expressions (J «) for N-words «, or T-expressions. The last type of arguments,
however, is not possible, because f-arguments would correspond to inner occur-
rences of 1. Now by Property (Dygn.4) of E, the arguments of |; are maximal
N-word occurrences o and J-expressions (] «) for N-words «, alternately. This
implies that E has Property (Dyjinng-4).

We conclude that (under the assumption that Property (9.5) is valid) £ has no
inner occurrences of 1, if and only if £ has Property (Dyinnrg.4), which is the
case if and only if F is in minimal normal form.

We now prove that Property (9.5) is indeed an invariant for the while-loop.

e Clearly, before the first iteration of the while-loop, Property (9.5) is valid.

e Suppose that Property (9.5) is valid before a certain iteration of the while-
loop.
When we enter the iteration, £ has at least one inner occurrence of 1. As
we just observed, there indeed exists at least one |-subexpression of F with
an T-argument. Let E be the J-subexpression of E that we select in line 11,

say
E = <J/ E1...5i1 <T €i1&i2 ... 5i,m—15i,m> Eitl - - - 5n>

for some m,n > 1 and N-words and DNA expressions €1, . .., &1, 41, - - - »Ens

and €i,1,€i,2y -+, m—1,%im-

We zoom in on the f-argument E; = (T €;1€i2...Eim-18im). Fi is the

argument of the |-expression E, which is in turn a proper DNA subex-
pression of the minimal f-expression E. By Lemma 6.17(7), m > 3 and
both €;; and €;,, are J-expressions. Then certainly m > 2, which im-
plies that the substitution in line 12 is well defined. By Property (Dyin-4),
€i1yEi2s - -+ Eim—1, Eim form an alternating sequence of maximal N-word oc-
currences and DNA expressions. In particular, ¢;5 and &;,,-1 are N-words.
We now consider F itself. As we just mentioned, Eisa proper DNA subex-
pression of E. By Property (Dyn.5), E; cannot be the first or the last
argument of E, so 2 <i <n—1. By Property (Duin-4), each occurrence of
1 or | in E is alternating. Now when we apply Theorem 3.11(1) and (2) to

~

E (with r = 1), we find that

El = <T <J/ E1.. .81‘_151‘71) 82"2 e Ei,m—l <J/ 5i,m€i+1 N €n>>

is a DNA expression satisfying E=E.

IThere may also be |-subexpressions E of E with an T-argument, which are not arguments of F.
They occur in arguments of F. In line 11, we may also select such a |-subexpression.
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By Lemma 6.17(1b), the parent operator of E in E is an occurrence To of
1. Let E be the j* argument of 1y, and let £y be the DNA subexpression
of FE governed by Ty:

By = <¢0 8. 81 E8 .. a> (9.6)

for some | > 1 and N-words and DNA expressions €1, ...,8j-1,8j41, - - -, &l
Note that Ey may be equal to E, but that is not important for the moment.
By Lemma 3.7 and Lemma 3.6,

Eo = {1 31...@_1E/§j+1...a>
=(To&1...51
(Tt {er...eim1€i1)€in- - Eimo1 (4 EimEit1---En))
S a> (9.7)

= <T0 é}...é}',l
(i €1-- -5i—15i,1> €i2-+-Eim-1 (i EimEitl - - -€n>

Ej41---E1)-
Hence, when we substitute £ in E, (and thus in F) by

<\L E1... 52‘_162‘,1> €i,2.--Eim-1 <\L EimEi+l - - .€n> s (98)

like we do in line 12 of NormalizeMinimal, we obtain an equivalent 7-
expression. After the substitution, F still satisfies £ = E;. Moreover, it is
easily verified that after the substitution, £ has the same length as before
the substitution. This implies that E is still minimal.

We finally verify that E also has Property (Dyinng.5) after the substitution.
If Ey was a proper DNA subexpression of F, then the substitution has
no effect on the number of arguments and the types of arguments of E.
Hence, E has Property (Dynnr.5) after the substitution, because it had
this property before the substitution.

Now assume that Ejy happened to be E itself. The |-argument E of E has
been substituted by the sequence of arguments in (9.8). This is an alternat-
ing sequence of N-words and DNA expressions, which both starts and ends
with a |-expression. It is easily verified that E' was alternating before the
substitution of F, if and only if E is alternating after the substitution.

By Property (Duinng.D), before the substitution, either the first argument
of E = Fy was an N-word a or an J-expression ({ «) for an N-word a, or
E was not alternating. In the former case, it follows from (9.6) and (9.7)
that j > 2 and the first argument &; of E is not affected by the substitution.
It is still @ or (J «) after the substitution. In the latter case, as we just
observed, E' is not alternating after the substitution, either. In both cases,
E also has Property (Dynnnr.5) after the substitution.

