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Preface

I recommend with a special pleasure into the attention of the Readers the book Algorithms
of Informatics, carefully edited by Antal Ivanyi. Computer algorithms form a very impor-
tant and quickly developing branch of informatics. Design and analysis of big computer
nets, large scientific computations and simulations, economic planning, data protection and
cryptography and many other applications require effective, carefully planned and precisely
analysed algorithms.

Many years ago we wrote a small book with Péter Gacs under the title Algorithms. The
three volumes of the book Algorithms of Computer Science show into how multifold and
and branching off area developed the given topic. It gives a special happiness that so many
excellent representative of Hungarian informatics have cooperated to create this book. It is
obvious for me that this book will be one of the most important source-book of students,
researchers and computer users for a long time.

Redmond, April 15, 2005

Laszlé Lovasz
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1. Algebra

First, in this chapter, we will discuss some of the basic concepts of algebra, such as fields,
vector spaces and polynomials (Section [1.1)). Our main focus will be the study of polyno-
mial rings in one variable. These polynomial rings play a very important rle in constructive
applications. After this, we will outline the theory of finite fields, putting a strong emphasis
on the problem of constructing them (Section [1.2) and on the problem of factoring poly-
nomials over such fields (Section|1.3). Then we will study lattices and discuss the Lenstra-
Lenstra-Lovasz algorithm which can be used to find short lattice vectors (Section [1.4). We
will present a polynomial time algorithm for the factorisation of polynomials with rational
coeflicients; this was the first notable application of the Lenstra-Lenstra-Lovasz algorithm
(Section|[1.5).

1.1. Fields, vector spaces, and polynomials

In this section we will overview some important concepts related to rings and polynomials.

1.1.1. Ring theoretic concepts

We recall some definitions introduced in Chapters 31-33 of the textbook Introduction to
Algorithms. In the sequel all cross references to Chapters 31-33 refer to results in that book.

A set § with at least two elements is called a ring, if it has two binary operations, the
addition, denoted by the + sign, and the multiplication, denoted by the - sign. The elements
of § form an abelian group with respect to the addition, and they form a monoid (that is,
a semigroup with an identity), whose identity element is denoted by 1, with respect to the
multiplication. We assume that 1 # 0. Further, the distributive properties also hold: for
arbitrary elements a, b, ¢ € S we have

a-(b+c)y=a-b+a-c and

(b+c)-a=b-a+c-a.
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Being an abelian group with respect to the addition means that the operation is asso-
ciative, commutative, it has an identity element (denoted by 0), and every element has an
inverse with respect to this identity. More precisely, these requirements are the following:
associative property: for all triples a, b, c € S wehave (a +b) +c=a+ (b +¢);
commutative property: for all pairsa, b € S wehavea+b =b + a;
existence of the identity element: for the zero element O of S and for all elements a of §,
wehavea+0=0+a = q;
existence of the additive inverse: for all a € S there exists b € §, such thata + b = 0.

It is easy to show that each of the elements @ in S has a unique inverse. We usually denote
the inverse of an element a by —a.

Concerning the multiplication, we require that it must be associative and that the mul-
tiplicative identity should exist. The identity of a ring S is the multiplicative identity of §.
The usual name of the additive identity is zero. We usually omit the - sign when writing the
multiplication, for example we usually write ab instead of a - b.

Example 1.1 Rings.

(1) The set Z of integers with the usual operations + and -.

(ii) The set Z,, of residue classes modulo m with respect to the addition and multiplication modulo m.
(iii) The set R™" of (n x n)-matrices with real entries with respect to the addition and multiplication
of matrices.

Let 1 and S be rings. A map ¢ : S1 — S is said to be a homomorphism, if ¢
preserves the operations, in the sense that ¢(a +b) = ¢(a) = ¢(b) and ¢(ab) = ¢p(a)¢p(b) holds
for all pairs @, b € §1. A homomorphism ¢ is called an isomorphism, if ¢ is a one-to-one
correspondence, and the inverse is also a homomorphism. We say that the rings S; and S,
are isomorphic, if there is an isomorphism between them. If §'; and S, are isomorphic rings,
then we write S| = S,. From an algebraic point of view, isomorphic rings can be viewed as
identical.

For example the map ¢ : Z — Zg which maps an integer to its residue modulo 6 is a
homomorphism: ¢(13) = 1, ¢(5) =5, #(22) = 4, etc.

A useful and important ring theoretic construction is the direct sum. The direct sum of
the rings S and §'; is denoted by S 1®S,. The underlying set of the direct sum is S1 XS 5, that
is, the set of ordered pairs (s1, so) where s; € S;. The operations are defined componentwise:
for s;, t; € S; we let

(Sl, Sz) + (1, lz) =(s1+ 1,5 + lz) and

(s1,82) - (1, 12) := (s1- 11,82 - 1) -

Easy calculation shows that §1 @ S, is a ring with respect to the operations above. This
construction can easily be generalised to more than two rings. In this case, the elements of
the direct sum are the k-tuples, where k is the number of rings in the direct sum, and the
operations are defined componentwise.

Fields
A ring F is said to be a field, if its non-zero elements form an abelian group with respect
to the multiplication. The multiplicative inverse of a non-zero element « is usually denoted
al.

The best-known examples of fields are the the sets of rational numbers, real numbers,
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8 1. Algebra

and complex numbers with respect to the usual operations. We usually denote these fields
by Q, R, C, respectively.

Another important class of fields consists of the fields F, of p-elements where p is a
prime number. The elements of F, are the residue classes modulo p, and the operations are
the addition and the multiplication defined on the residue classes. The distributive property
can easily be derived from the distributivity of the integer operations. By Theorem 33.12,
[, is a group with respect to the addition, and, by Theorem 33.13, the set F), of non-zero
elements of F, is a group with respect to the multiplication. In order to prove this latter
claim, we need to use that p is a prime number.

Characteristic, prime field

In an arbitrary field, we may consider the set of elements of the form m - 1, that is, the set of
elements that can be written as the sum 1 + - - - + 1 of m copies of the multiplicative identity
where m is a positive integer. Clearly, one of the two possibilities must hold:

(a) none of the elements m - 1 is zero;

(b) m - 1 is zero for some m > 1.

In case (a) we say that F is a field with characteristic zero. In case (b) the characteristic
of F is the smallest m > 1 such that m - 1 = 0. In this case, the number m must be a prime,
for,if m=rs,thenO0O=m-1=rs-1=(r-1)(s-1),andsoeitherr-1 =0o0rs-1=0.

Suppose that P denotes the smallest subfield of F that contains 1. Then P is said to be
the prime field of F. In case (a) the subfield P consists of the elements (m - 1)(s - 1)~! where
m is an integer and s is a positive integer. In this case, P is isomorphic to the field Q of
rational numbers. The identification is obvious: (- 1)(s- 1)7! & m/s.

In case (b) the characteristic is a prime number, and P is the set of elements m - 1 where
0 < m < p. In this case, P is isomorphic to the field F, of residue classes modulo p.

Vector spaces

Let F be a field. An additively written abelian group V is said to be a vector space over F, or
simply an F-vector space, if for all elements a € F and v € V, an element av € V is defined
(in other words, FF acts on V) and the following hold:

alu+v)=au+av, (a+bu=au+ bu,

a(bu) = (ab)u, lu=u.

Here a, b are arbitrary elements of F, the elements u, v are arbitrary in V, and the element 1
is the multiplicative identity of F.

The space of (m X n)-matrices over F is an important example of vector spaces. Their
properties are studied in Chapter 31.

A vector space V over a field F is said to be finite-dimensional if there is a collection
{vi,..., vy} of finitely many elements in V such that each of the elements v € V can be
written as a linear combination v = a;v, +- - - + a,v, for some ay,...,a, € F. Such a set {v;}
is called a generating set of V. The cardinality of the smallest generating set of V is referred
to as the dimension of V over F, denoted dimg V. In a finite-dimensional vector space, a
generating system containing dimg V elements is said to be a basis.

A set {vq,..., v} of elements of a vector space V is said to be linearly independent,
if, for ay,...,a; € F, the equation O = a1v; + -+ + @y implies g = -+ = a = 0.
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It is easy to show that a basis in V is a linearly independent set. An important property of
linearly independent sets is that such a set can be extended to a basis of the vector space. The
dimension of a vector space coincides with the cardinality of its largest linearly independent
set.

A non-empty subset U of a vector space V is said to be a subspace of V, if it is an
(additive) subgroup of V, and au € U holds for all a € F and u € U. It is obvious that a
subspace can be viewed as a vector space.

The concept of homomorphisms can be defined for vector spaces, but in this context we
usually refer to them as linear maps. Let V, and V, be vector spaces over a common field
F. Amap ¢ : V] — V; is said to be linear, if, for all a, b € F and u, v € Vi, we have

dlau + bv) = ap(u) + bop(v) .

The linear mapping ¢ is an isomorphism if ¢ is a one-to-one correspondence and its in-
verse is also a homomorphism. Two vector spaces are said to be isomorphic if there is an
isomorphism between them.

Lemma 1.1 Suppose that ¢ : Vi — V, is a linear mapping. Then U = ¢(V1) is a subspace
in Vo. If ¢ is one-to-one, then dimp U = dimg V1. If; in this case, dimp V; = dimg V, < oo,
then U = V, and the mapping ¢ is an isomorphism.

Proof. As
¢) £ p(v) = puxv) and ag(u) = ¢lau),

we obtain that U is a subspace. Further, it is clear that the images of the elements of a
generating set of V| form a generating set for U. Let us now suppose that ¢ is one-to-one.
In this case, the image of a linearly independent subset of V; is linearly independent in V.
It easily follows from these observations that the image of a basis of V| is a basis of U, and
so dimg U = dimg V;. If we assume, in addition, that dimg V, = dimg V}, then a basis of U
is also a basis of V>, as it is a linearly independent set, and so it can be extended to a basis
of V,. Thus U = V, and the mapping ¢ must be a one-to-one correspondence. It is easy to
see, and is left to the reader, that ¢! is a linear mapping. [ ]

The direct sum of vector spaces can be defined similarly to the direct sum of rings.
The direct sum of the vector spaces V; and V; is denoted by Vi @ V,. The underlying set
of the direct sum is V7 X V5, and the addition and the action of the field F are defined
componentwise. It is easy to see that

dim]p (V1 ® Vz) = dll’l’l]p Vi + d1mp V.

Finite multiplicative subgroups of fields
Let F be a field and let G C F be a finite multiplicative subgroup of F. That is, the set G
contains finitely many elements of F, each of which is non-zero, G is closed under multipli-
cation, and the multiplicative inverse of an element of G also lies in G. We aim to show that
the group G is cyclic, that is, G can be generated by a single element. The main concepts
related to cyclic groups can be found in Section 33.3.4. Recall that the order ord(a) of an
element a € G is the smallest positive integer k such that a* = 1.

The cyclic group generated by an element a is denoted by (a). Clearly, |[(a)| = ord(a),
and an element &’ generates the group (a) if and only if i and n are relatively prime. Hence
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10 1. Algebra

the group (a) has exactly ¢(n) generators where ¢ is Euler’s totient function (see 33.3.2).
The following identity is valid for an arbitrary integer n:

Z o) = n.

dn

Here the summation index d runs through all positive divisors of xn. In order to verify this
identity, consider all the rational numbers i/n with 1 < i < n. The number of these is exactly
n. After simplifying these fractions, they will be of the form j/d where d is a positive divisor
of n. A fixed denominator d will occur exactly ¢(d) times.

Theorem 1.2 Suppose that F is a field and let G be a finite multiplicative subgroup of F.
Then there exists an element a € G such that G = {a).

Proof. Suppose that |G| = n. Lagrange’s theorem (Theorem 33.15) implies that the order of
an element b € G is a divisor of n. We claim, for an arbitrary d, that there are at most ¢(d)
elements in F with order d. The elements with order d are roots of the polynomial x? — 1. If
F has an element b with order d, then, by Lemma/1.5, x4 — 1 = (x = b)(x = b?)--- (x = b%)
(the lemma will be verified later). Therefore all the elements of F with order d are contained
in the group (b), which, in turn, contains exactly ¢(d) elements of order d.

If G had no element of order n, then the order of each of the elements of G would be a
proper divisor of n. In this case, however, using the identity above and the fact that ¢(n) > 0,
we obtain

n=IG| < Z od) <n,

dn, d<n

which is a contradiction. [

1.1.2. Polynomials

Suppose that F is a field and that ay, . . ., a, are elements of F. Recall that an expression of
the form
f=fx)=ao+ax+ax’+- - +ax",

where x is an indeterminate, is said to be a polyromial over F (see Chapter 32). The scalars
a; are the coefficients of the polynomial f. The degree of the zero polynomial is zero, while
the degree of a non-zero polynomial f is the largest index j such that a; # 0. The degree of
f is denoted by deg f.

The set of all polynomials over F in the indeterminate x is denoted by F[x]. If

f=fx)=ag+ax+ax>+-- +ax"

and
gzg(x):bo+b1x+b2x2+...+bnxn

are polynomials with degree not larger than n, then their sum is defined as the polynomial
h=h(x)=f+g=co+cix+cox’ + -+ cpx"

whose coefficients are ¢; = a; + b;.
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The product fg of the polynomials f and g is defined as the polynomial
fg = do + d1X + d2X2 +oee + dzﬂxzn

with degree at most 2n whose coefficients are given by the equations d; = Zi:o abj.
On the right-hand side of these equations, the coefficients with index greater than n are
considered zero. Easy computation shows that F[x] is a commutative ring with respect to
these operations. It is also straightforward to show that F[x] has no zero divisors, that is,
whenever fg = 0, then either f =0or g = 0.

Division with remainder and divisibility

The ring F[x] of polynomials over F is quite similar, in many ways, to the ring Z of inte-
gers. One of their similar features is that the procedure of division with remainder can be
performed in both rings.

Lemma 1.3 Ler f(x), g(x) € F[x] be polynomials such that g(x) # 0. Then there there
exist polynomials q(x) and r(x) such that

J) = q)g(x) +r(x) ,

and either r(x) = 0 or deg r(x) < deg g(x). Moreover, the polynomials q and r are uniquely
determined by these conditions.

Proof. We verify the claim about the existence of the polynomials ¢ and r by induction on
the degree of f. If f = 0 or deg f < deg g, then the assertion clearly holds. Let us suppose,
therefore, that deg f > deg g. Then subtracting a suitable multiple g*(x)g(x) of g from f,
we obtain that the degree of fi(x) = f(x) — ¢"(x)g(x) is smaller than deg f(x). Then, by the
induction hypothesis, there exist polynomials g; and r; such that

fi(x) = q1(0)g(x) + ri(x)

and either 1 = 0 or deg r; < deg g. It is easy to see that, in this case, the polynomials
q(x) = q1(x) + ¢*(x) and r(x) = r1(x) are as required.

It remains to show that the polynomials ¢ and r are unique. Let Q and R be polynomials,
possibly different from ¢ and r, satisfying the assertions of the lemma. That is, f(x) =
O(x)g(x) + R(x), and so (g(x) — O(x))g(x) = R(x) — r(x). If the polynomial on the left-hand
side is non-zero, then its degree is at least deg g, while the degree of the polynomial on the
right-hand side is smaller than deg g. This, however, is not possible. [ ]

Let R be a commutative ring with a multiplicative identity and without zero divisors, and
set R* := R\ {0}. The ring R is said to be a Euclidean ring if there is a function ¢ : R* - N
such that ¢(ab) > ¢(a)p(b), for all a, b € R*; and, further, if a € R, b € R, then there are
elements ¢, r € R such that a = gb + r, and if r # 0, then ¢(r) < #(b). The previous lemma
shows that F[x] is a Euclidean ring where the rdle of the function ¢ is played by the degree
function.

The concept of divisibility in F[x] can be defined similarly to the definition of the cor-
responding concept in the ring of integers. A polynomial g(x) is said to be a divisor of
a polynomial f(x) (the notation is g | f), if there is a polynomial g(x) € F[x] such that
f(x) = g(x)g(x). The non-zero elements of F, which are clearly divisors of each of the poly-
nomials, are called the trivial divisors or units. A non-zero polynomial f(x) € F[x] is said
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to be irreducible, if whenever f(x) = g(x)g(x) with g(x), g(x) € F[x], then either gor g is a
unit.

Two polynomials f, g € F[x] are called associates, if there is some u € F* such that
f(x) = ug(x).

Using Lemma 1.3, one can easily prove the unique factorisation theorem in the ring of
polynomials following the argument of the proof of the corresponding theorem in the ring
of integers (see Section 33.1). The role of the absolute value of integers is played by the
degree of polynomials.