Indeed, Property (9.5) is an invariant of the while-loop. After the last iteration
of the loop, E has no inner occurrences of 1, anymore, which implies that E is
in minimal normal form. By the invariant, E satisfies E = FJ. This carries over
to Ej3.
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2. In every iteration of the while-loop, we substitute a |-subexpression

FE = <\L E1...5i1 <T €i1€i2 - - 'gi,m—lgi,m> Eitl - €n>

of E by the sequence of arguments

<\L E1... 6i—1£i,1> €i,2+--&m—1 <\L EimEitl - - - 5n> .

This way, we decrease the number of inner occurrences of T in F by 1. Because
this number cannot become negative, the number of iterations of the while-loop
is limited, and algorithm NormalizeMinimal terminates.

4. By Claim 3, E3 is a DNA expression in minimal normal form satisfying £} = Ej,
i.e., with S(E}) = S(E3). By definition, there is only one DNA expression in
minimal normal form with this semantics. Then FE3 is certainly independent
of the order in which |-subexpressions E with at least one T-argument F; are
selected in line 11.

This completes the proof of Theorem 9.6. O

9.3 Implementation and complexity of the algorithm

In the description of algorithm NormalizeMinimal in Figure 9.4, we have not specified
all details of the while-loop. In particular, in line 11, we have not specified how to
select a |-subexpression E of E with at least one T-argument E;. We now make the
description more precise. In fact, we completely rewrite the while-loop. However, the
purpose of the loop (to achieve Property (Dyinng.4)) and the types of substitutions
performed in the loop remain the same.

We also describe three features of a datastructure to store the DNA expression in.
We prove that with this datastructure, the algorithm can be carried out in linear time.

In the proof of Theorem 9.6(1) and (3), we have established that during the while-
loop of NormalizeMinimal, the f-expression E is minimal. Hence, by Lemma 9.5, the
condition

while (E has inner occurrences of 1)
in line 10 of Figure 9.4 is equivalent to
while (E has a |-argument with at least one f-argument).

If E has such a |-argument E, then that is, in particular, a |-subexpression of E with
at least one T-argument. Hence, in line 11, we can simply select this |-argument.

A natural implementation of the while-loop would then consist of iterating over all
J-arguments of F/, and selecting the ones that have at least one f-argument. Note, how-
ever, that the substitution in line 12 introduces new arguments (| &1...€;,-1€:1) , €2,
oy Eim—1, (4 €imEit1 ... €n) for E. These may include new |-arguments with at least
one T-argument, which also have to substituted. This is accounted for in algorithm
NormalizeMinimal2, which is given in Figure 9.6. The while-loop in NormalizeMinimal?2
considers all arguments & of E from left to right. A boolean stop indicates whether or
not the last argument of E has been considered.

As an illustration, we revisit the DNA expressions from Example 9.2, for which the
recursive function MakeMinimalNF appeared to use quadractic time.
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1. NormalizeMinimal2 (FEJ)
// rewrites an arbitrary minimal DNA expression L
// into a DNA expression £3 in minimal normal form
// satisfying Ej = EJ;
// uses local rearrangements of the DNA expression for this

2. |
3. E=FE;;
4. if (£ is an J-expression)
5. then £ = E;
6. else // E is an T-expression or a |-expression;
// without loss of generality, assume it is an f-expression
7. if (F is alternating and its first argument is a |-argument)
8. then substitute E by the result of procedure RotateToMinimal;
(Dyinxr - 5)
9. fi
// E is an T-expression or a |-expression;
// without loss of generality, assume it is an f-expression
10. £ = first argument of F,;
11. stop = false;
12. while (not stop)
13. do if (¢ is a |-expression with at least one T-argument)
// let é\: <J/ E1... 5i—1Ei€i+1 e 5n> )
// where E; = (1¢€;1€i2...E€im—-1Eim)
// is the first fT-argument of &
14. then substitute € in F
by <\l, E1... €i,1€i’1> €i,2+--Eim-1 <\l/ EimEitl - - 5n> 5
N Dysnyr -4)
15. € =2¢&;2,
16. else if (¢ is not the last argument of F)
17. then £ = next argument of FE;
18. else stop = true;
19. fi
20. fi
21. od
22. E;=FLE;
23. fi
24. }

Figure 9.6: Pseudo-code of the algorithm NormalizeMinimal2, which is a more de-
tailed version of the algorithm NormalizeMinimal from Figure 9.4.

Example 9.7 Let o be an arbitrary A/-word, and let

Ei={{Toala)),
Ey =1 {Ta)a By a(la)) (p>1),
By = T a)a By a(la)) (p>1).

As we observed in Example 9.2, for p > 1, both E,, and Ej,;; are minimal. The
starting DNA expression £; is also minimal. The fact that for each ¢ > 1, E, is
minimal, implies (1) that, by Theorem 7.12, E, is not affected by the recursive function
MakeMinimal, and (2) that we can apply the algorithm NormalizeMinimal?2 to it.

For ¢ > 1, E, is alternating but its first argument is (J ). Hence, lines 7-9 of
the algorithm are not applicable. We examine the effect of the while-loop on an 71-
expression Fy, for p > 2:

E=Ey = (1 ({la)a By, a(la))
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= (1Ca)a(lTa)alt Ta)a By afa))alla))alae).

The third argument of Ey, is the |-expression Fg, 1, which has in turn as an argu-
ment the f-expression Ey(,_;). The outermost operator | of Ey,_; violates Property
(Dypinng-4). According to line 14 of NormalizeMinimal2, Ey, ; is substituted in E by
the sequence of arguments

dTa)yaa)a by al laallae),

yielding
E = (1 a)afl G a)afa))a Byt all (fa)alla)a(fa)).

After the substitution, the algorithm proceeds with the (new) fourth argument of FE,
which is an M-word a. The fifth argument of E is the J-expression Ey,_1)_1. If p > 3,
then this |-expression has as an argument the f-expression FEy_s. The outermost
operator | of Fyi,_1)-1 violates Property (Dysinnr.4). According to line 14, Eyp_1)—1
is substituted in F by the sequence of arguments

 Gajaa))aBypaaall{a)alla)).

In p—1 substitutions, we obtain the DNA expression Ej, from (9.1), which is in minimal
normal form. For each substitution, we perform a constant amount of work: remove
one occurrence of T, add one occurrence of | and rearrange two brackets. Hence, the
total amount of work (and time) to rewrite Ey, into Fj, is linear in p, and thus linear
in |E2p|.

The effect of the while-loop on the |-expressions Ej,; is analogous. [ |

Indeed, for the f-expressions Fy, with p > 3 in the example, the substitution of a
J-argument in line 14 of NormalizeMinimal2 introduces a new J-argument with an
T-argument, which is in turn substituted. It is not hard to prove by induction, that
the maximal nesting level of the brackets in Ej, is 2p 4+ 1. Due to the substitution
in line 14, the nesting level decreases by 2. Successive substitutions bring down the
nesting level of the brackets to at most 3.

In Figure 9.7, we have depicted the effect of algorithhm NormalizeMinimal2 for
DNA expression Eg from Example 9.7. In two steps (iterations of the while-loop),
we transform the original, high tree in Figure 9.7(a) into the relatively flat tree in
Figure 9.7(c). In each step, the height of the tree decreases by 2: from 8 via 6 to 4.
With the recursive function MakeMinimalNF, we would need four steps to achieve the
same result. Each step would yield a decrease of only 1 (cf. Figures 9.2 and 9.3).

The difference in complexity between MakeMinimalNF and NormalizeMinimal?2 is
not just this factor of 2. There is, however, a relation with this factor. In the first
rewriting step of MakeMinimalNF for Eg, we rewrite the |-subexpression Ej5 into EY. For
this, we substitute an inner occurrence of | by an inner occurrence of 1. In the second
step, we substitute two inner occurrences of 1 (including the one we just introduced)
by two inner occurrence of |, and so on. In NormalizeMinimal2, we somehow make
two steps at a time. Thus, we no longer introduce operators in one step that we have
to remove in the next step. This is what really reduces the complexity for the DNA
expressions from Example 9.2 and Example 9.7. In Theorem 9.10, we will consider the
complexity of NormalizeMinimal2 for arbitrary minimal DNA expressions.

Note that there is another difference between the operation of MakeMinimalNF and
that of NormalizeMinimal2, besides the fact that NormalizeMinimal2 takes two steps
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T
o2 () a2
o1 o4 (1) Q20 Q3
a3 ag () a1g Q21 Qas as Qg alo () s Q17 Q19 Q21
Qs ag (1) aie Qailg Q9 12 ails
ar alo () a4 a1y a1l 013
Qg Q12 a5
a1l Q13
(a) (b)
A1
0 Qa2 0 ag Q Q10 1 Q14 0 Qai1g 0 22 0
aq 0 o1 0 0 ag 0 12 0 16 6 9 Q20 0 23
a3 a5 ar Qg Q11 a13 Q15 17 a9 Q21 (c)