Theorem 1.4  An arbitrary polynomial O # f € F[x] can be written in the form

fx) = uqi(0) - q,(0),

where u € F* is a unit, the polynomials q; € F[x] are pairwise non-associate and irredu-
cible, and, further, the numbers e; are positive integers. Furthermore, this decomposition is
essentially unique in the sense that whenever

f) = U -+ Qu(x)™

is another such decomposition, then r = s, and, after possibly reordering the factors Q,;, the
polynomials q; and Q; are associates, and moreover d; = ¢; forall 1 <i<r.

Two polynomials are said to be relatively prime, if they have no common irreducible divi-
SOrS.

A scalar a € F is a root of a polynomial f € F[x], if f(a) = 0. Here the value f(a) is
obtained by substituting a into the place of x in f(x).

Lemma 1.5 Suppose that a € F is a root of a polynomial f(x) € F[x]. Then there exists a
polynomial g(x) € F[x] such that f(x) = (x — a)g(x). Hence the polynomial f may have at
most deg f roots.

Proof. By Lemma 1.3, there exists g(x) € F[x] and r € F such that f(x) = (x — a)g(x) + r.
Substituting a for x, we find that » = 0. The second assertion now follows by induction on
deg f from the fact that the roots of g are also roots of f. [

The cost of the operations with polynomials

Suppose that f(x), g(x) € F[x] are polynomials of degree at most n. Then the polyno-
mials f(x) + g(x) can obviously be computed using O(n) field operations. The product
f(x)g(x) can be obtained, using its definition, by O(n?) field operations. If the Fast Fou-
rier Transform can be performed over F, then the multiplication can be computed using
only O(nlgn) field operations (see Theorem 32.2). For general fields, the cost of the fas-
test known multiplication algorithms for polynomials (for instance the Schdnhage-Strassen-
method) is O(nlgnlglgn), that is, O(n) field operations.

The division with remainder, that is, determining the polynomials g(x) and r(x) for
which f(x) = g(x)g(x) + r(x) and either r(x) = 0 or deg r(x) < deg g(x), can be performed
using O(n?) field operations following the straightforward method outlined in the proof of
Lemma|l.3. There is, however, an algorithm (the Sieveking-Kung algorithm) for the same
problem using only O(n) steps. The details of this algorithm are, however, not discussed
here.
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Congruence, residue class ring

Let f(x) € Flx] with deg f = n > 0, and let g, & € F[x]. We say that g is congruent to
h modulo f, or simply ¢ = & (mod f), if f divides the polynomial g — 4. This concept
of congruence is similar to the corresponding concept introduced in the ring of integers
(see 33.3.2). It is easy to see from the definition that the relation = is an equivalence relation
on the set F[x]. Let [g] (or simply [g] if f is clear from the context) denote the equivalence
class containing g. From Lemma [1.3 we obtain immediately, for each g, that there is a
unique r € F[x] such that [g] = [r], and either r = O (if f divides g) or deg r < n. This
polynomial r is called the representative of the class [g]. The set of equivalence classes is
traditionally denoted by F[x]/(f).

Lemma 1.6 Ler f, fi, f>, g1, & € Flx] and let a € F. Suppose that fi = f, (mod f) and
g1 = g» (mod f). Then
fi+ten=f+g (modf),

fig1 = g2 (mod f),

and

afi =af, (mod f).

Proof. The first congruence is valid, as

(itg)—(L+g)=(1—-f2)+ (g — &)

and the right-hand side of this is clearly divisible by f. The second and the third congruences
follow similarly from the identities

figi— fhg=(i- e+ @ —-g)f

and
afi —af, = a(fi - fr),

respectively. [ ]

The previous lemma makes it possible to define the sum and the product of two congru-
ence classes [g], and [i], as [g]; + [h] := [g + hl; and [g]/[1]/ := [ghl],, respectively. The
lemma claims that the sum and the product are independent of the choice of the congruence
class representatives. The same way, we may define the action of F on the set of congruence
classes: we set alg], := [ag];.

Theorem 1.7 Suppose that f(x) € Fx] and that deg f =n > 0.

(i) The set of residue classes F[x]/(f) is a commutative ring with an identity under the
operations + and - defined above.

(ii) The ring F[x]/(f) contains the field F as a subring, and it is an n-dimensional vector
space over F. Further, the residue classes [11, [x],...,[x" '] form a basis of F[x]/(f).

(iii) If f is an irreducible polynomial in Fx], then F[x]/(f) is a field.

Proof. (i) The fact that F[x]/(f) is a ring follows easily from the fact that F[x] is a ring. Let
us, for instance, verify the distributive property:

gl ]+[h2]) = [gll +ha] = [g(h +ho)] = [gh1 +gha] = [gh]+][gha] = [gllm]+[gllha] .

Reference to
NA!
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The zero element of F[x]/(f) is the class [0], the additive inverse of the class [g] is the class
[—g], while the multiplicative identity element is the class [1]. The details are left to the
reader.

(ii) The set {[a] | a € F} is a subring isomorphic to F. The correspondence is obvious:
a & [a]. By part (i), E[x]/(f) is an additive Abelian group, and the action of F satisfies the
vector space axioms. This follows from the fact that the polynomial ring is itself a vector
space over F. Let us, for example, verify the distributive property:

a([h] + [ha]) = alhy + hy] = [a(hy + ho)] = [ahy + ahy] = [ahy] + [ahy] = alh] + alhs] .

The other properties are left to the reader.
We claim that the classes [1], [x],..., [x""'] are linearly independent. For, if

[0] = ao[1] + a1[x] + -+ + @1 [¥" '] = [ap + a1x + -+ + @1 7',

thenay = -+ = a,-1 = 0, as the zero polynomial is the unique polynomial with degree
less than n that is divisible by f. On the other hand, for a polynomial g, the degree of the
class representative of [g] is less than n. Thus the class [g] can be expressed as a linear
combination of the classes [1],[x], ..., [x*!]. Hence the classes [1],[x],...,[x""!] form a
basis of F[x]/(f), and so dimg F[x]/(f) = n.

(iii) Suppose that f is irreducible. First we show that F[x]/(f) has no zero divisors.
If [0] = [g][h] = [gh], then f divides gh, and so f divides either g or h. That is, either
[¢g] = O or [#] = 0. Suppose now that g € F[x] with [g] # [0]. We claim that the classes
[gl[1], [g][x], ..., [gl[x*'] are linearly independent. Indeed, an equation [0] = ap[g][1] +
c 4 ap gl implies [0] = [g]lap + --- + a,-1x""11, and, in turn, it also yields that
ap = -+ = a,_1 = 0. Therefore the classes [g][1], [g][x],...,[g][x""!] form a basis of
F[x]/(f). Hence there exist coefficients b; € F for which

[1] = bolg][1]+ -+ + bu1[gl[x" 1 = [gl[bo + - -+ + b1 X" '] .

Thus we find that the class [0] # [g] has a multiplicative inverse, and so F[x]/(f) is a field,
as required. [ ]

We note that the converse of part (iii) of the previous theorem is also true, and its proof
is left to the reader (Exercise|1.1-1.).

Example 1.2 We usually represent the elements of the residue class ring F[x]/(f) by their representa-
tives, which are polynomials with degree less than deg f.

1. Suppose that F = F, is the field of two elements, and let f(x) = x* + x + 1. Then the ring
F[x]/(f) has 8 elements, namely

(0], [1], [x]. [x+ 1], [F°), [¥ + 1], [¥ + 2], [2° +x+ 1],
Practically speaking, the addition between the classes is the is addition of polynomials. For instance
[+ 1]+ [ +x] = [x+1].

When computing the product, we compute the product of the representatives, and substitute it (or
reduce it) with its remainder after dividing by f. For instance,

P+ [P +xl=+ 5+ +x]=[x+1].



1.1. Fields, vector spaces, and polynomials 15

The polynomial f is irreducible over F,, since it has degree 3, and has no roots. Hence the residue
class ring F[x]/(f) is a field.

2.LetF = R and let f(x) = x*> — 1. The elements of the residue class ring are the classes of the
form [ax + b] where a, b € R. The ring F[x]/(f) is not a field, since f is not irreducible. For instance,
[x+ 1][x — 1] = [0].

Lemma 1.8 Lez L be a field containing a field F and let a € L.

(i) If L is finite-dimensional as a vector space over F, then there is a non-zero polynomial
f € Flx] such that « is a root of f.

(ii) Assume that there is a polynomial f € F[x] with f(a) = 0, and let g be such a polynomial
with minimal degree. Then the polynomial g is irreducible in F[x). Further, if h € F[x] with
h(a) = 0 then g is a divisor of h.

Proof. (i) For a sufficiently large n, the elements 1, «,...,a" are linearly dependent over F.
A linear dependence gives a polynomial 0 # f € F[x] such that f(@) = 0.

(i1) If g = g182, then, as 0 = g(a) = g1(@)g2(w), the element « is a root of either g; or
g2. As g was chosen to have minimal degree, one of the polynomials g1, g» is a unit, and so
g is irreducible. Finally, let & € F[x] such that A(a) = 0. Let g, r € F[x] be the polynomials
as in Lemma/l.3/for which h(x) = g(x)g(x)+ r(x). Substituting @ for x into the last equation,
we obtain (@) = 0, which is only possible if r = 0. [ ]

Definition 1.9 The polynomial g € F[x] in the last lemma is said to be a minimal polyno-
mial of «.

It follows from the previous lemma that the minimal polynomial is unique up to a scalar
multiple. It will often be helpful to assume that the leading coefficient (the coefficient of the
term with the highest degree) of the minimal polynomial g is 1.

Corollary 1.10 Ler L be a field containing F, and let « € L. Suppose that f € F[x] is
irreducible and that f(a) = 0. Then f is a minimal polynomial of a.

Proof. Suppose that g is a minimal polynomial of @. By the previous lemma, g | f and g is
irreducible. This is only possible if the polynomials f and g are associates. [ ]

Let L be a field containing F and let @ € L. Let F(a) denote the smallest subfield of L
that contains F and a.

Theorem 1.11 Let L be a field containing F and let a € L. Suppose that f € F[x] is
a minimal polynomial of a. Then the field F(@) is isomorphic to the field F[x]/(f). More
precisely, there exists an isomorphism ¢ : F[x]/(f) — F(a) such that ¢(a) = a, for all
a € F, and ¢([x]y) = a. The map ¢ is also an isomorphism of vector spaces over F, and so
dimg F(a) = deg f.

Proof. Let us consider the map ¥ : F[x] — L, which maps a polynomial g € F[x] into
g(a). This is clearly a ring homomorphism, and ¥/(F[x]) C F(@). We claim that y(g) = y(h)
if and only if [g]; = [A];. Indeed, ¥(g) = y(h) holds if and only if (g — h) = 0, that is,
if g(@) — h(a) = 0, which, by Lemma 1.8, is equivalent to f | ¢ — A, and this amounts to
saying that [g]; = [A];. Suppose that ¢ is the map F[x]/(f) — F(e) induced by v, that
is, ¢([g]y) := ¥(g). By the argument above, the map ¢ is one-to-one. Routine computation



Reference to
NA!

16 1. Algebra

shows that ¢ is a ring, and also a vector space, homomorphism. As F[x]/(f) is a field, its
homomorphic image ¢(F[x]/(f)) is also a field. The field ¢(F[x]/(f)) contains F and «, and
so necessarily ¢(F[x]/(f)) = F(a). [ |

Euclidean algorithm and the greatest common divisor
Let f(x), g(x) € F[x] be polynomials such that g(x) # 0. Set fy = f, fi = g and define the
polynomials g; and f; using division with reminder as follows:

Sox) = q1(0) fi(x) + f2(x) ,
A1) = @20 L + (),

Ji2(®) = @r1 (D) i1 (0) + fie(x)
Ji-1(0) = @) fi(X) + firn (%) .

Note that if 1 < i < k then deg f;,; is smaller than deg f;. We form this sequence of polyno-
mials until we obtain that fi+1 = 0. By Lemma/1.3] this defines a finite process. Let n be the
maximum of deg f and deg g. As, in each step, we decrease the degree of the polynomials,
we have k < n + 1. The computation outlined above is usually referred to as the Euclidean
algorithm. A version of this algorithm for the ring of integers is described in Section 33.2.

We say that the polynomial /(x) is the greatest common divisor of the polynomials
f(x) and g(x), if h(x) | f(x), h(x) | g(x), and, if a polynomial 4;(x) is a divisor of f and g,
then %4 (x) is a divisor of A(x). The usual notation for the greatest common divisor of f(x)
and g(x) is ged(f(x), g(x)). It follows from Theorem 1.4 that gcd(f(x), g(x)) exists and it is
unique up to a scalar multiple.

Theorem 1.12  Suppose that f(x), g(x) € Flx] are polynomials, that g(x) # 0, and let n be
the maximum of deg f and deg g. Assume, further, that the number k and the polynomial f;
are defined by the procedure above. Then

(1) ged(f(x), g(x)) = fi(x).

(ii) There are polynomials F(x), G(x) with degree at most n such that
Je() = F)f(x) + G(x)g(x) (1.1)

(iii) With a given input f, g, the polynomials F(x), G(x), fi(x) can be computed using O(n>)
field operations in F.

Proof. (i) Going backwards in the Euclidean algorithm, it is easy to see that the polyno-
mial f; divides each of the f;, and so it divides both f and g. The same way, if a polyno-
mial A(x) divides f and g, then it divides f;, for all i, and, in particular, it divides f;. Thus
ged(f(x), 8(x) = fi(x).

(ii) The claim is obvious if f = 0, and so we may assume without loss of generality that
f # 0. Starting at the beginning of the Euclidean sequence, it is easy to see that there are
polynomials F;(x), G;(x) € F[x] such that

Fi(0)f(x) + Gi(x)g(x) = fi(x). (1.2)
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We observe that (1.2) also holds if we substitute F;(x) by its remainder F7}(x) after dividing
by g and substitute G;(x) by its remainder G} (x) after dividing by f. In order to see this, we
compute

F/ (0 f(x) + Gi(0gx) = fi(x)  (mod f(x)g(x)),

and notice that the degree of the polynomials on both sides of this congruence is smaller
than (deg f)(deg g). This gives

F;(0)f(x) + Gi(0g(x) = fi(x).

(iii) Once we determined the polynomials fi_1, f;, F; and G}, the polynomials fi,1, F7,,
and G, can be obtained using O(n?) field operations in F. Initially we have F 1 =land
G, = —q1. Ask < n + 1, the claim follows. [

Remark. Traditionally, the Euclidean algorithm is only used to compute the greatest
common divisor. The version that also computes the polynomials F(x) and G(x) in (L.1) is
usually called the extended Euclidean algorithm. In Chapter ?? the reader can find a discus-
sion of the Euclidean algorithm for polynomials. It is relatively easy to see that the polyno-
mials f;(x), F(x), and G(x) in (1.1) can, in fact, be computed using O(n?) field operations.
The cost of the asymptotically best method is o).

The derivative of a polynomial is often useful when investigating multiple factors. The
derivative of the polynomial

f(xX) =ap + a1x + axx® + - + a,x" € Flx]

is the polynomial
1

(X)) =ay +2ax + - + na,x"" .
It follows immediately from the definition that the map f(x) — f’(x) is an F-linear mapping
F[x] — F[x]. Further, for f(x), g(x) € F[x] and a € F, the equations (f(x) + g(x)) =
f(x)+ g’ (x) and (af(x))" = af’(x) hold. The derivative of a product can be computed using
the Leibniz rule: for all f(x), g (x) € F[x] we have (f(x)g(x))" = f'(x)g(x) + f(x)g’(x). As
the derivation is a linear map, in order to show that the Leibniz rule is valid, it is enough to
verify it for polynomials of the form f(x) = x' and g(x) = x/. It is easy to see that, for such
polynomials, the Leibniz rule is valid.
The derivative f’(x) is sensitive to multiple factors in the irreducible factorisation of

).

Lemma 1.13 Let F be an arbitrary field, and assume that f(x) € F[x] and f(x) = t*(x)v(x)
where u(x), v(x) € F[x]. Then u*~1(x) divides the derivative f'(x) of the polynomial f(x).

Proof. Using induction on k and the Leibniz rule, we find (u¥(x))’ = ku*~'(x)u’(x). Thus,
applying the Leibniz rule again, f’(x) = ¥ (x)(ki’ (x)v(x) + u*(x)v'(x)). Hence 1<~ (x) |
0. n

In many cases the converse of the last lemma also holds.

Lemma 1.14 Let F be an arbitrary field, and assume that f(x) € F[x] and f(x) = u(x)v(x)
where the polynomials u(x) and v(x) are relatively prime. Suppose further that u'(x) # 0
(for instance F has characteristic O and u(x) is non-constant). Then the derivative f'(x) is
not divisible by u(x).
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Proof. By the Leibniz rule, f'(x) = u(x)v'(x) + ' (x)v(x) = ' (x)v(x) (mod u(x)). Since
deg 1’ (x) is smaller than deg u(x), we obtain that #’(x) is not divisible by u(x), and neither is
the product #’(x)v(x), as u(x) and v(x) are relatively prime. [ |

The Chinese remainder theorem for polynomials
Using the following theorem, the ring F[x]/(f) can be assembled from rings of the form
F[x]/(g) where g | f.

Theorem 1.15 (Chinese remainder theorem for polynomials) Let fi,..., fi € F[x] pair-
wise relatively prime polynomials with positive degree and set f = fi -- - fi. Then the rings
Elx]/(f) and F[x]/(f1)®- - -®F[x]/(fx) are isomorphic. The mapping realizing the isomorp-
hism is

¢ L8l (8lps-- - [815), g €Fx].

Proof. First we note that the map ¢ is well-defined. If 1 € [g];, then h = g + f*f, which
implies that # and g give the same remainder after division by the polynomial f;, that is,
[y = (gl

The mapping ¢ is clearly a ring homomorphism, and it is also a linear mapping between
two vector spaces over F. The mapping ¢ is one-to-one; for, if ¢([g]) = #([4]), then ¢([g —
h]) =(0,...,0), thatis, f; | g —h (1 <i < k), which gives f | g — h and [g] = [X].

The dimensions of the vector spaces F[x]/(f) and F[x]/(f1) ® - - - ® F[x]/(f;) coincide:
indeed, both spaces have dimension deg f. Lemma |1.1/ implies that ¢ is an isomorphism
between vector spaces. It only remains to show that ¢~! preserves the multiplication; this,
however, is left to the reader. [ |

Exercises

1.1-1 Let f € F[x] be polynomial. Show that the residue class ring F[x]/(f) has no zero
divisors if and only if f is irreducible.

1.1-2 Let R be a commutative ring with an identity. A subset I C R is said to be an ideal, if
1 is an additive subgroup, and a € I, b € R imply ab € I. Show that R is a field if and only if
its ideals are exactly {0} and R.

1.1-3 Letay,...,a; € R. Let (ai,...,a;) denote the smallest ideal in R that contains the
elements g;. Show that (ay, . .., a;) always exists, and it consists of the elements of the form
biay + brar + - - - + bray, where by, ...,b; € R.

1.1-4 A commutative ring R with an identity and without zero divisors is said to be a
principal ideal domain if, for each ideal I of R, there is an element a € I such that (using
the notation of the previous exercise) I = (a). Show that Z and F[x] where F is a field, are
principal ideal domains.

1.1-5 Suppose that S is a commutative ring with an identity, that 7 an ideal in S, and that
a, b € §. Define a relation on S as follows: @ = b (mod I) if and only if a — b € I. Verify
the following:

a.) The relation = is an equivalence relation on S.

b.) Let [a]; denote the equivalence class containing an element a, and let /I denote the set
of equivalence classes. Set [a]; + [P]; := [a + b];, and [a],[b]; := [ab];. Show that, with
respect to these operations, S/I is a commutative ring with an identity. Hint: Follow the
argument in the proof of Theorem|1.7.

1.1-6 Let F be a field and let f(x), g(x) € F[x] such that gcd(f(x), g(x)) = 1. Show that
there exists a polynomial A(x) € F[x] such that A(x)g(x) = 1 (mod f(x)). Hint: Use the
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Euclidean algorithm.

1.2. Finite fields

Finite fields, that is, fields with a finite number of elements, play an important role in mat-
hematics and in several of its application areas, for instance, in computing. They are also
fundamental in many important constructions. In this section we summarise the most im-
portant results in the theory of finite fields, putting an emphasis on the problem of their
construction.

In this section p denotes a prime number, and ¢ denotes a power of p with a positive
integer exponent.

Theorem 1.16 Suppose that F is a finite field. Then there is a prime number p such that the
prime field of F is isomorphic to F, (the field of residue classes modulo p). Further, the field
F is a finite dimensional vector space over Fp,, and the number of its elements is a power of
p- In fact, if dimp, F = d, then [F| = e

Proof. The characteristic of F must be a prime, say p, as a field with characteristic zero must
have infinitely many elements. Thus the prime field P of F is isomorphic to F,. Since P is
a subfield, the field F is a vector space over P. Let a1, ...,a, be a basis of F over P. Then
each a € F can be written uniquely in the form Z?:l a;a; where a; € P. Hence |F| = p". [ |

In a field F, the set of non-zero elements (the multiplicative group of F) is denoted by
F*. From Theorem 1.2| we immediately obtain the following result.

Theorem 1.17 IfF is a finite field, then its multiplicative group F* is cyclic.

A generator of the group F* is said to be a primitive element. If |F| = g and « is a
primitive element of F, then the elements of F are 0, @, a?,...,a97" = 1.

Corollary 1.18 Suppose that F is a finite field with order p? and let « be a primitive ele-
ment of F. Let g € Fp[x] be a minimal polynomial of a over Fj,. Then g is irreducible in
F,[x], the degree of g is d, and F is isomorphic to the field F,[x]/(g).

Proof. Since the element a is primitive in F, we have F = F,(a). The rest of the lemma
follows from Lemma 1.8 and from Theorem [1.11. [ |

Theorem 1.19 Let F be a finite field with order q. Then
(i) (Fermat’s little theorem) If8 € F*, then 4! = 1.
(ii) If B € F, then B? = B.

Proof. (i) Suppose that @ € F* is a primitive element. Then we may choose an integer i such
that 8 = a'. Therefore

ﬁq—l — (ai)q—l — (a,q—l)i — 1i — 1

(ii) Clearly, if 8 = 0 then this claim is true, while, for 8 # 0, the claim follows from
part (i). [ |
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Theorem 1.20 Let F be a field with q elements. Then

)ﬂ—x:l_[(x—cy).

a€eF

Proof. By Theorem 1.19/and L.emma 1.5, the product on the right-hand side is a divisor of
the polynomial x? — x € F[x]. Now the assertion follows, as the degrees and the leading
coefficients of the two polynomials in the equation coincide. [ ]

Corollary 1.21 Arbitrary two finite fields with the same number of elements are isomorp-
hic.

Proof. Suppose that ¢ = p¢, and that both K and L are fields with ¢ elements. Let 3 be a
primitive element in L. Then Corollary|1.18/implies that a minimal polynomial g(x) € F,[x]
of over F, is irreducible (in F,[x]) with degree d. Further, L = F,[x]/(g(x)). By Lemma/l.8
and Theorem|1.19, the minimal polynomial g is a divisor of the polynomial x —x. Applying
Theorem [1.20 to K, we find that the polynomial x? — x, and also its divisor g(x), can be
factored as a product of linear terms in K[x], and so g(x) has at least one root a in K. As
g(x) is irreducible in F,[x], it must be a minimal polynomial of a (see Corollary [1.10), and
so F,(a) is isomorphic to the field F,[x]/(g(x)). Comparing the number of elements in F,(a)
and in K, we find that F,(a) = K, and further, that K and L are isomorphic. ]

In the sequel, we let F, denote the field with g elements, provided it exists. In order to
prove the existence of such a field for each prime-power ¢, the following two facts will be
useful.

Lemma 1.22 If p is a prime number and j is an integer such that 0 < j < p, then p | (’J’)

Proof. On the one hand, the number (?) is an integer. On the other hand, (1]’) = plp -
1)---(p—j+1)/j!is afraction such that, for 0 < j < p, its numerator is divisible by p, but
its denominator is not. [

Lemma 1.23 Let R be a commutative ring and let p be a prime such that pr = 0 for all
r € R. Then the map @, : R — R mapping r v r? is a ring homomorphism.

Proof. Suppose that r, s € R. Clearly,
D,(rs) = (rs)! =rPs? = O, (r)Dp(s) .
By the previous lemma,
O,(r+s5)=(r+95F= Z( ) Polgl = 1P 4+ 8P = D,(r) + Dp(s) .
— \J
Jj=0
We obtain in the same way that @,(r — 5) = ©,(r) — D, (5). [ |

The homomorphism @, in the previous lemma is called the Frobenius endomorphism.

Theorem 1.24 Assume that the polynomial g(x) € F,[x] is irreducible, and, for a positive
integer d, it is a divisor of the polynomial x?" = x. Then the degree of g(x) divides d.
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Proof. Let n be the degree of g(x), and suppose, by contradiction, that d = tn + s where
0 < s < n. The assumption that g(x) | x4 — x can be rephrased as 3= x (mod g(x)).
However, this means that, for an arbitrary polynomial u(x) = Zfi o ix' € Fylx], we have

N N N
u(x)qd = Z ufdxiqd = Z u,-(x"d)i = Z uix' = u(x) (mod g(x)).
i=0 i=0 i=0

Note that we applied Lemma [1.23/ to the ring R = F,[x]/(g(x)), and Theorem [1.19 to F,,.
The residue class ring F,[x]/(g(x)) is isomorphic to the field Fy, which has ¢" elements.
Let u(x) € F,[x] be a polynomial for which u(x) (mod g(x)) is a primitive element in the
field F,.. That is, u(x)? ' =1 (mod g(x)), but u(x)? 2 1 (mod g(x)) for j=1,...,4" - 2.
Therefore,

u(x) = u(x)‘fd =u(x)?" = W@ = u(x)? (mod g(x),

and so u(x)(u(x)? "1 = 1) = 0 (mod g(x)). Since the residue class ring F,[x1/(g(x)) is a field,
u(x) # 0 (mod g(x)), but we must have u(x)? ! = 1 (mod g(x)). As0 < ¢* -1 < ¢" -1,
this contradicts to the primitivity of #(x) (mod g(x)). [ |

Theorem 1.25 For an arbitrary prime p and positive integer d, there exists a field with p?®
elements.

Proof. We use induction on d. The claim clearly holds if d = 1. Now letd > 1 and let r be a
prime divisor of d. By the induction hypothesis, there is a field with g = p@/" elements. By
Theorem [1.24), each of the irreducible factors, in F,[x], of the the polynomial f(x) = ¥ —x
has degree either 1 or r. Further, f’(x) = (x? — x)’ = —1, and so, by Lemma [1.13 f(x) is
square-free. Over F,, the number of linear factors of f(x) is at most ¢, and so is the degree
of their product. Hence there exist at least (¢" — ¢)/r > 1 polynomials with degree r that are
irreducible in F,[x]. Let g(x) be such a polynomial. Then the field F,[x]/(g(x)) is isomorphic
to the field with ¢" = p¢ elements. [ ]

Corollary 1.26 For each positive integer d, there is an irreducible polynomial f € F,[x]
with degree d.

Proof. Take a minimal polynomial over F, of a primitive element in F . [ ]
A little bit later, in Theorem [1.31, we will prove a stronger statement: a random poly-
nomial in F,[x] with degree d is irreducible with high probability.

Subfields of finite fields
The following theorem describes all subfields of a finite field.

Theorem 1.27 The field F = F» contains a subfield isomorphic to Fy, if and only if k | n.
In this case, there is exactly one subfield in F that is isomorphic to F .

Proof. The condition that k |  is necessary, since the larger field is a vector space over the
smaller field, and so p" = (p*)" must hold with a suitable integer [.

Conversely, suppose that k | n, and let f € F,[x] be an irreducible polynomial with
degree k. Such a polynomial exists by Corollary[1.26. Let ¢ = p*. Applying Theorem [1.19,
we obtain, in F,[x]/(f), that x7 = x (mod f), which yields x”" = x? = x (mod f). Thus f
must be a divisor of the polynomial x”" — x. Using Theorem [1.20, we find that f has a root



22 1. Algebra

a in F. Now we may prove in the usual way that the subfield F,(a) is isomorphic to F .
The last assertion is valid, as the elements of [F, are exactly the roots of x? — x (Theo-
rem|1.20), and this polynomial can have, in an arbitrary field, at most g roots. [ ]

The structure of irreducible polynomials
Next we prove an important property of the irreducible polynomials over finite fields.

Theorem 1.28 Assume that F, C F are finite fields, and let a € F. Let f € Fy[x] be the
minimal polynomial of « over F, with leading coefficient 1, and suppose that deg f = d.
Then

td—l

fO=@x-a)(x—a)- - (x—a

d-1 . . . .
Moreover, the elements a,a4,...,a7 are pairwise distinct.

).

Proof. Let f(x) = ap + ayx + --- + x?. If B € F with f(8) = 0, then, using Lemma1.23/ and
Theorem [1.19, we obtain

0=f(B)!=(a+af+ - +pN =al +alp'+ - +p% =ag+ a1’ + -+ = f(BY).

Thus g9 is also a root of f.

As a is aroot of f, the argument in the previous paragraph shows that so are the ele-
ments @, a4, ...,a7 . Hence it suffices to show, that they are pairwise distinct. Suppose,
by contradiction, that @¢ = o and that 0 < i < j<d.Let = andlet] = j—i. By
assumption, 8 = ,B"[, which, by Lemma 1.8, means that f(x) | x¢ — x. From Theorem 1.24,
we obtain, in this case, that d | [, which is a contradiction, as [ < d. ]

This theorem shows that a polynomial f which is irreducible over a finite field cannot
have multiple roots. Further, all the roots of f can be obtained from a single root taking g-th
powers repeatedly.

Automorphisms
In this section we characterise certain automorphisms of finite fields.

Definition 1.29 Suppose that B, C F are finite fields. The map ¥ : F — F is an Fy-
automorphism of the field F, if it is an isomorphism between rings, and Y(a) = a holds for
alla € F,.

Recall that the map ® = @, : F — F is defined as follows: ®(a) = o? where « € F.

Theorem 1.30 The set of F,-automorphisms of the field F = Fy. is formed by the maps
O,0%,..., 0 =id.

Proof. By Lemma [1.23, the map ® : F — F is a ring homomorphism. The map ® is
obviously one-to-one, and hence it is also an isomorphism. It follows from Theorem [1.19}
that @ leaves the elements F, fixed. Thus the maps @/ are F,-automorphisms of F.

Suppose that f(x) =ap +ajx+--- + xe F,[x], and 8 € F with f(8) = 0, and that ¥ is
an [F -automorphism of F. We claim that W(B) is a root of f. Indeed,

0= Y(f(B) = Wlao) + ¥(@)¥(B) +--- + ¥(B) = F(¥(B) -

Let B be a primitive element of F and assume now that f € F,[x] is a minimal polyno-
mial of 8. By the observation above and by Theorem[1.28, W(8) = 8¢, with some 0 < j < d,
that is, ¥(B) = ®/(B). Hence the images of a generating element of F under the automorp-
hisms ¥ and ®/ coincide, which gives ¥ = @/ [
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The construction of finite fields

Let ¢ = p". By Theorem [1.7/ and Corollary [1.26, the field F, can be written in the form
Flx]/(f), where f € F[x] is an irreducible polynomial with degree n. In practical appli-
cations of field theory, for example in computer science, this is the most common method
of constructing a finite field. Using, for instance, the polynomial f(x) = x* + x + 1 in
Example 1.2., we may construct the field Fg. The following theorem shows that we have a
good chance of obtaining an irreducible polynomial by a random selection.

Theorem 1.31 Let f(x) € F,[x] be a uniformly distributed random polynomial with degree
k > 1 and leading coefficient 1. (Being uniformly distributed means that the probability of
choosing f is 1/¢*.) Then f is irreducible over F, with probability at least 1/k — 1/g">.

Proof. First we estimate the number of elements @ € F for which F(a) = F,. We claim
that the number of such elements is at least

Fyel = > Byl ,

rlk

where the summation runs for the distinct prime divisors r of k. Indeed, if @ does not ge-
nerate, over [y, the field Fy, then it is contained in a maximal subfield of Fy, and these
maximal subfields are, by Theorem [1.27, exactly the fields of the form F-. The number
of distinct prime divisors of k are at most lg &k, and so the number of such elements « is at
least ¢* — (Igk)g"’?. The minimal polynomials with leading coefficients 1 over F, of such
elements a have degree k and they are irreducible. Such a polynomial is a minimal poly-
nomial of exactly k elements o (Theorem |1.28). Hence the number of distinct irreducible
polynomials with degree k and leading coeflicient 1 in [F,[x] is at least

q"  (ghk)g"?

k k

from which the claim follows. [ |

If, having F,, we would like to construct one of its extensions F, then it is worth
selecting a random polynomial

k/2

)

k

q
> 21 _
=% q

f(x) =dg+ a1 x+---+ ak_lxkfl + xk € Pq[X].

In other words, we select uniformly distributed random coeflicients ay, . .., ax-1 € F, inde-
pendently. The polynomial so obtained is irreducible with a high probability (in fact, with
probability at least 1/k — e if g¥ is large). Further, in this case, we also have Fylx1/(f) = Fy.
We expect that we will have to select about k polynomials before we find an irreducible one.