Figure 9.7: Structure trees of the three DNA expressions we successively obtain, when
we apply algorithm NormalizeMinimal2 to the T-expression Fg from Example 9.7. To
make the structure trees easier to compare, we have added subscripts to the occurring
N-words. (a) Structure tree of the original DNA expression Eg. The nodes in the
backbone of the tree correspond in top-down order to Fg, E5, Ey, E3, Es and Fjy,
respectively. The third argument of Fg is the |-expression FEj, which has in turn
the T-expression Fy as an argument. (b) Structure tree of the DNA expression after
substituting E5, according to line 14 of the algorithm. The fifth argument of the DNA
expression is the [-expression F3, which has in turn the T-expression F5 as an argument.
(c) Structure tree of the DNA expression after substituting Ej3, according to line 14 of
the algorithm. This is the final result of the algorithm.
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at a time. Due to its recursive set-up, MakeMinimalNF rewrites a DNA expression from
the inside outwards (bottom-up in the tree). NormalizeMinimal2, on the other hand,
rewrites a DNA expression from the outside inwards (top-down in the tree).

We prove that NormalizeMinimal2 is correct. It does not suffice to just refer to
Theorem 9.6, where we established the correctness of NormalizeMinimal, because the
while-loop in the algorithm has significantly changed, We can, however, reuse some
elements of the argumentation.

Theorem 9.8 Let E be an arbitrary minimal DNA expression.

1.

2.

3.

Algorithm NormalizeMinimal2 is well defined.
Algorithm NormalizeMinimal2 terminates.

The string E3 resulting from algorithm NormalizeMinimal2 is a DNA expression
in minimal normal form satisfying E5 = Ej.

Proof: We combine the proofs of Claims 1 and 3, because both of them (partly) rely
on an invariant of the while-loop.

1, 3.

The only differences between algorithm NormalizeMinimal and algorithm Nor-
malizeMinimal?2 are in the while-loop. Hence, to prove Claims 1 and 3, it suffices
to analyse this loop in NormalizeMinimal2.

The only instructions in the loop that are not obviously well defined, are the
ones in lines 14 and 17. The substitution in line 14 requires m, the number of
arguments of F;, to be at least 2. The assignment in line 17 is only well defined
if £ is (still) an argument of £. We use an invariant of the while-loop to verify
both requirements.

Before the first iteration of the loop, E has the same properties as in Normalize-
Minimal. By Property (9.5) from the proof of Theorem 9.6, F is a minimal
T-expression with Property (Dyinng.5), satisfying £ = Ej. We prove that the fol-
lowing, extended property is an invariant of the while-loop in NormalizeMinimal2:

E is a minimal T-expression with Property (Dyinng.5), satisfying
E = E3, € is an argument of F and the arguments of F to the left  (9.9)
of £ do not contain any occurrence of 1.

The fact that, according to this property, £ is an argument of E, implies that
line 17 of the algorithm is well defined.

e Initially, before the first iteration of the while-loop, £ is the first argument of
E. Hence, there are no arguments to the left of £. This makes Property (9.9)
valid.

e Suppose that Property (9.9) is valid before a certain iteration of the while-
loop. In the iteration, we consider the argument & of E.

We first examine the case that £ is a |-expression with at least one 1-
argument. Let

é\: <J/ E1...541 <T €182 - - -5i,m—15i,m> Eidl - 5n>
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for some m,n > 1 and N-words and DNA expressions €1, . .., i1, i1, - - »Ens
and €i1,€i2, -, m—1,Eim; where Ez = <T Ei1&i2 - - 5i,m—15i,m> is the ﬁ’f’St
T-argument of 2. Because F is minimal, so are its DNA subexpressions &
and E;.

We zoom in on the f-argument F; of £. By Lemma 6.17(7), m > 3 and the
first argument ¢, ; is an J-expression ({ «) for an N-word a. Then certainly
m > 2, and the substitution in line 14 is well defined.

We now consider ¢ itself. By Corollary 6.2, each argument of £ is either an
N-word a, or an J-expression (J ) for an N-word «, or an f-expression.
Because Fj; is the first t-argument of £, the arguments €,,...,&;_; are N-
words « or J-expressions (J ).

In line 14 of NormalizeMinimal2, we substitute € in E by the sequence of
arguments

<\l, E1... 8i718i,1> €i,2+--Eim—1 <\l, EimEi+l - - .8n> .

This substitution is of exactly the same type as the substitution in line 12 of
NormalizeMinimal. Hence, we can reuse part of the proof of Theorem 9.6(1)
and (3), and conclude that after the substitution, F is still a minimal 1-
expression with Property (Dyinng.D), satisfying £ = Ej.

In line 15 of NormalizeMinimal2, we set € to €; 2, which is indeed an argu-
ment of F after the substitution. It follows from the above that the new
argument (] e1...6;,_16;1) of E, which precedes € = ¢; 5, does not contain
any occurrence of 7. Hence, Property (9.9) is also valid at the end of the
iteration. This concludes the analysis for the case that £ is a J-expression
with at least one f-argument.

We subsequently examine the (simpler) case that £is not such a |-expression.
Because in this case, E is not modified, it is still a minimal T-expression with
Property (Duinnr-5), satisfying F = E3, at the end of the iteration.

We first consider the subcase that € is a J-expression without T-arguments.
Because F is minimal, so is €. By Corollary 6.2, each argument of £ is either
an M-word « or an J-expression ({ «) for an N-word a. We also consider
the subcase that € is not a J-expression, at all. By Corollary 6.2 (applied to
E), € is either an N-word «, or an J-expression (J «) for an N-word «.

In both subcases, & does not contain any occurrence of 1. Hence, if € is
not the last argument of £ and it is set to the next argument of E (in
line 17), then Property (9.9) is again valid. If, on the other hand, £ is the
last argument of E and € remains the same, then certainly Property (9.9)
remains valid. The variable stop is set to true. Apparently, in this case,
none of the arguments of £ contains an occurrence of 1.

In all cases, Property (9.9) is also valid at the end of the iteration.

Indeed, Property (9.9) is an invariant of the while-loop. After the last iteration of
the loop, the variable stop is true. This implies that in the last iteration, & was
not a |-expression with at least one f-argument, and & was the last argument of
E. As we have just observed, at that point, none of the arguments of F contains
an occurrence of T, anymore. In other words, the {-expression F does not contain
any inner occurrence of 1, anymore.
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We can again reuse part of the proof of Theorem 9.6(1) and (3), and conclude
that E is in minimal normal form. By the invariant, E satisfies £ = FJ. This
carries over to Ej3.

2. We prove that the number of iterations of the while-loop is limited. By Prop-
erty (9.9), during the while-loop, E' is a minimal DNA expression, which satisfies
E5 = E. This implies in particular that the length |E| of E is constant. Further,
during the loop, € is an argument of E.

Initially, before the first iteration of the loop, € is the first argument of E. Hence,
there is no argument of E to the left of .

As we have seen in the proof of Claims 1 and 3, in every iteration of the loop,
either the number of arguments of F to the left of £ increases by 1, or the variable
stop is set to true. The latter occurs only once, in the final iteration. Clearly,
the number of arguments to the left of £ is limited by the length of E. Because
this length is constant, the number of arguments to the left of £ can only increase
a limited number of times.

Consequently, the number of iterations of the while-loop is limited.

This completes the proof of Theorem 9.8. O

Recall that in § 9.2, we have introduced algorithm NormalizeMinimal as the second
step of a two-step algorithm. The purpose of this two-step algorithm is to rewrite
arbitrary DNA expressions into the minimal normal form, and the first step consists
of applying the recursive function MakeMinimal. In § 7.1 and § 7.3, we have proved
the correctness of MakeMinimal and worked out the implementation details of this
function. By now, we have also proved the correctness of NormalizeMinimal2, which
is an implementation of NormalizeMinimal. This implies that the total, two-step
algorithm is correct:

Corollary 9.9 Let E be an arbitrary DNA expression, let £ be the result of applying
the recursive function MakeMinimal to EY, and let E be the result of applying algorithm
NormalizeMinimal2 to Ej. Then E3 is a DNA expression in minimal normal form

satisfying B = E7.

We proceed by examining the complexity of algorithm NormalizeMinimal2. During
the while-loop of the algorithm, we traverse the DNA expression from left to right.
Therefore, we may expect the time complexity to be linear. We prove that this is
indeed the case.

In § 7.3, we used a datastructure with four specific features to prove that the
recursive function MakeMinimal requires linear time. For NormalizeMinimal2, we use
three of these features: the first, the second and the fourth feature.

First, we store the letters that a DNA expression E consists of in a doubly-linked
list. Then we can insert letters at a given position, or remove letters from a given
position in constant time.

Second, for each DNA subexpression of F, we connect the first letter (the opening
bracket) to the last letter (the closing bracket). In addition, for each N-word-argument
of an operator, we connect the first letter to the last letter. Both types of connections
are two-way: we can step directly from the first letter to the last letter and vice
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versa. These connections enable us to move from one end to the other end of a DNA
subexpression or an N -word-argument in constant time.?

Finally, for each operator 1 or | in F, we maintain a circular, doubly-linked list of
its consecutive expression-arguments. This feature is not really crucial in the proof of
the linear time complexity. We use it only in line 7 of NormalizeMinimal2, to check if
E' is alternating. As this test is performed only once, it would not harm if we had to
traverse the entire DNA expression for this. That would cost only linear time. However,
since we have already defined the lists of consecutive expression-arguments, we can as
well use them again here. They allow us to do the test in line 7 in constant time,
because F is alternating, if and only if the list of consecutive expression-arguments of
its outermost operator is empty.