We have seen in Theorem (1.2 that field extensions can be obtained using irreducible
polynomials. It is often useful if these polynomials have some further nice properties. The
following lemma claims the existence of such polynomials.

Lemma 1.32 Let r be a prime. In a finite field F, there exists an element which is not an
r-th power if and only if ¢ = 1 (mod r). If b € F, is such an element, then the polynomial
x" = b is irreducible in Fy[x], and so Fy[x]/(x" — b) is a field with q" elements.

Proof. Suppose first that r ¥ g—1 and let s be a positive integer such that sr = 1 (mod g—1).
If b € F, such that b # 0, then (b%)" = b* = bb*""! = b, while if b = 0, then b = (/. Hence,



24 1. Algebra

in this case, each of the elements of F, is an r-th power.

Next we assume that 7 | g — 1, and we let a be a primitive element in F,. Then, in F, the
r-th powers are exactly the following 1 + (g — 1)/r elements: 0, (a")°, (a")!, ..., (a") e~ D/"1,
Suppose now that 7* | ¢ — 1, but 7**! g — 1. Then the order of an element b € F, \ {0}
is divisible by r* if and only if b is not an r-th power. Let b be such an element, and let
g(x) € Fy[x] be an irreducible factor of the polynomial x" — b. Suppose that the degree
of g(x) is d; clearly, d < r. Then K = F,[x]/(g(x)) is a field with qd elements and, in K,
the equation [x]” = b holds. Therefore the order of [x] is divisible by »**!. Consequently,
1| g% —1. As g—1is not divisible by #**!, we have r | (¢? = 1)/(g—1) = L +gq+---+¢¢7L.
In other words 1 +g+...+¢% ! =0 (mod r). On the other hand, as ¢ = 1 (mod r), we find
l+g+---+¢% ! =d (mod r), and hence d = 0 (mod r), which, since 0 < d < r, can only
happen ifd = r. [ ]

In certain cases, we can use the previous lemma to boost the probability of finding an
irreducible polynomial.

3¢

Proposition 1.33  Let r be a prime such that r | ¢ — 1. Then, for a random element b € F,

the polynomial x" — b is irreducible in F,[x] with probability at least 1 — 1/r.

Proof. Under the conditions, the 7-th powers in F; constitute the cyclic subgroup with order
(g = 1)/r. Thus a random element b € F is an r-th power with probability 1/r, and hence
the assertion follows from Lemma|1.32. [ ]

Remark. Assume that r | (g — 1), and, if » = 2, then assume also that 4 | (g — 1). In
this case there is an element b in F, that is not an r-th power. We claim that that the residue
class [x] is not an r-th power in F,[x]/(x" - b) = IF:I Indeed, by the argument in the proof of
Lemma1.32, it suffices to show that 7> { (¢" — 1)/(g — 1). By our assumptions, this is clear
if r = 2. Now assume that r > 2, and write ¢ = 1 + rt (mod r%). Then, for all integers i > 0,
we have ¢ = 1 + irt (mod #?), and so, by the assumptions,

"1 -1
il =1+q+...+q’*15r+—r(r )rtEr (mod #?) .
qg-1 2
Exercises
1.2-1 Show that the polynomial x¢*! — I can be factored as a product of linear factors over
the field Fpp.

1.2-2 Show that the polynomial f(x) = x* + x + 1 is irreducible over F,, that is,
Fo[x]/(f) = Fis. What is the order of the element [x], in the residue class ring? Is it true
that the element [x] is primitive in Fi¢?

1.2-3 Determine the irreducible factors of x3! — 1 over the field F.

1.2-4 Determine the subfields of Fss.

1.2-5 Let a and b be positive integers. Show that there exists a finite field K containing F,
such that Fje € K and Fp C K. What can we say about the number of elements in K?

1.2-6 Show that the number of irreducible polynomials with degree k and leading coeffici-
ent 1 over F, is at most ¢~ /k.

1.2-7 (a) Let F be a field, let V be an n-dimensional vector space over F, andletA : V —» V
be a linear transformation whose minimal polynomial coincides with its characteristic poly-
nomial. Show that there exists a vector v € V such that the images v,Av, ..., A" 'y are
linearly independent.
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(b) AsetS ={a,a4,..., a‘/dfl} is said to be a normal basis of Fy over Fy, if o € Fye and §
is a linearly independent set over F;. Show that IFj« has a normal basis over IF;. Hinz: Show
that a minimal polynomial of the F-linear map @ : Fje — Fa is x4 — 1, and use part (a).

1.3. Factoring polynomials over finite fields

One of the problems that we often have to solve when performing symbolic computation is
the factorisation problem. Factoring an algebraic expression means writing it as a product
of simpler expressions. Experience shows that this can be very helpful in the solution of
a large variety of algebraic problems. In this section, we consider a class of factorisation
algorithms that can be used to factor polynomials in one variable over finite fields.

The input of the polynomial factorisation problem is a polynomial f(x) € F,[x]. Our
aim is to compute a factorisation

f=Ra 5 (13)

of f where the polynomials fi, ..., f; are pairwise relatively prime and irreducible over F,,
and the exponents e; are positive integers. By Theorem (1.4, f determines the polynomials
f; and the exponents e; essentially uniquely.

Example 1.3 Let p = 23 and let
F)=x"-3x +8x* —11x* +8x* - 3x+ 1.
Then it is easy to compute modulo 23 that
f) =P —x+ 102 +5x+ D2 =Tx+7).

None of the factors x*> — x + 10, x?> + 5x + 1, x> — 7x + 7 has a root in Fy3, and so they are necessarily
irreducible in Fo3[x].

The factorisation algorithms are important computational tools, and so they are imple-
mented in most of the computer algebra systems (Mathematica, Maple, etc). These algo-
rithms are often used in the area of error-correcting codes and in cryptography.

Our aim in this section is to present some of the basic ideas and building blocks that can
be used to factor polynomials over finite fields. We will place an emphasis on the existence
of polynomial time algorithms. The discussion of the currently best known methods is,
however, outside the scope of this book.

1.3.1. Square-free factorisation

The factorisation problem in the previous section can efficiently be reduced to the special
case when the polynomial f to be factored is square-free; that is, in (1.3)), e; = 1 for all i.
The basis of this reduction is Lemma|1.13 and the following simple result. Recall that the
derivative of a polynomial f(x) is denoted by f”(x).

Lemma 1.34 Let f(x) € Fy[x] be a polynomial. If f'(x) = 0, then there exists a polynomial
8(x) € Fyl[x] such that f(x) = g(x)P.
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Proof. Suppose that f(x) = Y, ax'. Then f/(x) = YL, a;ix~'. If the coefficient a;i is
zero in ]F(, then either ¢; = 0 or p | i. Hence, if f’(x) = 0 then f (%) can be written as
fx) = bjxPI. Let ¢ = p“; then choosing ¢; = b , we have c = b’7 = bj, and so
fo) = (ZJ‘:O C,xj)”- L

If f'(x) = 0, then, using the previous lemma, a factorisation of f(x) into square-free
factors can be obtained from that of the polynomial g(x), which has smaller degree. On
the other hand, if f/(x) # O, then, by Lemma [1.13| the polynomial f(x)/gcd(f(x), f'(x))
is already square-free and we only have to factor ged(f(x), f'(x)) into square-free factors.
The division of polynomials and computing the greatest common divisor can be performed
in polynomial time, by Theorem [1.12. In order to compute the polynomial g(x), we need
the solutions, in F,, of equations of the form y” = a witha € F,. If ¢ = p*, theny =
a"" is a solution of such an equation, which, using fast exponentiation (repeated squaring,
see 33.6.1), can be obtained in polynomial time.

One of the two reduction steps can always be performed if f is divisible by a square of
a polynomial with positive degree.

Usually a polynomial can be written as a product of square-free factors in many different
ways. For the sake of uniqueness, we define the square-free factorisation of a polynomial
f € Flx] as the factorisation

F=f g

where e; < --- < e, are integers, and the polynomials f; are relatively prime and square-
free. Hence we collect together the irreducible factors of f with the same multiplicity. The
following algorithm computes a square-free factorisation of f. Besides the observations we
made in this section, we also use Lemma |1.14, This lemma, combined with Lemma 1.13,
guarantees that the product of the irreducible factors with multiplicity one of a polynomial
f over a finite field is f/ gcd(f, f').

SQUARE-FREE-FACTORISATION( )

L g« f

2 S0

3 me1

4 i1

5 whiledegg # 0

6 doif g’ =0

7 then g « /g

8 i—i-p

9 else h «— g/ gcd(g, g)
10 g glh

11 if degh #0

12 then S « S U (h,m)
13 me—m+i

14 return §

The degree of the polynomial g decreases after each execution of the main loop, and
the subroutines used in this algorithm run in polynomial time. Thus the method above can
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be performed in polynomial time.

1.3.2. Distinct degree factorisation

Suppose that f is a square-free polynomial. Now we factor f as
J) = h(0h(x) - h(x) , (1.4)

where, fori = 1,...,1, the polynomial #;(x) € F,[x] is a product of irreducible polynomials
with degree i. Though this step is not actually necessary for the solution of the factorisation
problem, it is worth considering, as several of the known methods can efficiently exploit the
structure of the polynomials 4;. The following fact serves as the starting point of the distinct
degree factorisation.

Theorem 1.35 The polynomial X7 = x is the product of all the irreducible polynomials
f € FBylxl, each of which is taken with multiplicity 1, that have leading coefficient 1 and
whose degree divides d.

Proof. As (x4' — x)’ = —1, all the irreducible factors of this polynomial occur with multip-
licity one. If f € F,[x] is irreducible and divides ¥~ x, then, by Theorem [1.24, the degree
of f divides d.

Conversely, let f € F,[x] be an irreducible polynomial with degree k such that k | d.
Then, by Theorem[1.27, f has a root in F, which implies f | ¥~ x. [ |

The theorem offers an efficient method for computing the polynomials #;(x). First we
separate i1 from f, and then, step by step, we separate the product of the factors with higher
degrees.

DisTINCT-DEGREE-FACTORISATION( f)
Fef
fori — 1 todegf
do h; « gcd(F, x4 — x)
F « F/h,'
return iy, ..., Ngeg 1

0~ B W

If, in this algorithm, the polynomial F(x) is constant, then we may stop, as the further
steps will not give new factors. As the polynomial x4 — x may have large degree, computing
ged(F(x), x4 — x) must be performed with particular care. The important idea here is that
the residue x¢ (mod F(x)) can be computed using fast exponentiation.

The algorithm outlined above is suitable for testing whether a polynomial is irredu-
cible, which is one of the important problems that we encounter when constructing finite
fields. The algorithm presented here for distinct degree factorisation can solve this prob-
lem efficiently. For, it is obvious that a polynomial f with degree k is irreducible, if, in the
factorisation (1.4), we have I (x) = f(x).

The following algorithm for testing whether a polynomial is irreducible is somewhat
more efficient than the one sketched in the previous paragraph and handles correctly also
the inputs that are not square-free.
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IrRrREDUCIBILITY-TEST( f)

1 nedegf

2 if x”" # x (mod f)

3 then return "no"

4 for the prime divisors r of n
5 doif x”"" = x (mod f)
6 then return "no"
7 return "yes"

In lines 2 and 5, we check whether n is the smallest among the positive integers k for
which f divides X = x. By Theorem 1.35, this is equivalent to the irreducibility of f. If f
survives the test in line 2, then, by Theorem [1.35, we know that f is square-free and k£ must
divide n. Using at most Ign + 1 fast exponentiations modulo f, we can thus decide if f is
irreducible.

Theorem 1.36 If the field F, is given and k > 1 is an integer, then the field Fy can be

constructed using a randomised Las Vegas algorithm which runs in time polynomial in 1g g
and k.

Proof. The algorithm is the following.

Finite-FieLp-ConsTRUCTION(gY)

fori — Otok—1
do a; < arandom element (uniformly distributed) of F,
fe X+ Yt ax
if IRrRepUCIBILITY-TEST(f) = "yes"
then return F,[x]/(f)

else return "fail"

AN R WD =

In lines 1-3, we choose a uniformly distributed random polynomial with leading co-
efficient 1 and degree k. Then, in line 4, we efficiently check if f(x) is irreducible. By
Theorem [1.31} the polynomial f is irreducible with a reasonably high probability. [ ]

1.3.3. The Cantor-Zassenhaus algorithm

In this section we consider the special case of the factorisation problem in which ¢ is odd
and the polynomial f(x) € F,[x] is of the form

f=htrTs (1.5)

where the f; are pairwise relatively prime irreducible polynomials in F,[x] with the same
degree d, and we also assume that s > 2. Our motivation for investigating this special case is
that a square-free distinct degree factorisation reduces the general factorisation problem to
such a simpler problem. If g is even, then Berlekamp’s method, presented in Section1.3.4}
gives a deterministic polynomial time solution. There is a variation of the method discussed
in the present section that works also for even ¢; see Exercise!/-2..
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Lemma 1.37 Suppose that q is odd. Then there are (¢g* — 1)/2 pairs (c1,¢,) € F, xF, such
that exactly one Ofc(lq_l)/2 and cg(’_l)/z is equal to 1.

Proof. Suppose that a is a primitive element in F,; that is, a@l=1buta* #1for0<k<
g—1.ThenF,\{0} = {a’|s = 0,...,¢—2}, and further, as (a(q‘b/z)z =1,butav V2 £ 1, we
obtain that a~1/2 = —1. Therefore ¢*@~1/2 = (~1)*, and so half of the element ¢ € F,\ {0}
give c4~D/2 = 1, while the other half give ¢¢"V/2 = —1.If ¢ = 0 then clearly ¢"V/? = 0.
Thus there are ((g — 1)/2)((g¢ + 1)/2) pairs (cy, ¢3) such that C(qulm =1, but ngfn/z 1,
and, obviously, we have the same number of pairs for which the converse is valid. Thus the
number of pairs that satisfy the condition is (g — 1)(g + 1)/2 = (¢*> = 1)/2. [ ]

Theorem 1.38 Suppose that q is odd and the polynomial f(x) € Fy[x] is of the form (1.5)
and has degree n. Choose a uniformly distributed random polynomial u(x) € F,[x] with
degree less than n. (That is, choose pairwise independent, uniformly distributed scalars
ug, . . ., U,_1, and consider the polynomial u(x) = ?2_01 u;x'.) Then, with probability at least
(@*? - 1)/(2¢*%) > 4/9, the greatest common divisor

ged(u(x) T - 1. ()
is a proper divisor of f(x).

Proof. The element u(x) (mod f;(x)) corresponds to an element of the residue class field
F[x]/(f;(x)) = F,. By the Chinese remainder theorem (Theorem [1.15), choosing the poly-
nomial u(x) uniformly implies that the residues of u(x) modulo the factors f;(x) are inde-
pendent and uniformly distributed random polynomials. By Lemma [1.37, the probability
that exactly one of the residues of the polynomial u(x)(‘fd‘D/ 2 — 1 modulo fi(x) and f>(x) is
zero is precisely (¢°¢ — 1)/(2¢%%). In this case the greatest common divisor in the theorem
is indeed a divisor of f. For, if u(x)@~/2 = 1 = 0 (mod f;(x)), but this congruence is not
valid modulo £»(x), then the polynomial u(x)@'~D/2 — 1 is divisible by the factor fi(x), but
not divisible by f>(x), and so its greatest common divisor with f(x) is a proper divisor of

f(x). The function
74 -1 1 1
2q2d ) 2q2d
is strictly increasing in ¢¢, and it takes its smallest possible value if ¢¢ is the smallest odd
prime-power, namely 3. The minimum is, thus, 1/2 — 1/18 = 4/9. [ |
The previous theorem suggests the following randomised Las Vegas polynomial time
algorithm for factoring a polynomial of the form (1.5) to a product of two factors.

CANTOR-Z.ASSENHAUS-ODD( £, d)

n«degf
fori < Oton—1
do #; <« arandom element (uniformly distributed) of F,

I — Z?;ol u;x!
g — gedu@ D2 -1, f)
if0<degg <degf

then return(g, f/g)

else return "fail"

0~ NN WD
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If one of the polynomials in the output is not irreducible, then, as it is of the form (1.5),
it can be fed, as input, back into the algorithm. This way we obtain a polynomial time
randomised algorithm for factoring f.

In the computation of the greatest common divisor, the residue u(x)(‘fd‘b/ 2 (mod f(x))
should be computed using fast exponentiation.

Now we can conclude that the general factorisation problem (1.3) over a field with odd
order can be solved using a randomised polynomial time algorithm.