Note that for each inner occurrence of 1 or | in F, the list of consecutive expression-
arguments is empty. Because F is minimal, it has all properties from Lemma 6.15. By
Property (Dwmin-4), each inner occurrence of 1 or | in F is alternating.

Examples of the three features of the datastructure and their usage are given in
§ 7.3. In particular, Figure 7.16 and Figure 7.18 show all connections and lists for some
example DNA expressions.

For a given DNA expression E, the connections can be initialized in linear time.
For every basic operation (substitution) that is applied to E in the course of algorithm
NormalizeMinimal2, the connections can be updated in constant time.

We finally observe that, unlike, e.g., the function MakeMinimal, algorithm Normal-
izeMinimal?2 is not recursive. When we apply it to a minimal DNA expression E}, we
do not have multiple calls of the algorithm, for different arguments. This implies that
the time (and space) required for passing the parameter of NormalizeMinimal2 is not
an issue in the analysis of its complexity.

Of course, if NormalizeMinimal2 had been recursive, we could have established that
the time (and space) required for passing its parameter for a single call is constant, just
like we have done for MakeMinimal in § 7.3. As it is, however, we can simply ignore
this aspect in the proofs below.

We now have

Theorem 9.10 Let E3 be an arbitrary minimal DNA expression. The time required
by algorithm NormalizeMinimal2 for Ej is linear in |E}].

Proof: First, we observe that algorithm NormalizeMinimal2 requires at least linear
time in the worst case. Initializing the desired datastruture already costs linear time,
but even after that, it may take linear time to just read and check the DNA expression.
For example, let o be an arbitrary N-word, let p > 1, and let E} be an t-expression with
2p arguments: the N -word «, an J-expression (J a), the N-word «a, an J-expression
(T a), ete. Hence,

g

E§:<Tg<$a>...a($a)1>.

p times

It is easily verified that E} is in minimal normal form already, and that |Ej| = 3 +
p- (3+2-|al), which is linear in p. The while-loop in NormalizeMinimal2 has 2p

2In § 7.3, we described an additional type of connection. If the A/-word-arguments of an operator
were not necessarily maximal A/-word occurrences, then we also connected the first letter and the last
letter of every maximal A/-word occurrence in E. We do not need such connections now.
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iterations. In every iteration, we check one argument € of £ = EJ, and move on to the
next argument, without changing anything. This takes time which is linear in p and
thus in the length |Ej| of Ej.

We now prove that algorithm NormalizeMinimal2 also requires at most linear time
in the worst case. For an arbitrary minimal DNA expression Ej, let us use T (E5)
to denote the time required by algorithm NormalizeMinimal2 for Ej.

We first zoom in on line 13 of NormalizeMinimal2, where we check if £ is a |-
expression with at least one T-argument. If so, then we need the first T-argument F;
as the centre for the substitution in line 14.

It is easy to decide if € is a |-expression. If this is the case, then we can check if it
has an T-argument and (if necessary) determine E;, by simply examining the arguments
of € from left to right. Of course, we can stop this iteration, as soon as we encounter
an T-argument, which then is F;.

With this implementation of line 13 in mind, we define four constants, which are
upper bounds on the time spent in specific parts of the algorithm:

¢1 is the maximum time required by NormalizeMinimal2 for an J-expression Ej.

Hence, ¢; is the maximum time required for excecuting lines 3—5 and 23 of the
algorithm.

¢y is the maximum time required by NormalizeMinimal2 for an f-expression Ej, ex-
cept the time spent in (the iterations of) the while-loop.

Hence, ¢, is the maximum time required for executing lines 3, 4, 6-11, 22, 23 and
the first test of the condition of the while-loop in line 12 of the algorithm.

c3 is the maximum time required by NormalizeMinimal2 for one iteration of the while-
loop, except the time spent for examining the arguments of a |-expression &, as
described above.

Hence, c3 is the maximum time required for executing part of line 13, lines 14-21
and one test of the condition of the while-loop in line 12 of the algorithm.

¢4 is the maximum time required by NormalizeMinimal2 for examining one argument
of a |-expression &, in line 13 of the algorithm, as described above.

It follows from the observations made at the description of the three features of the
datastructure, that cq, c9, ¢3 and ¢4 are indeed constants.

Note that for a particular DNA expression, the time required by a part of the
algorithm may be much less than specified by the corresponding constant. For example,
if an argument £ in line 13 is not a J-expression, then we certainly do not have to
perform the substitution in line 14. We execute lines 16-19 instead, which probably
costs less time. Then the total time required for this iteration of the while-loop is less
than cs.

Let the constant ¢* be defined by

* €1 C2
¢ = max{z, 3,03,04} )
If E5 is an J-expression, then by Theorem 5.3, E5 = (§ aq) for an N-word «;. Because
an N-word has at least length 1, |E}| = 3 + |a;| > 4. In this case,

* c * * *
TNM2<E2) S C1 S Zl : ’EQ‘ S c - ‘E2|7
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where the last inequality follows from ¢* > <.

From now on, we assume that E3 is an T-expression or a |-expression. We first
analyse the effect of the while-loop on the ‘working DNA expression’” E. By Theo-
rem 9.8(2), the number of iterations of the loop is finite, say it is N. As we have
established in the proof of Theorem 9.8(1) and (3), throughout the while-loop, E is a
minimal T-expression and £ is an argument of F.

In the first iteration (in fact, at the beginning of the first iteration), € is the first
argument of the T-expression E. As we have also seen in the proof of Theorem 9.8(1)
and (3), in every iteration of the loop except the last one, the number of arguments of
E to the left of £ increases by 1. In fact, in the j™ iteration (with 1 < j < N — 1),
we append an argument £; to the sequence of arguments to the left of €. In the last
iteration, £ is the last argument of E, and E is not modified any further.

Hence, in the successive iterations, E has the following shapes: (T ...), (T &£...),
(TE1828...), ..., (1 E182...En_18). When we define £y as the argument £ in the last
iteration, the DNA expression Fj resulting from algorithm NormalizeMinimal2 equals
(T €162...EN_1EN).

We examine the time spent in the j™ iteration of the while-loop. Let us use T to
denote this time.

e If in this iteration, £ is not a |-expression, then the iteration costs at most c3
time and &; = €. As |§;| > 1 (note that £, = € may an N-word of length 1), we
have

T <cz3<c3-|g <c gl

where the last inequality follows from ¢* > cs.

e If £is a |-expression (| &;...g,) for some n > 1 and N-words and DNA ex-
pressions £1,...,¢&,, then we consider two subcases. If £ does not have any 1-
argument, then we spend at most ¢4 - n time on examining the n arguments of &,
which implies that

T; <c3+cq-n. (9.10)

In this case, & = € = (l €1...6,). By Lemma 6.17(6), £; has at least one
argument (I a) for an N-word . Hence, &; contains at least two occurrences of
operators (its outermost operator | and ), each of which is accompanied by its
own opening bracket and closing bracket. This implies that |g;| > 6 + n, which
is equivalent to n < |g;| — 6. When we combine this with (9.10), we obtain

T;<cz+cy-n<cg+cg (|Ej] —6) =cq-|Ej] + 3 — 6cy.
If on the other hand, € does have an T-argument, then let ¢; = E; = (1 €;16,2. ..
Eim—1Eim) for some m > 1 and N-words and DNA expressions €; 1,€;2, - - -, Eim—1,

€im be the first T-argument of €. In order to find E;, we have to examine ¢ argu-
ments of £, This costs at most ¢, - ¢ time, which implies that

7}' §03+C4'i. (911)
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In this case, & = (} €1...€;1€:1), which is a |-expression with i arguments.
We can now proceed in the same way as in the previous subcase, and find that
i <|&;| —6. When we combine this with (9.11), we obtain

T‘j§63+C4'i§03+04'(|§j|—6):C4"é\j‘+03—664.

In both subcases (£ without or with an T-argument), we find that T; < ¢4 - |§;| +
c3 — 6cy.

Now, if ¢3 < 6¢4, then
Ty <5l < e,

where the last inequality follows from c¢* > ¢4. If, on the other hand c3 > 6¢y,
which is equivalent to ¢, < ¢, then

C3

¢ il <es- &l <&l

—~ C _
Tjgcg+c4-(ygj|—6)<c3+§-(!ej|—6>:

where the last inequality follows from ¢* > ;.

In each case, we have obtained that T; < ¢* - |€;|. Now, it is not difficult to derive an
upper bound on Txme(E3):

Tave(E;) < e+ Ti+--+Tn
< &34 a4+ |EN]
= - J(Ta. En) | =By = By
where the second inequality follows from ¢* > 2, and the last equality follows from
the fact that E5 and Ej are equivalent, minimal DNA expressions.
Indeed, the time required by NormalizeMinimal?2 is at most linear in the length
|E5| of E5. This completes the proof of Theorem 9.10. O

As part of Theorem 7.40, we established that the datastructure we propose to carry out
the recursive function MakeMinimal efficiently, has linear size. For NormalizeMinimal2,
we only use part of this datastructure: three of the four features. We obviously do not
need more than linear space for this.

For each DNA expression, the first feature, the doubly-linked list containing the
DNA expression, does require linear space. For the second feature and the fourth fea-
ture of the datastructure, the space requirements depend on the DNA expression. We
cannot reuse Example 7.39 to demonstrate that there exist inputs to NormalizeMinimal?2
for which these two features also require linear space. The DNA expressions £, from
that example are not minimal, which is required for NormalizeMinimal2. It is, how-
ever, not difficult to find an example that suits the current context.