1.3.4. Berlekamp's algorithm

Here we will describe an algorithm that reduces the problem of factoring polynomials to the
problem of searching through the underlying field or its prime field. We assume that

f@) =@ o),

where the fi(x) are pairwise non-associate, irreducible polynomials in F,[x], and also that
deg f(x) = n. The Chinese remainder theorem (Theorem [1.15) gives an isomorphism bet-
ween the rings F,[x]/(f) and

Fq[x]/(flel) DD Fq[x]/(ffj)

The isomorphism is given by the following map:

()l & Qu)] g, oo [ )

where u(x) € Fy[x].

The most important technical tools in Berlekamp’s algorithm are the p-th and g-th po-
wer maps in the residue class ring F,[x]/(f(x)). Taking p-th and g-th powers on both sides
of the isomorphism above given by the Chinese remainder theorem, we obtain the following
maps:

[u(®)])’ o ([u(x)”]ﬁl,...,[u(x)p]f;s), (1.6)

[u(0)]? < ([u(x)q]flq,...,[u(x)“]f;«‘\). (1.7)

The Berlekamp subalgebra B/ of the polynomial f = f(x) is the subring of the residue
class ring F,[x]/(f) consisting of the fixed points of the g-th power map. Further, the abso-
lute Berlekamp subalgebra A, of f consists of the fixed points of the p-th power map. In
symbols,

By = {[u(0)]y € Fylx]/(f) = [u(x)?]y = [u(0)]},

Ay = {[u(0)]y € Fglx1/(f) = [u)P1y = [u(x)]/} .

It is easy to see that Ay C By. The term subalgebra is used here, because both types of
Berlekamp subalgebras are subrings in the residue class ring F,[x]/(f(x)) (that is they are
closed under addition and multiplication modulo f(x)), and, in addition, B/ is also linear
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subspace over [F, that is, it is closed under multiplication by the elements of F,. The absolute
Berlekamp subalgebra A is only closed under multiplication by the elements of the prime
field F,,.

The Berlekamp subalgebra By is a subspace, as the map u# — u? — u (mod f(x)) is an
[F,-linear map of F,[x]/g(x) into itself, by Lemma(l.23/and Theorem|1.19. Hence a basis of
B can be computed as a solution of a homogeneous system of linear equations over F,, as
follows.

For alli € {0,...,n — 1}, compute the polynomial /;(x) with degree at most n — 1 that
satisfies x4 — x' = hy(x) (mod f(x)). For each i, such a polynomial /; can be determined by
fast exponentiation using O(lg ¢) multiplications of polynomials and divisions with remain-
der. Set h;(x) = r]‘:o hi jxj . The class [u]; of a polynomial u(x) = 7;01 u;x! with degree less
than 7 lies in the Berlekamp subalgebra if and only if

n—1

D uihix) =0,

i=0

which, considering the coefficient of x/ for j = 0,...,n — 1, leads to the following system
of n homogeneous linear equations in n variables:

n—-1

Zﬁwﬁm,gzamm—n.
i=0

Similarly, computing a basis of the absolute Berlekamp subalgebra over F, can be car-
ried out by solving a system of nd homogeneous linear equations in nd variables over the
prime field F, as follows. We represent the elements of F, in the usual way, namely using
polynomials with degree less than d in F,[y]. We perform the operations modulo g(y), where
g(y) € Fply] is an irreducible polynomial with degree d over the prime field F,. Then the
polynomial u[x] € F,[x] of degree less than n can be written in the form

n—-1 d-

§ S e,

i=0 j=0

—

where u;; € Fp,. Let, foralli € {0,...,n—1}and forall j € {0, ...,d~1}, hj;(x) € F,[x] be the
unique polynomial with degree at most (n— 1) for which 7;;(x) = (/x))? —y/x' (mod f(x)).
The polynomial 4;;(x) is of the form Yj=5 S\ hfj’y’)dl The criterion for being a member of

the absolute Berlekamp subalgebra of [#] with u[x] = ;’:_01 ‘;;é u; jyj X is

d-1

Z uiihij(x) =0,

n—-1
i=0 j=

which, considering the coefficients of the monomials y'x, is equivalent to the following
system of equations:

—
u
—

n—

Wiy =0 (k=0,...,n=1,1=0,...,d—1).

i

Il
(=)

T
(=)

This is indeed a homogeneous system of linear equations in the variables u;;. Systems of
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linear equations over fields can be solved in polynomial time (see Section 31.4), the opera-
tions in the ring F,[x]/(f(x)) can be performed in polynomial time, and the fast exponenti-
ation also runs in polynomial time. Thus the following theorem is valid.

Theorem 1.39 Let f € F,[x]. Then it is possible to compute the Berlekamp subalgebras
By < Fylx]/(f(x)) and Ay < Fylx]/(f(x)), in the sense that an F,-basis of By and F,-basis
of Ay can be obtained, using polynomial time deterministic algorithms.

By (1.6) and (1.7),

By ={lu(0)]y € Fglx]/(f) = W)y = 0] (= 1,....9)} (1.8)

and
Ar ={lu)]; € Fylx1/(f) : [Ltp(x)]f;*i = [u(x)]f/_g,- i=1,...,9}. (1.9

The following theorem shows that the elements of the Berlekamp subalgebra can be
characterised by their Chinese remainders.

Theorem 1.40

By = {[u(x)]; € Fylx1/(f) : Je; € Fy such that [u(x)] s = [cil« (= 1,...,5))
and

A = {[u(0)]; € Fylx1/(f) : Aci € By such that [u()] = [ei]pn (= 1,...,9)} .

Proof. Using the Chinese remainder theorem, and equations (1.8), (1.9), we are only requi-
red to prove that

u?(x) = u(x) (mod g°(x)) & Ic € F, such that u(x) = ¢ (mod g°(x)) ,
and
u’(x) = u(x) (mod g°(x)) & Jc € F, such that u(x) = ¢ (mod g°(x))

where g(x) € F,[x] is an irreducible polynomial, u(x) € F,[x] is an arbitrary polynomial
and e is a positive integer. In both of the cases, the direction « is a simple consequence
of Theorem 1.19. As F, = {a € F, | a’ = a}, the implication = concerning the absolute
Berlekamp subalgebra follows from that concerning the Berlekamp subalgebra, and so it
suffices to consider the latter.

The residue class ring F,[x]/(g(x)) is a field, and so the polynomial x? — x has at most
g roots in Fy[x]/(g(x)). However, we already obtain ¢ distinct roots from Theorem [1.19,
namely the elements of F, (the constant polynomials modulo g(x)). Thus

u(x) = u(x) (mod g(x)) & dc € F, such that u(x) =c¢ (mod g(x)) .

Hence, if #9(x) = u(x) (mod g°(x)), then u(x) is of the form u(x) = ¢ + h(x)g(x) where
h(x) € Fy[x]. Let N be an arbitrary positive integer. Then

u(x) = 19(x) = 14" (x) = (c + h(X)g))" =c+h(x)7 gx)? =c¢ (mod g7 (x)) .
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If we choose N large enough so that ¢V > e holds, then, by the congruence above, u(x) = ¢
(mod g¢(x)) also holds. [ |

An element [u(x)]; of By or Ay is said to be non-trivial if there is no element ¢ € F, such
that u(x) = ¢ (mod f(x)). By the previous theorem and the Chinese remainder theorem, this
holds if and only if there are 7, jsuch that ¢; # c;. Clearly a necessary condition is that s > 1,
that is, f(x) must have at least two irreducible factors.

Lemma 1.41 Let [u(x)]; be a non-trivial element of the Berlekamp subalgebra B;. Then
there is an element ¢ € F, such that the polynomial gcd(u(x) — ¢, f(x)) is a proper divisor of
Fo. If [u(x)] s € Ay, then there exists such an element ¢ in the prime field F,.

Proof. Let i and j be integers such that ¢; # ¢; € Fy, u(x) = ¢; (mod fi""(x)), and u(x) = ¢;
(mod fjej(x)). Then, choosing ¢ = ¢;, the polynomial u(x) — ¢ is divisible by f(x), but not
divisible by fjej(x). If, in addition, u(x) € A, then also ¢ = ¢; € F),. ]

Assume that we have a basis of Ay at hand. At most one of the basis elements can be
trivial, as a trivial element is a scalar multiple of 1. If f(x) is not a power of an irreducible
polynomial, then there will surely be a non-trivial basis element [u(x)]r, and so, using the
idea in the previous lemma, f(x) can be factored two factors.

Theorem 1.42 A polynomial f(x) € F,[x] can be factored with a deterministic algorithm
whose running time is polynomial in p, deg f, andlgq.

Proof. It suffices to show that f can be factored to two factors within the given time bound.
The method can then be repeated.

BERLEKAMP-DETERMINISTIC( /)

1 § «abasisof Ay

2 if S| >1

3 then u « anon-trivial element of S

4 forceF,

5 do g « gcd(u—c, f)

6 if 0 <degg <degf

7 then return (g, /g)

8  elsereturn "a power of an irreducible"

In the first stage, in line 1, we determine a basis of the absolute Berlekamp subalgebra.
The cost of this is polynomial in deg f and lg g. In the second stage (lines 2—-8), after taking
a non-trivial basis element [u(x)];, we compute the greatest common divisors ged(u(x) —
¢, f(x)) for all ¢ € F,. The cost of this is polynomial in p and deg f.

If there is no non-trivial basis-element, then A, is 1-dimensional and f is the e;-th
power of the irreducible polynomial f; where f; and e; can, for instance, be determined
using the ideas presented in Section|1.3.1. [ ]

The time bound in the previous theorem is not polynomial in the input size, as it contains
p instead of 1g p. However, if p is small compared to the other parameters (for instance
in coding theory we often have p = 2), then the running time of the algorithm will be
polynomial in the input size.

Corollary 1.43 Suppose that p can be bounded by a polynomial function of deg f and
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g g. Then the irreducible factorisation of f can be obtained in polynomial time.

The previous two results are due to E. R. Berlekamp. The most important open problem
in the area discussed here is the existence of a deterministic polynomial time method for
factoring polynomials. The question is mostly of theoretical interest, since the randomised
polynomial time methods, such as the a Cantor -Zassenhaus algorithm, are very efficient in
practice.

Berlekamp’s randomised algorithm
We can obtain a good randomised algorithm using Berlekamp subalgebras. Suppose that g
is odd, and, as before, f € F,[x] is the polynomial to be factored.

Let [1(x)]; be a random element in the Berlekamp subalgebra B;. An argument, similar
to the one in the analysis of the Cantor-Zassenhaus algorithm shows that, provided f(x) has
at least two irreducible factors, the greatest common divisor ged(u(x)4~D/2 — 1, f(x)) is a
proper divisor of f(x) with probability at least 4/9. Now we present a variation of this idea
that uses less random bits: instead of choosing a random element from By, we only choose
arandom element from F,.

Lemma 1.44 Suppose that q is odd and let a; and a, be two distinct elements of F,. Then
there are at least (q—1)/2 elements b € F,; such that exactly one of the elements (a +b)a=/2
and (ap + b)(‘]’l)/2 is 1.

Proof. Using the argument at the beginning of the proof of Lemma|l.37, one can easily see
that there are (¢ — 1)/2 elements in the set F, \ {1} whose (g — 1)/2-th power is —1. It is also
quite easy to check, for a given element ¢ € F, \ {1}, that there is a unique b # —a» such that
¢ = (a1 + b)/(a; + b). Indeed, the required b is the solution of a linear equation.

By the above, there are (g — 1)/2 elements b € F, \ {—a>} such that

(al n b)(tll)/2

=-1.
a2+b

For such a b, one of the elements (a; + b)9~"/? and (a, + b)“~V/? is equal to 1 and the other
is equal to —1. u

Theorem 1.45  Suppose that q is odd and the polynomial f(x) € Fy[x] has at least two
irreducible factors in Fy[x]. Let u(x) be a non-trivial element in the Berlekamp subalgebra
By. If we choose a uniformly distributed random element b € F,, then, with probability at
least (g — 1)/(2q) > 1/3, the greatest common divisor gcd((u(x) + b) 4V — 1, f(x)) is a
proper divisor of the polynomial f(x).

Proof. Let f(x) = T]%, ff"(x), where the factors f;(x) are pairwise distinct irreducible poly-
nomials. The element [1(x)] is a non-trivial element of the Berlekamp subalgebra, and so
there are indices 0 < i, j < s and elements ¢; # ¢; € F,; such that u(x) = ¢; (mod ff"(x)) and
u(x) = ¢; (mod fje"(x)). Using Lemma|l.44 with a; = ¢; and a, = ¢;, we find, for a random
element b € F,, that the probability that exactly one of the elements (¢; + b)4~V/% — 1 and
(cj +b)aV/2 — 1 is zero is at least (¢ — 1)/(2¢). If, for instance, (c; + b)4~/2 — 1 = 0, but
(cj+b)aD/2—1 £ 0, then (u(x) +5)4"V2 -1 =0 (mod f71(x)) but (u(x) + b)a D2 _1£0
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(mod ]‘j-’(x)), that is, the polynomial (u(x) + b)9~1/2 — 1 is divisible by ff"(x), but not divi-
sible by fjej (x). Thus the greatest common divisor ged(f(x), (u(x) + b)@~D/2 — 1) is a proper
divisor of f.
The quantity (g — 1)/(2¢g) = 1/2 — 1/(2q) is a strictly increasing function in ¢, and so it
takes its smallest value for the smallest odd prime-power, namely 3. The minimum is 1/3.m
The previous theorem gives the following algorithm for factoring a polynomial to two
factors.

BERLEKAMP-RANDOMISED( )

1§ < abasis of By

2 if|S|>1

then u < a non-trivial elements of S

4 ¢ « arandom element (uniformly distributed) of F,
5 g« ged((w =)V —1, f)

6 if0<degg <degf
7
8
9

W

then return (g, /g)
else return "fail"
else return "a power of an irreducible”

Exercises

1.3-1 Let f(x) € F,[x] be an irreducible polynomial, and let & be an element of the field
F,[x]/(f(x)). Give a polynomial time algorithm for computing @' Hint: Use the result of
Exercise!l.1-6.

132 Let f() =2 +x° + X + ¥ + 5+ 2+ x+ 1 e Fy[x]. Using the DisTINCT-DEGREE-
Facrorisarion algorithm, determine the factorisation (1.4) of f.

1.3-3 TFollow the steps of the Cantor-Zassenhaus algorithm to factor the polynomial x> +
2x+9 e Fyy[x].

1.3-4 Let f(x) = x> = 3x + 2 € Fs|x]. Show that Fs[x]/( f(x)) coincides with the absolute
Berlekamp subalgebra of f, thatis, Ay = Fs[x]/(f(x)).

1.3-5 Let f(x) = x> = x>+ x -1 € Fy[x]. Using Berlekamp’s algorithm, determine the
irreducible factors of f: first find a non-trivial element in the Berlekamp subalgebra Ay,
then use it to factor f.

1.4. Lattice reduction

Our aim in the rest of this chapter is to present the Lenstra-Lenstra-Lovasz algorithm for
factoring polynomials with rational coefficients. First we study a geometric problem, which
is interesting also in its own right, namely finding short lattice vectors. Finding a shortest
non-zero lattice vector is hard: by a result of Ajtai, if this problem could be solved in poly-
nomial time with a randomised algorithm, then so could all the problems in the complexity
class NP. For a lattice with dimension n, the lattice reduction method presented in this
chapter outputs, in polynomial time, a lattice vector whose length is not greater than 2¢*~1/4
times the length of a shortest non-zero lattice vector.
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1.4.1. Lattices

First, we recall a couple of concepts related to real vector spaces. Let R” denote the collec-
tion of real vectors of length n. It is routine to check that R” is a vector space over the field

R. The scalar product of two vectors u = (uy,...,u,) and v = (v1,...,v,) in R” is defined
as the number (1, v) = uyvy +upvy +- - - + u,v,. The quantity |u| = V(u, u) is called the length
of the vector u. The vectors u and v are said to be orthogonal if (u,v) = 0. Abasis by,...,b,

of the space R” is said to be orthonormal, if, for all i, (b;,b;) = 1 and, for all i and j such
thati # j, we have (b;,b;) = 0.

The rank and the determinant of a real matrix, and definite matrices are discussed in
Section 31.1.

Definition 1.46 A set L C R" is said to be a lattice, if L is a subgroup with respect to
addition, and L is discrete, in the sense that each bounded region of R" contains only finitely
many points of L. The rank of the lattice L is the dimension of the subspace generated by
L. Clearly, the rank of L coincides with the cardinality of a maximal linearly independent
subset of L. If L has rank n, then L is said to be a full lattice. The elements of L are called
lattice vectors or lattice points.

Definition 1.47 Ler b1,...,b, be linearly independent elements of a lattice L C R". If

all the elements of L can be written as linear combinations of the elements b1, ..., b, with
integer coefficients, then the collection by, . .., b, is said to be a basis of L.

In this case, as the vectors by, .. ., b, are linearly independent, all vectors of R” can uniquely
be written as real linear combinations of by, ..., b,.