Example 9.11 Let « be an arbitrary N-word, and let E, be defined by

@:<¢@mwa»~@@> (v >2).

p times
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It is easy to see that for any p > 2, E, is a minimal DNA expression, with |E,| =
3+p-3+a))=3+3p+p-|a] and S(E,) = (c(‘z)) A(C(C(‘;))A... (C&)). In fact, by

/

~
p — 1 times

Lemma 6.14(2), £, is the only minimal DNA expression with this semantics, which
implies in particular that F, is in minimal normal form already. In addition, for any
p=2

e [J, contains p + 1 pairs of matching brackets. Hence, the second feature of the
datastructure requires p+ 1 connections (in both directions) between an opening
bracket and the corresponding closing bracket.

e E, contains p occurrences of the M-word « (in fact, maximal N -word occur-
rences), each of which serves as the argument of an operator §. Hence, the
second feature of the datastructure requires p connections (in both directions)
between the first letter and the last letter of such an N-word-argument.

e the outermost operator 1 of E, has p arguments ({ «), which are, in particular,
consecutive expression-arguments. Hence, the fourth feature of the datastructure
requires a circular, doubly-linked list for this operator containing the last p — 1
arguments (each of which is the second of two consecutive expression-arguments).

Both specified sets of connections require space that is linear in p, and thus in |E,|.
The same goes for the doubly-linked list.? [ |

We conclude

Theorem 9.12 Let E3 be an arbitrary minimal DNA expression. The space required
by algorithm NormalizeMinimal2 for Ej is linear in |E3|.

Hence, both the time complexity and the space complexity of NormalizeMinimal2 are
linear. We can combine the complexities of the recursive function MakeMinimal and
algorithm NormalizeMinimal?2 to find the complexity of the total two-step algorithm:

Theorem 9.13 Let EY be an arbitrary DNA expression. Both the time and the space
required by the two-step algorithm to rewrite EY into the minimal normal form are
linear in | EY|.

Hence, the two-step algorithm is better than the naive, single-pass recursive function
MakeMinimalNF. That function also yields the normal form version of its input, but,
by Theorem 9.3, requires at least quadratic time in the worst case.

3The outermost (and only) operator 1 in the DNA expressions E, from this example does not have
any non-J-arguments. Hence, these DNA expressions would not be suitable to demonstrate that the
third feature of the datastructure we use to perform MakeMinimal efficiently, can really require linear
space. For the sake of completeness, we like to mention that there do exist minimal DNA expressions
for which all four features of the datastructure require linear space. We leave it to the reader to verify
that the DNA expressions

Ep=<Ta<ia><ia>~--a<$a><$a>> (p=1)

p times

are an example of this.
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Proof: Let us apply the two-step algorithm to an arbitrary DNA expression F7, and
let us denote the result of MakeMinimal (the first step of the algorithm) by E3.

By Corollary 7.38 and Theorem 7.40, MakeMinimal requires time and space which
both are linear in the length |Ef| of E}. By Theorem 9.10 and Theorem 9.12, algo-
rithm NormalizeMinimal?2 requires time and space which both are linear in the length
|E5| of Ej. Because, by Theorem 7.17(2), £} is a minimal DNA expression which is
equivalent to E}, |Es| < |Ef|. This implies that the time and the space required by
algorithm NormalizeMinimal2 is at most linear in |E}|. We conclude that the total
time and the total space required by the composition of MakeMinimal and algorithm
NormalizeMinimal2 (i.e., by the two-step algorithm) are linear in | EY|. O



Chapter 10

Conclusions and directions for
future research

We have introduced a (minimal) normal form for DNA expressions. This normal form
is characterized by five syntactic properties, which are easy to check. We have de-
scribed a two-step algorithm, which computes the normal form version of a given DNA
expression. This is useful, e.g., to decide if two DNA expressions are equivalent. The
algorithm first determines a minimal DNA expression that is equivalent to its input,
and then rewrites this minimal DNA expression into the normal form. The algorithm
is elegant, because it does not refer to the semantics of the DNA expression involved. It
consists of string manipulations on the DNA expression itself. The algorithm requires
linear time and space.

An important research line for the future could be to define and analyse new types
of DNA expressions. These should be based on operators that directly model opera-
tions that are performed on real-world DNA. With new operators, one might also be
able to represent DNA molecules with other ‘imperfections’ than nicks and gaps, e.g.,
DNA molecules with hairpin loops. It would certainly be a challenge to define DNA
expressions that not only denote DNA molecules, but also implicitly describe how to
synthesize them from the basic elements A, C, G and T.
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