By the following theorem, the lattices are precisely those additive subgroups of R” that
have bases.

Theorem 1.48 Let by, ..., b, be linearly independent vectors in R" and let L be the set of
integer linear combinations of by, . .., b,. Then L is a lattice and the vectors by, ..., b, form
a basis of L. Conversely, if L is a lattice in R", then it has a basis.

Proof. Obviously, L is a subgroup, that is, it is closed under addition and subtraction. In
order to show that it is discrete, let us assume that n = r. This assumption means no loss
of generality, as the subspace spanned by by, ..., b, is isomorphic to R". In this case, ¢ :
(a1,...,a,) — ai1by +...+ @b, is an invertible linear map of R” onto itself. Consequently,
both ¢ and ¢! are continuous. Hence the image of a discrete set under ¢ is also discrete.
As L = ¢(Z"), it suffices to show that Z" is discrete in R”. This, however, is obvious: if K
is a bounded region in R”, then there is a positive integer p, such that the absolute value of
each of the coordinates of the elements of K is at most p. Thus Z" has at most (2|p] + 1)"
elements in K.

The second assertion is proved by induction on n. If L = {0}, then we have nothing to
prove. Otherwise, by discreteness, there is a shortest non-zero vector, by say, in L. We claim
that the vectors of L that lie on the line {Ab; | 4 € R} are exactly the integer multiples of
b;. Indeed, suppose that A is a real number and consider the vector Ab; € L. As usual, {1}
denotes the fractional part of A. Then 0 # |{A}b1| < |b1], yet {A}b1 = Aby — [A]by, that is {A}b;
is the difference of two vectors of L, and so is itself in L. This, however, contradicts to the
fact that »; was a shortest non-zero vector in L. Thus our claim holds.
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The claim verified in the previous paragraph shows that the theorem is valid whenn = 1.
Let us, hence, assume that n > 1. We may write an element of R” as the sum of two vectors,
one of them is parallel to b; and the other one is orthogonal to by:

. (b))
v=v + .
(br.b1) "

Simple computation shows that (v*, b1) = 0, and the map v — v* is linear. Let L* = {v*|v €
L}. We show that L* is a lattice in the subspace, or hyperplane, H = R""! formed by the
vectors orthogonal to b;. The map v — v* is linear, and so L* is closed under addition
and subtraction. In order to show that it is discrete, let K be a bounded region in H. We
are required to show that only finitely many points of L* are in K. Let v € L be a vector
such that v* € K. Let A be the integer that is closest to the number (v, b;)/(b1, b1) and let
v =v—A4by. Clearly, v' € L and v'* = v*. Further, we also have that |(v/, b1)/(b1,b1)| = |(v—
Aby,b1)/ (b1, b1)| < 1/2, and so the vector v lies in the bounded region K X {ub, : —1/2 <
1 < 1/2}. However, there are only finitely many vectors v € L in this latter region, and so
K also has only finitely many lattice vectors v* = v'* € L*.

We have, thus, shown that L* is a lattice in H, and, by the induction hypothesis, it has
a basis. Let by, ..., b, € L be lattice vectors such that the vectors b3, ..., by form a basis of
the lattice L*. Then, for an arbitrary lattice vector v € L, the vector v* can be written in the
form 3, A;b} where the coefficients A; are integers. Then v = v— 3/, 4;b; € L and, as the
map v — v* is linear, we have v* = 0. This, however, implies that v’ is a lattice vector on
the line Aby, and so V' = A;b; with some integer A;. Therefore v = 3,7, A;b;, that is, v is an
integer linear combination of the vectors b1, ..., b,. Thus the vectors by, ..., b, form a basis
of L. [ |

A lattice L is always full in the linear subspace spanned by L. Thus, without loss of
generality, we will consider only full lattices, and, in the sequel, by a lattice we will always
mean a full lattice .

Example 1.4 Two familiar lattices in R?:
1. The square lattice is the lattice in R? with basis b; = (1,0), b, = (0, 1).
2. The triangular lattice is the lattice with basis b; = (1,0), b, = (1/2,( V3)/2).

The following simple fact will often be used.

Lemma 1.49 Let L be a lattice in R", and let by, ..., b, be a basis of L. If we reorder the
basis vectors by, ..., b,, orif we add to a basis vector an integer linear combination of the
other basis vectors, then the collection so obtained will also form a basis of L.

Proof. Straightforward. [ ]
Let by,...,b, be a basis in L. The Gram matrix of b1,...,b, is the matrix B = (B;;)

with entries B;; = (b;, b;). The matrix B is positive definite, since it is of the form AT A where

A is a full-rank matrix (see Theorem 31.6). Consequently, det B is a positive real number.

Lemma 1.50 Let by,...,b, and wy,...,w, be bases of a lattice L and let B and W be the
matrices B;j = (b;,b;) and W;; = (w;, w)). Then the determinants of B and W coincide.

Proof. For all i = 1,...,n, the vector w; is of the form w; = Z;le a;jb; where the a;; are

Reference to
NA!



38 1. Algebra

integers. Let A be the matrix with entries A;; = «;;. Then, as

n n n n
wi,wj) = (Z @by, Z ajby) = Z Qi Z(bk, bpaj,
k=1 I=1 k=1 =l
we have W = ABA”, and so det W = det B(det A)%. The number det W/ det B = (det A)? is a
non-negative integer, since the entries of A are integers. Swapping the two bases, the same
argument shows that det B/ det W is also a non-negative integer. This can only happen if
det B =detW. [

Definition 1.51 (The determinant of a lattice). The determinant of a lattice L is detL =
Vdet B where B is the Gram matrix of a basis of L.

By the previous lemma, det L is independent of the choice of the basis. The quantity
det L has a geometric meaning, as det L is the volume of the solid body, the so-called paral-
lelepiped, formed by the vectors {},/_; aib; : 0 < ay,..., @, < 1}.

Remark 1.52 Assume that the coordinates of the vectors b; in an orthonormal basis of R"

are @, ..., (i =1,...,n). Then the Gram matrix B of the vectors b1, ...,b, is B = AAT
where A is the matrix A;; = «;j. Consequently, if by,...,b, is a basis of a lattice L, then
det L = | det A|.

Proof. The assertion follows from the equations (b;, b;) = Y7_; @ik ji. [

1.4.2. Short lattice vectors

We will need a fundamental result in convex geometry. In order to prepare for this, we
introduce some simple notation. Let H C R". The set H is said to be centrally symmetric,
if v e H implies —v € H. The set H is convex, if u,v € H implies Au + (1 — A)v € H for all
0<a<l.

Theorem 1.53 (Minkowski’s Convex Body Theorem). Let L be a lattice in R" and let K C
R" be a centrally symmetric, bounded, closed, convex set. Suppose that the volume of K is
at least 2" det L. Then K N L # {0}.

Proof. By the conditions, the volume of the set (1/2)K := {(1/2)v: v € K} is at least det L.
Let by,...,b, be a basis of the lattice Land let P = {37, b © 0 < ay,...,, < 1} be
the corresponding half-open parallelepiped. Then each of the vectors in R” can be written
uniquely in the form x + z where x € L and z € P. For an arbitrary lattice vector x € L, we
let

Ki=(1/2))kKNn(x+P)=1/2)KN{x+z: z€ P} .

As the sets (1/2)K and P are bounded, so is the set
(1/2) K-P={u—v: ue(l/2)-K, veP}.

As L is discrete, L only has finitely many points in (1/2)K — P; that is, K, = 0, except for
finitely many x € L. Hence S = {x € L : K, # 0} is a finite set, and, moreover, the set
(1/2)K is the disjoint union of the sets K (x € §). Therefore, the total volume of these sets
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isatleastdet L. Foragiven x € S, weset Py = K, —x = {z € P x+z € (1/2)K}. Consider
the closure P and P, of the sets P and P,, respectively:

n
ﬁ:{Zaibi: O0<ay,...,a, < 1}
i=1

and P, = {z eEP: x+z€ (1/2)K} . The total volume of the closed sets P, C P is at least as

large as the volume of the set P, and so these sets cannot be disjoint: there are x # y € S
and z € P such that z € P, N Py, thatis, x +z € (1/2)K and y + z € (1/2)K. As (1/2) - K
is centrally symmetric, we find that —y — z € (1/2) - K. As (1/2)K is convex, we also have
(x-y)/2 = (x+2)+(-y—2))/2 € (1/2)K. Hence x—y € K. On the other hand, the difference
x — y of two lattice points lies in L \ {0}. [ |

Minkowski’s theorem is sharp. For, let € > 0 be an arbitrary positive number, and let
L = Z" be the lattice of points with integer coordinates in R”. Let K be the set of vectors
vi,...,vy) € R*for which -1+ e <v; <1—€(i=1,...,n). Then K is bounded, closed,
convex, centrally symmetric with respect to the origin, its volume is (1 — €)"2" det L, yet
LN K ={0}.

Corollary 1.54 Let L be a lattice in R". Then L has a lattice vector v # 0 whose length is

at most \nVdet L.
Proof. Let K be the following centrally symmetric cube with side length s = 2 Vdet L:
K={(vi,...,vp) eR": —5/2<v;<5s/2,i=1,...,n}.

The volume of the cube K is exactly 2" det L, and so it contains a non-zero lattice vector.
However, the vectors in K have length at most vn Vdet L. [ ]

We remark that, for n > 1, we can find an even shorter lattice vector, if we replace the
cube in the proof of the previous assertion by a suitable ball.

1.4.3. Gauss’ algorithm for two-dimensional lattices

Our goal is to design an algorithm that finds a non-zero short vector in a given lattice. In
this section we consider this problem for two-dimensional lattices, which is the simplest
non-trivial case. Then there is an elegant, instructive, and efficient algorithm that finds short
lattice vectors. This algorithm also serves as a basis for the higher-dimensional cases. Let L
be a lattice with basis by, b, in R2.

Gauss(by, by)
L (a,b) « (b1,br)

2 forever

3 do b « the shortest lattice vector on the line b — Ada
4 if |b] < |a]

5 thenb & a

6 else return (g, b)

In order to analyse the procedure, the following facts will be useful.
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Lemma 1.55 Suppose that a and b are two linearly independent vectors in the plane R?,
and let L be the lattice generated by them. The vector b is a shortest non-zero vector of L
on the line b — Aa if and only if

b, a)/(a,a)] < 1/2. (1.10)
Proof. We write b as the sum of a vector parallel to a and a vector orthogonal to a:
b=(b,a)/(a,a)a+b" . (1.1D)

Then, as the vectors a and b* are orthogonal,

2 2
b, b,
b—aaf = L2 _A)as | = (LD _a) 1ap + e
(a,a) (a,a)
This quantity takes its smallest value for the integer A that is the closest to the number
(b,a)/(a,a). Hence A = 0 gives the minimal value if and only if (1.10) holds. [

Lemma 1.56 Suppose that the linearly independent vectors a and b form a basis for a
lattice L € R? and that inequality (1.10) holds. Assume, further, that

B> > (3/4)al* . (1.12)

Write b, as in (1.11), as the sum of the vector (b, a)/(a, a))a, which is parallel to a, and the
vector b* = b — ((b,a)/(a, a))a, which is orthogonal to a. Then

" > (1/2)lal* . (1.13)
Further, either b or a is a shortest non-zero vector in L.

Proof. By the assumptions,
4 4 . 4 4 .
lal* < §|b|2 = §|b*|2 +3 (b, (a, a))?* lal* < 31 P+ (1/3)al* .

Rearranging the last displayed line, we obtain [b*|> > (1/2)|al’.
The length of a vector O # v = @a + b € L can be computed as

lea + BbI* = |Bb* + (@ + B(b, @)/ (a, @) lal* > B*1b*1* > (1/2)8%|al’,

which implies |v| > |a| whenever || > 2. If 8 = 0 and @ # 0, then |[v| = |@| - |a| > lal.
Similarly, @ = 0 and 8 # 0 gives |[v| = |8] - || > |b|. It remains to consider the case when
a #0and B = £1. As | - v| = |[v|, we may assume that 8 = 1. In this case, however, v is of
the form v = b — da (1 = —a), and, by Lemma |1.55, the vector b is a shortest lattice vector
on this line. [ |

Theorem 1.57 Let v be a shortest non-zero lattice vector in L. Then Gauss’ algorithm
terminates after O(1 + 1g(|b1|/|v|)) iterations, and the resulting vector a is a shortest non-
zero vector in L.
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Proof. First we verify that, during the course of the algorithm, the vectors a and b will
always form a basis for the lattice L. If, in line 3, we replace b by a vector of the form
b’ = b—- Aa, then, as b = b’ + Aa, the pair g, b’ remains a basis of L. The swap in line 5 only
concerns the order of the basis vectors. Thus a and b is always a basis of L, as we claimed.

By Lemma |1.55| inequality (1.10) holds after the first step (line 3) in the loop, and so
we may apply Lemmal(l.56 to the scenario before lines 4-5. This shows that if none of @ and
b is shortest, then |b|*> < (3/4)|al?>. Thus, except perhaps for the last execution of the loop,
after each swap in line 5, the length of a is decreased by a factor of at least v/3/4. Thus we
obtain the bound for the number of executions of the loop. Lemma [1.56 implies also that
the vector a at the end is a shortest non-zero vector in L. [ ]

Gauss’ algorithm gives an efficient polynomial time method for computing a shortest
vector in the lattice . C R2. The analysis of the algorithm gives the following interesting
theoretical consequence.

Corollary 1.58 Let L be a lattice in R2, and let a be a shortest non-zero lattice vector in
L. Then |al* < (2/ V3)det L.

Proof. Let b be a vector in L such that b is linearly independent of a and (1.10) holds. Then

o (B 5,
lal* < b = b + | ——| lal* < Ib"* + ~laf* ,
(a,a) 4

which yields (3/4)|a*> < |b*|?. The area of the fundamental parallelogram can be computed
using the well-known formula
area = base - height,

and so det L = |a||b*|. The number |5*| can now be bounded by the previous inequality. =

1.4.4. A Gram-Schmidt orthogonalisation and weak reduction

Let b1,...,b, be a linearly independent collection of vectors in R”. For an index i with
i € {1,...,n}, we let b] denote the component of b; that is orthogonal to the subspace
spanned by by, ..., b;_1. That is,

where
(bi,b)=0 for j=1,...,i-1.

Clearly b = by. The vectors b7, ..., b;‘_l span the same subspace as the vectors by, ..., b;_1,
and so, with suitable coefficients y;;, we may write

i-1
bi=b}+ > by, (1.14)
=1

and
(b}*,bj-) =0, ifj#i.
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By the latter equations, the vectors b7, ..., bl’.‘_l, b} form an orthogonal system, and so
(bi 05 (=1,...,i=1) (1.15)
Hij = == j=1,...,i-1). .
NG
The set of the vectors b7, ..., b, is said to be the Gram-Schmidt orthogonalisation of
the vectors by, ..., b,.

Lemma 1.59 Let L C R” be a lattice with basis b1, . . .,b,. Then

detL = ]—[ B3] .
i=1

Proof. Set y;; = 1 and y;; = 0,if j > i. Then b] = };_, uiby, and so

(b;, b)) = i#ik Zn:(bk,bl),ujl,

k=1 =1

that is, B* = MBMT where B and B* are the Gram matrices of the collections b1, ..., b,
and bj,..., by, respectively, and M is the matrix with entries y;;. The matrix M is a lower
triangular matrix with ones in the main diagonal, and so detM = detM? = 1. As B*is a

diagonal matrix, we obtain [T, [b;|* = det B* = (det M)(det B)(det M") = det B. n
Corollary 1.60 (Hadamard inequality). [, |b;i| > det L.

Proof. The vector b; can be written as the sum of the vector b} and a vector orthogonal to
b?, and hence |b}| < |by]. [}

The vector b} is the component of b; orthogonal to the subspace spanned by the vectors
b1,...,bi_1. Thus bF does not change if we subtract a linear combination of the vectors
bi,...,b;_1 from b;. If, in this linear combination, the coefficients are integers, then the new
sequence b1, ..., b, will be a basis of the same lattice as the original. Similarly to the first
step of the loop in Gauss’ algorithm, we can make the numbers y;; in (1.15) small. The input
of the following procedure is a basis by, ..., b, of a lattice L.

WEeAk-RepuctioN(by, . .., by)

1 forj < n—1downto 1

2 dofori«— j+1ton

3 b; < b; — Ab;, where A is the integer nearest the number (b;, bj.)/ (bj., bj.)
return (by,...,b,)

I~

Definition 1.61 (Weakly reduced basis). A basis by, ..., b, of a lattice is said to be weakly
reduced if the coefficients y;; in (1.15) satisfy

1
|,u,-,-|£§ for 1<j<i<n.

Lemma 1.62 The basis given by the procedure WEAK-REDUCTION is weakly reduced.
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Proof. By the remark preceding the algorithm, we obtain that the vectors b7, ..., b;, never
change. Indeed, we only subtract linear combinations of vectors with index less than i from
b;. Hence the inner instruction does not change the value of (b, by) with k # i. The values
of the (b;,b}) do not change for [ > j either. On the other hand, the instruction achieves,
with the new b;, that the inequality |u;;| < 1/2 holds:

* * * k * * * * 1 * *
(s = A0, b)) = I(bis ) = b3 bl = by b}) = AB3. B < 5(55.b7)
By the observations above, this inequality remains valid during the execution of the proce-
dure. ]

1.4.5. Lovdszreduction

First we define, in an arbitrary dimension, a property of the bases that usually turns out to
be useful. The definition will be of a technical nature. Later we will see that these bases
are interesting, in the sense that they consist of short vectors. This property will make them
widely applicable.

Definition 1.63 A basis by, ..., b, of a lattice L is said to be (Lovdsz-)reduced if
e iris weakly reduced,

and, using the notation introduced for the Gram-Schmidt orthogonalisation,
o biF < (/3)b;,, + pirr b} forall 1 <i<n.

Let us observe the analogy of the conditions above to the inequalities that we have seen
when investigating Gauss’ algorithm. For i = 1, a = b; and b = b,, being weakly reduced
ensures that b is a shortest vector on the line b —Aa. The second condition is equivalent to the
inequality |b*> > (3/4)|al?, but here it is expressed in terms of the Gram-Schmidt basis. For
a general index 7, the same is true, if a plays the role of the vector b;, and b plays the role of

the component of the vector b;,; that is orthogonal to the subspace spanned by b1,...,b;_1.
LLovAsz-RepucTioN(b1, ..., b,)

1 forever

2 do (by,...,b,) —WEak-RepuctiON(Dy, ..., b))

3 find an index ¢ for which the second condition of being reduced is violated

4 if there is such an i

5 then bi L bi+1

6 else return (by,....b,)

Theorem 1.64 Suppose that in the lattice L C R" each of the pairs of the lattice vectors
has an integer scalar product. Then the swap in the 5th line of the 1LovAsz-REDUCTION occurs
at most 1g,5(B1 - - - B,—1) times where B; is the upper left (i X i)-subdeterminant of the Gram
matrix of the initial basis b1, ..., b,.

Proof. The determinant B; is the determinant of the Gram matrix of bq,...,b;, and,
by the observations we made at the discussion of the Gram-Schmidt orthogonalisation,
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B; = j.:l |bj.|2. This, of course, implies that B; = B,z_llbl’fl2 for i > 1. By the above, the
procedure WEAK-REDUCTION cannot change the vectors b7, and so it does not change the
product ]_[’]’-;11 B; either. Assume, in line 5 of the procedure, that a swap b; < b;;; takes
place. Observe that, unless j = i, the sets {b1,...,b;} do not change, and neither do the
determinants B;. The rdle of the vector b} is taken over by the vector b7, | + u;;1b;, whose
length, because of the conditions of the swap, is at most V3/4 times the length of b;. That
is, the new B; is at most 3/4 times the old. By the observation above, the new value of
B= ;’;11 Bj will also be at most 3/4 times the old one. Then the assertion follows from the
fact that the quantity B remains a positive integer. [ ]

Corollary 1.65 Under the conditions of the previous theorem, the cost of the procedure
LovAsz-REDUCTION is at most O(n’ g nC) arithmetic operations with rational numbers where
C is the maximum of 2 and the quantities |(b;, b))l withi,j=1,...,n.

Proof. It follows from the Hadamard inequality that

Bi< [| Bk + ...+ (b b)) < (Vi) < (VC)' .
=1

Hence By -+ B,1 < (VnC)" D and Ig,;3(By ... B,-1) = O(n*1gnC). By the previous the-
orem, this is the number of iterations in the algorithm. The cost of the Gram—Schmidt ort-
hogonalisation is O(n?) operations, and the cost of weak reduction is O(n?) scalar product
computations, each of which can be performed using O(n) operations (provided the vectors
are represented by their coordinates in an orthogonal basis). [ ]

One can show that the length of the integers that occur during the run of the algorithm
(including the numerators and the denominators of the fractions in the Gram—Schmidt ort-
hogonalisation) will be below a polynomial bound.

1.4.6. Properties of reduced bases

Theorem [1.67 of this section gives a summary of the properties of reduced bases that turn
out to be useful in their applications. We will find that a reduced basis consists of relatively
short vectors. More precisely, |b;| will approximate, within a constant factor depending only
on the dimension, the length of a shortest non-zero lattice vector.

Lemma 1.66 Let us assume that the vectors by, ..., b, form a reduced basis of a lattice L.
Then, for1 < j<i<n,

(b}, b)) = 277 (b7, b3) . (1.16)
In particular,
(b}, b}) =27 (b5, bY) . (1.17)

Proof. Substituting a = b}, b = b},; + (bis1, b))/ (b}, b})b}), Lemma [1.56] gives, for all
1 <i< n,that
(b, b)) = (125}, B))

i+1°

Thus, inequality (1.16) follows by induction. [ ]
Now we can formulate the fundamental theorem of reduced bases.
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Theorem 1.67 Assume that the vectors by, . .., b, form a reduced basis of a lattice L. Then

(i) |b1] < 207 D/A(det L)/,

(ii) |b1| < 2"D2\p| for all lattice vectors O # b € L. In particular, the length of by is not
greater than 2""V12 times the length of a shortest non-zero lattice vector:

(iii) |by1] -+ |yl < 200=1)/4 det L.

Proof. (i) Using inequality (1.17),

n(n

@et2)? = [ |7, 2 [ [@7 b1, b)) =275 by, by

i=1 i=1

and so assertion (i) holds.

(i) Let b = }!,zb; € L with z; € Z be a lattice vector. Assume that z; is the last
non-zero coeflicient and write b; = b% + v where v is a linear combination of the vectors
bi,...,bj_1. Hence b = zjb;. + w where w lies in the subspace spanned by by,...,b;_1. As
bj. is orthogonal to this subspace,

(b,b) = Z5(b5.b3) + (w,w) = (b3, b5) = 217 (b1, by) 2 217 (b1, by)

J* 7
and so assertion (ii) is valid.

(iii) First we show that (b;, b;) < 2i‘1(b;f, b}). This inequality is obvious if i = 1, and so
we assume that i > 1. Using the decomposition (1.14) of the vector b; and the fact that the
basis is weakly reduced, we obtain that

-1

LB b)Y L Lo Sigpe
ZM (b, b%) < (B].B)) Z:;b,bj)é(bi, Z B}

j=1

(bi7bi)

IA

Q72 + 1)}, b)) < 27N, b)) .

i°Yi

Multiplying these inequalities fori = 1,...,n,

ﬁ(bi,bi) < [—[2' Wbr ) = 2" ]_](b,, by =2"7" (det L),
i=1

i=1

which is precisely the inequality in (iii). [ ]
It is interesting to compare assertion (i) in the previous theorem and Corollary|1.54 after
Minkowski’s theorem. Here we obtain a weaker bound for the length of by, but this vector
can be obtained by an efficient algorithm. Essentially, the existence of the basis that satisfies
assertion (iii) was first shown by Hermite using the tools in the proofs of Theorems [1.48
and1.67. Using a Lovidsz-reduced basis, the cost of finding a shortest vector in a lattice with
dimension r is at most polynomial in the input size and in 3""; see Exercise[1.4-4.

Exercises
1.4-1 The triangular lattice is optimal. Show that the bound in Corollary [1.58 is sharp.
More precisely, let L C R? be a full lattice and let O # a € L be a shortest vector in L. Verify
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that the inequality |a> = (2/ \/§) det L holds if and only if L is similar to the triangular
lattice.

1.4-2 The denominators of the Gram-Schmidt numbers. Let us assume that the Gram matrix
of a basis by, ...,b, has only integer entries. Show that the numbers y;; in (1.15) can be
written in the form wij = &Gl T 1 B/‘ where the ¢j; are integers and By is the determinant of
the Gram matrix of the vectors by, ..., by.

1.4-3 The length of the vectors in a reduced basis. Let by,...,b, be a reduced basis of
a lattice L and let us assume that the numbers (b;, b;) are integers. Give an upper bound
depending only on n and det L for the length of the vectors b;. More precisely, prove that

|b|<2 Y detL .

1.4-4 The coordinates of a shortest lattice vector. Let by, ...,b, be a reduced basis of a
lattice L. Show that each of the shortest vectors in L is of the form ) z;b; where z; € Z and
|z;] < 3". Consequently, for a bounded n, one can find a shortest non-zero lattice vector in
polynomial time.

Hint: Assume, for some lattice vector v = 3, z;b;, that |[v| < |by|. Let us write v in the

basis bi,....by:
V= Z(ZJ Z ﬂz]zz)b

i=j+1
It follows from the assumption that each of the components of v (in the orthogonal basis) is
at most as long as by = by:
Zj+ Z HijZi| <

i=j+1

Use then the inequalities |u;;| < 1/2 and (1.17).

* .

17
b7

1.5. Factoring polynomials in Q[x]

In this section we study the problem of factoring polynomials with rational coefficients. The
input of the factorisation problem is a polynomial f(x) € Q[x]. Our goal is to compute a
factorisation

=15 £ (1.18)

where the polynomials fi, ..., f; are pairwise relatively prime, and irreducible over Q, and
the numbers ¢; are positive integers. By Theorem 1.4, f determines, essentially uniquely,
the polynomials f; and the exponents e;.

1.5.1. Preparations

First we reduce the problem (1.18) to another problem that can be handled more easily.

Lemma 1.68 We may assume that the polynomial f(x) has integer coefficients and it has
leading coefficient 1.
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Proof. Multiplying by the common denominator of the coefficients, we may assume that
f(x) = ap+arx + -+ + apx" € Z[x]. Performing the substitution y = a,x, we obtain the

polynomial
n—1

_ y i i
g(_))) = a"n 1f(a_) = y” + Zaﬁ ! 1aiyls
n i=0

which has integer coefficients and its leading coefficient is 1. Using a factorisation of g(y),
a factorisation of f(x) can be obtained efficiently. [ ]

Primitive polynomials, Gauss’ lemma

Definition 1.69 A polynomial f(x) € Z[x] is said to be primitive, if the greatest common
divisor of its coefficients is 1.

A polynomial f(x) € Z[x] \ {0} can be written in a unique way as the product of an
integer and a primitive polynomial in Z[x]. Indeed, if a is the greatest common divisor of
the coefficients, then f(x) = a(1/a)f(x). Clearly, (1/a)f(x) is a primitive polynomial with
integer coefficients.

Lemma 1.70 (Gauss’ Lemma). If u(x), v(x) € Z[x] are primitive polynomials, then so is
the product u(x)v(x).

Proof. We argue by contradiction and assume that p is a prime number that divides all the
coefficients of uv. Set u(x) = Yo uix', v(x) = Z?:o v;x/ and let iy and jo be the smallest
indices such that p { u;, and p { v;,. Let ko = ip + jo and consider the coeflicient of Xk in

the product u(x)v(x). This coeflicient is

ip—1 Jo—1

Z wvj = w,vj, + Z UiViy—i + Z Upg—jVj -
=0 =0

i+j=kq

Both of the sums on the right-hand side of this equation are divisible by p, while w;,v;,
is not, and hence the coefficient of x* in u(x)v(x) cannot be divisible by p after all. This,
however, is a contradiction. [

Proposition 1.71 Let us assume that g(x), h(x) € Q[x] are polynomials with rational
coefficients and leading coefficient 1 such that the product g(x)h(x) has integer coefficients.
Then the polynomials g(x) and h(x) have integer coefficients.

Proof. Let us multiply g(x) and A(x) by the least common multiple ¢, and ¢, respectively,
of the denominators of their coefficients. Then the polynomials c,g(x) and ¢,h(x) are pri-
mitive polynomials with integer coefficients. Hence, by Gauss’ Lemma, so is the product
ceen8(X)h(x) = (cog(x))(chh(x)). As the coeflicients of g(x)h(x) are integers, each of its co-
efficients is divisible by the integer c,c;. Hence ¢y, = 1, and so ¢, = ¢, = 1. Therefore
g(x) and h(x) are indeed polynomials with integer coefficients. [ |

One can show similarly, for a polynomial f(x) € Z[x], that factoring f(x) in Z[x] is
equivalent to factoring the primitive part of f(x) in Q[x] and factoring an integer, namely
the greatest common divisor of the coefficients
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Mignotte’s bound
As we work over an infinite field, we have to pay attention to the size of the results in our
computations.

Definition 1.72 The norm of a polynomial f(x) = )\, aix' € Clx] with complex coeffici-

ents is the real number || f(X)|| = X, lail.

The inequality max}_ |a;| < ||f(x)|| implies that a polynomial f(x) with integer coeflici-
ents can be described using O(nlg ||f(x)||) bits.

Lemma 1.73 Let f(x) € Clx] be a polynomial with complex coefficients. Then, for all
¢ € C, we have

lx = o) fll = litex = DIl
where ¢ is the usual conjugate of the complex number c.

Proof. Let us assume that f(x) = ) a;x and set a4, = a_; = 0. Then

n+l

(= O)f ) = ) (@1 = caDx’
i=0

and hence

n+l n+l

2 2 2 —
Z lai—1 — cail” = Z(|ai—1| + |cail” — ai1ca; — ai—ica;)
i=0 =0

lIGx = o) fQI?

n+l

= IF@IP +IePIfIP - Z(ai—w_ai +ai-1ca;) .
i=0

Performing similar computations with the right-hand side of the equation in the lemma, we

obtain that
n+l

@ - Df(x) = ) (a1 —apx',
i=0

and so
n+l n+1
- 2 - 2 ) 2 = =
IEx—DfIF = Y [eais - ail = ) (2aiaP + lai - a1 - caia)
i=0 i=0
n+1
2 2 2 —
= IfQ@IP + IePIF IR = (ai17a + T rear) .
i=0
The proof of the lemma is now complete. [ ]

Theorem 1.74 (Mignotte). Let us assume that the polynomials f(x),g(x) € C[x] have
complex coefficients and leading coefficient 1 and that g(x)|f(x). If deg(g(x)) = m, then
llgoll < 2" F(x)ll.
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Proof. By the fundamental theorem of algebra, f(x) = [].,(x — ;) where a1,...,a, are
the complex roots of the polynomial f(x) (with multiplicity). Then there is a subset I C
{1,...,n} such that g(x) = [;;(x — ;). First we claim, for an arbitrary set J C {1,...,n},
that

[ Jles <l (1.19)

ieJ

If J contains an integer i with ; = O, then this inequality will trivially hold. Let us hence
assume that a; # O foreveryi € J. Set J = {1,...,n}\ Jand h(x) = [],5(x — @;). Applying
Lemmall.73|several times, we obtain that

F ol =11 Je = apheoll = 1 J@ax = Daeoll = 1 Jaa - lueoll

ie ieJ ie

where u(x) = [[;c;(x — 1/@;)h(x). As the leading coefficient of u(x) is 1, |[u(x)|| > 1, and so

IHail = IHEI = IF N/l < FCOI

ieJ ieJ

Let us express the coefficients of g(x) using its roots:

[Ja-er=>] [(—1)”' []e jx'"—”]

iel Jcl jel

i(—l)m-"[ D ]‘[aj]xi.

i=0 JCI\J|=m—i jel

gx)

For an arbitrary polynomial #(x) = #to + --- + 1.x*, the inequality [|#(x)|| < lto| + -+ + |t] 18
valid. Therefore, using inequality (1.19), we find that

el < D1 e
i=0 |JCL)l=m-i jeJ
< > Teif = 2"r@ .
Jcl | jed
The proof is now complete. [

Corollary 1.75 The bit size of the irreducible factors in Q[x] of an f(x) € Z[x] with lea-
ding coefficient 1 is polynomial in the bit size of f(x).

Resultant and good reduction

Let F be an arbitrary field, and let f(x), g(x) € F[x] be polynomials with degree n and m,
respectively: f = ap+a1x+...+a,x", ¢ = bo+b1x+...+b,x" where a,, # 0 # b,,. We recall
the concept of the resultant from Chapter ??. The resultant of f and g is the determinant of
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the ((m + n) X (m + n))-matrix

ap a1 a as T An
ap ap ap e ap-1 ay
ap ap ap-2 dp-1 4y
M=| by by - b1 b . (1.20)
bO bl e bm—l bm
bo bl e bm—l bm
bo b1 s bm_1 bm.

The matrix above is usually referred to as the Sylvester matrix. The blank spaces in the
Sylvester matrix represent zero entries.

The resultant provides information about the common factors of f and g. One can use
it to express, particularly elegantly, the fact that two polynomials are relatively prime:

gcd(f(x),8(x)) =1 & Res(f,g) #0. (1.21)

Corollary 1.76 Let f(x) = ap + a1x + - - + a,x" € Z[x] be a square-free (in Q[x]), non-
constant polynomial. Then Res(f(x), f'(x)) is an integer. Further, assume that p is a prime
not dividing na,. Then the polynomial f(x) (mod p) is square-free in F,[x] if and only if p
does not divide Res(f(x), f'(x)).

Proof. The entries of the Sylvester matrix corresponding to f(x) and f’(x) are integers,
and so is its determinant. The polynomial f has no multiple roots over Q, and so, by Exer-
cise [1.5-1., ged(f(x), f/(x)) = 1, which gives, using (L.21), that Res(f(x), f'(x)) # 0. Let
F(x) denote the polynomial f reduced modulo p. Then it follows from our assumptions that
Res(F(x), F'(x)) is precisely the residue of Res(f(x), f'(x)) modulo p. By Exercise 1.5-1.,
the polynomial F(x) is square-free precisely when gcd(F(x), F'(x)) = 1, which is equi-
valent to Res(F(x), F’'(x)) # 0. This amounts to saying that p does not divide the integer
Res(f(x), f/(x)). u

Corollary 1.77 If f(x) € Z[x] is a square-free polynomial with degree n, then there is a
prime p = O((nlgn + 2nlg||f1)?) (that is, the absolute value of p is polynomial in the bit
size of f) such that the polynomial f(x) (mod p) is square-free in F,[x].

Proof. By the Prime Number Theorem (Theorem 33.37), for large enough K, the product of
the primes in the interval [, K] is at least 202K/ 1nK),
Set K =((n+1)Ign+2nlg ||f||)2. If K is large enough, then

PP > 2(0‘9K/1nK) > 2@ > nn+1||f||2n > nn+1||f||2n—1|a”| (122)

where p1, ..., p; are primes not larger than K, and a, is the leading coefficient of f.
Let us suppose, for the primes p1, ..., p;, that f(x) (mod p;) is not square-free in F,[x].
Then the product p; - - - p; divides Res(f(x), f'(x)) - na,, and so

-1 1 2n-1
p1-+ pr < Res(f, £l - Inayl <1IFI" - NFI" - Inanl < "N lanl -
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(In the last two inequalities, we used the Hadamard inequality, and the fact that ||f"(x)|| <
n||f(x)||.) This contradicts to inequality (1.22), which must be valid because of the choice of
K. ]

‘We note that using the Prime Number Theorem more carefully, one can obtain a stronger
bound for p.

Hensel lifting
We present a general procedure that can be used to obtain, given a factorisation modulo a
prime p, a factorisation modulo p" of a polynomial with integer coefficients.

Theorem 1.78 (Hensel’s lemma).  Suppose that f(x), g(x), h(x) € Z[x] are polynomi-
als with leading coefficient 1 such that f(x) = g(x)h(x) (mod p), and, in addition, g(x)
(mod p) and h(x) (mod p) are relatively prime in F,[x]. Then, for an arbitrary positive
integer t, there are polynomials g,(x), h,(x) € Z[x] such that

e both of the leading coefficients of g,(x) and h,(x) are equal to 1,
e g(x) =g(x) (mod p) and hy(x) = h(x) (mod p),
e f(x) = g(x)h(x) (mod p').

Moreover, the polynomials g,(x) and h,(x) satisfying the conditions above are unique modulo
!

pl.
Proof. From the conditions concerning the leading coefficients, we obtain that deg f(x) =
deg g(x)+deg h(x), and, further, that deg g,(x) = deg g(x) and deg h,(x) = deg h(x), provided
the suitable polynomials g,(x) and /,(x) indeed exist. The existence is proved by induction
on ¢. In the initial step, ¢ = 1 and the choice g;(x) = g(x) and h;(x) = h(x) is as required.

The induction step r — ¢ + 1: let us assume that there exist polynomials g,(x) and A,(x)
that are well-defined modulo p’ and satisfy the conditions. If the polynomials g,,1(x) and
h.+1(x) exist, then they must satisfy the conditions imposed on g,(x) and h,(x). As g,(x)
and h,(x) are unique modulo p', we may write g,.1(x) = g/(x) + p'6,(x) and A1 (x) =
hy(x)+p'6,(x) where 6,(x) and 6,(x) are polynomials with integer coefficients. The condition
concerning the leading coefficients guarantees that deg 6,(x) < deg g(x) and that deg 6,(x) <
deg h(x).

By the induction hypothesis, f(x) = g,(x)i,(x) + p'A(x) where A(x) € Z[x]. The obser-
vations about the degrees of the polynomials g,(x) and /,(x) imply that the degree of A(x) is
smaller than deg f(x). Now we may compute that

SOM(x) = F(x) + p'hy(x)8,(x) + p'gi(x)(x) + p*S(X)5h(x)
—p'Ax) + p'h(x)6,(x) + p'gi(x)6x(x)  (mod p*) .

81 (D1 (x) — f(x)

As 2t > t + 1, the congruence above holds modulo p*!. Thus g,.;(x) and A, (x) satisfy the
conditions if and only if

P'h()6,(x) + p'gi(X)S(x) = p'A(x)  (mod p*!).

This, however, amounts to saying, after cancelling p* from both sides, that

h(x)0g(x) + g(x)6p(x) = A(x)  (mod p).
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Using the congruences g,(x) = g(x) (mod p) and k,(x) = h(x) (mod p) we obtain that this
is equivalent to the congruence

h(x)04(x) + g(x)04(x) = A(x) (mod p). (1.23)

Considering the inequalities degd,(x) < degg,(x) and degd,(x) < degh,(x) and the fact
that in F,[x] the polynomials g(x) (mod p) and A(x) (mod p) are relatively prime, we find
that equation (1.23) can be solved uniquely in F,[x]. For, if u(x) and v(x) form a solution to
u(x)g(x) + v(x)h(x) = 1 (mod p), then, by Theorem|1.12| the polynomials

0g(x) = v()A(x) (mod g(x)),
and
op(x) = uw(x)A(x) (mod h(x))

form a solution of (1.23). The uniqueness of the solution follows from the bounds on the
degrees, and from the fact that g(x) (mod p) and h(x) (mod p) relatively prime. The details
of this are left to the reader. [ |

Corollary 1.79 Assume that p, and the polynomials f(x), g(x), h(x) € Z[x] satisfy the
conditions of Hensel’s lemma. Set deg f = n and let N be a positive integer. Then the
polynomials gn(x) and hy(x) can be obtained using O(Nn?) arithmetic operations modulo

pr.
Proof. The proof of Theorem|1.78 suggests the following algorithm.

HenseL-LirtinG (f, g, h, p, N)

1 (u(x),v(x)) « is a solution, in F,[x], of u(x)g(x) + v(x)h(x) =1 (mod p)
(G(x), H(x)) < (g(x), h(x))

3 fortr—1toN-1

4 do A(x) « (f(x) = G(x) - Hx)/p'

5 0g(x) < v(x)A(x) reduced modulo g(x) (in F,[x])

6 Or(x) < u(x)A(x) reduced modulo A(x) (in F,[x])
7
8

[\

(G(x), H(x)) «— (G(x) + p'6y(x), H(x) + p'6;(x)) (in (Z/(p"")[x])
return (G(x), H(x))

The polynomials # and v can be obtained using O(n?) operations in F, (see Theo-
rem|1.12 and the remark following it). An iteration t — 7 + 1 consists of a constant number
of operations with polynomials, and the cost of one run of the main loop is O(n?) operations
(modulo p and p"*!). The total cost of reaching ¢ = N is O(Nn?) operations. [ |

1.5.2. The Berlekamp-Zassenhaus algorithm

The factorisation problem (1.18) was efficiently reduced to the case in which the polynomial
f has integer coefficients and leading coefficient 1. We may also assume that f(x) has no
multiple factors in Q[x]. Indeed, in our case f’(x) # 0, and so the possible multiple factors
of f can be separated using the idea that we already used over finite fields as follows. By
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Lemma [1.13| the polynomial g(x) = f(x)/(f(x), f’(x)) is already square-free, and, using
Lemmal.14, it suffices to find its factors with multiplicity one. From Proposition|1.71, we
can see that g(x) has integer coefficients and leading coefficient 1. Computing the greatest
common divisor and dividing polynomials can be performed efficiently, and so the reduc-
tion can be carried out in polynomial time. (In the computation of the greatest common
divisor, the intermediate expression swell can be avoided using the techniques presented in
Chapter 2?.)
In the sequel we assume that the polynomial

n—-1
Sx)=x"+ Z a;x' € Z[x]
i=0

we want to factor is square-free, its coefficients are integers, and its leading coefficient is 1.

The fundamental idea of the Berlekamp-Zassenhaus algorithm is that we compute the
irreducible factors of f(x) modulo p" where p is a suitably chosen prime and N is large
enough. If, for instance, p" > 2 - 27!||f||, and we have already computed the coefficients of
a factor modulo pV, then, by Mignotte’s theorem, we can obtain the coefficients of a factor
in Q[x].

From now on, we will also assume that p is a prime such that the polynomial f(x)
(mod p) is square-free in F,[x]. Using linear search such a prime p can be found in poly-
nomial time (Corollary [1.77). One can even assume that p is polynomial in the bit size of
).

The irreducible factors in F,[x] of the polynomial f(x) (mod p) can be found using
Berlekamp’s deterministic method (Theorem [1.42). Let g1(x), ..., g,(x) € Z[x] be polyno-
mials, all with leading coefficient 1, such that the g;(x) (mod p) are the irreducible factors
of the polynomial f(x) (mod p) in F,[x].

Using the technique of Hensel’s lemma (Theorem |1.78) and Corollary1.79, the system
g1(x),...,g-(x) can be lifted modulo pN . To simplify the notation, we assume now that
g1(x), ..., gr(x) € Z[x] are polynomials with leading coefficients 1 such that

f@) =gi(x)--g(x) (mod p")

and the g;(x) (mod p) are the irreducible factors of the polynomial f(x) (mod p) in F,[x].
Let h(x) € Z[x] be an irreducible factor with leading coefficient 1 of the polynomial
f(x) in Q[x]. Then there is a uniquely determined set I C {1,..., r} for which

hw =] e (mod p).

iel

Let N be the smallest integer such that pV¥ > 2- 27O, Mignotte’s bound shows that the
polynomial [, gi(x) (mod p") on the right-hand side, if its coefficients are represented by
the residues with the smallest absolute values, coincides with /.

We found that determining the irreducible factors of f(x) is equivalent to finding mi-
nimal subsets I C {1,...,r} for which there is a polynomial h(x) € Z[x] with leading
coefficient 1 such that h(x) = [],; gi(x) (mod p"), the absolute values of the coefficients
of h(x) are at most 2"7'||f(x)||, and, moreover, h(x) divides f(x). This can be checked by
examining at most 2"~ sets 1. The cost of examining a single I is polynomial in the size of

I
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To summarise, we obtained the following method to factor, in Q[x], a square-free poly-
nomial f(x) with integer coefficients and leading coefficient 1.

BERLEKAMP-ZASSENHAUS( f)

1 p < aprime p such that f(x) (mod p) is square-free in F,[x]

and p = O((nlgn +2nlg||f)?)
2 {g1,...,8&) « the irreducible factors of f(x) (mod p)in F,[x]

(using Berlekamp’s deterministic method)

N« log, 2%/ - |IflD) + 1
{81,...,8r} « the Hensel lifting of the system {g1, ..., g,} modulo p"
5 J « the collection of minimal subsets I # @ of {1,...r} such that

g1 < [l gi reduced modulo p" divides f
6 return({[[,;;g; : I €7}

= W

Theorem 1.80 Ler f(x) = x" + Z?;OI aix' € Z[x] be a square-free polynomial with integer
coefficients and leading coefficient 1, and let p be a prime number such that the polynomial
f(x) (mod p) is square-free in F,[x] and p = O((nlgn + 2nlg LFID?). Then the irreducible
factors of the polynomial f in Q[x] can be obtained by the Berlekamp-Zassenhaus algo-
rithm. The cost of this algorithm is polynomial in n, 1g||f(x)|| and 2" where r is the number
of irreducible factors of the polynomial f(x) (mod p) in F,[x].

Example 1.5 (Swinnerton-Dyer polynomials) Let
f@ =] [ V22 V32 £ V) € ZIx]

where 2,3, ..., p; are the first [ prime numbers, and the product is taken over all possible 2! combina-
tions of the signs + and —. The degree of f(x) is n = 2/, and one can show that it is irreducible in Q[x].
On the other hand, for all primes p, the polynomial f(x) (mod p) is the product of factors with degree
at most 2. Therefore these polynomials represent hard cases for the Berlekamp-Zassenhaus algorithm,
as we need to examine about 2"/>~! sets I to find out that £ is irreducible.

1.5.3. The LLL algorithm

Our goal in this section is to present the Lenstra-Lenstra-Lovasz algorithm (LLL algorithm)
for factoring polynomials f(x) € Q[x]. This was the first polynomial time method for sol-
ving the polynomial factorisation problem over Q. Similarly to the Berlekamp-Zassenhaus
method, the LLL algorithm starts with a factorisation of f modulo p and then uses Hensel
lifting. In the final stages of the work, it uses lattice reduction to find a proper divisor of
£, provided one exists. The powerful idea of the LLL algorithm is that it replaced the se-
arch, which may have exponential complexity, in the Berlekamp-Zassenhaus algorithm by
an efficient lattice reduction.

Let f(x) € Z[x] be a square-free polynomial with leading coefficient 1 such thatdeg f =
n > 1, and let p be a prime such that the polynomial f(x) (mod p) is square free in F,[x]
and p = O((Ign + 2n1g[If D).
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Lemma 1.81 Suppose that f(x) = go(x)v(x) (mod p") where go(x) and v(x) are polyno-
mials with integer coefficients and leading coefficient 1. Let g(x) € Z[x] with deg g(x) =
m < n and assume that g(x) = go(x)u(x) (mod p") for some polynomial u(x) such that u(x)
has integer coefficients and deg u(x) = deg g(x) — deg go(x). Let us further assume that

g IF GO < p. Then ged(f(x), g(x)) # 1 in Q[x].
Proof. Let d = deg v(x). By the assumptions,

FOOu(x) = go(u(x)v(x) = gxv(x) (mod p") .

Suppose that u(x) = ap+a1x+. . A Ao X" and v(x) = Bo+Bix+.. .+ﬁ,,_1x”’1. (We know
that By = 1.1f i > d, then B; = 0, and similarly, if j > degu(x), then a;; = 0.) Rewriting the
congruence, we obtain

g0+ ) Bialg(x) = > @ f() =0 (mod pY) .

Jj#d i

Considering the coefficient vectors of the polynomials x/g(x) and x'f(x), this congruence
amounts to saying that adding to the (m + d)-th row of the Sylvester matrix (1.20) a suitable
linear combination of the other rows results in a row in which all the elements are divisible
by pV. Consequently, detM = 0 (mod p"). The Hadamard inequality (Corollary [1.60)
yields that |det M| < |IfI™llgll” < p", but this can only happen if det M = 0. However,
det M = Res(f(x), g(x)), and so, by (1.21), gcd(f(x), g(x)) # 1. [

The application of lattice reduction
Set

N = [log, 2" If @I = O@® + nlgllf @) -

Further, we let go(x) € Z[x] be a polynomial with leading coefficient 1 such that go(x)
(mod p") is an irreducible factor of f(x) (mod pM). Set d = deg go(x) < n. Define the set L
as follows:

L={g(x) € Z[x]: deg g(x) <n—1, In(x) € Z[x], with g =hgy (mod p")}. (1.24)

Clearly, L is closed under addition of polynomials. We identify a polynomial with deg-
ree less than n with its coefficient vector of length n. Under this identification, L becomes a
lattice in R”. Indeed, it is not too hard to show (Exercise 1.5-2.) that the polynomials

YL PN PN, go(x), xgo(x), .., X g0 ()
or, more precisely, their coefficient vectors, form a basis of L.

Theorem 1.82 Let g1(x) € Z[x] be a polynomial with degree less than n such that the
coefficient vector of g1(x) is the first element in a Lovdsz-reduced basis of L. Then f(x) is
irreducible in Q[x] if and only if gcd(f(x), g1(x)) = 1.

Proof. As g1(x) # 0, it is clear that gcd(f(x), g1(x)) = 1 whenever f(x) is irreducible. In
order to show the implication in the other direction, let us assume that f(x) is reducible and
let g(x) be a proper divisor of f(x) such that g(x) (mod p) is divisible by go(x) (mod p) in
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F,[x]. Using Hensel’s lemma (Theorem[1.78), we conclude that g(x) (mod pV) is divisible
by go(x) (mod pV), that is, g(x) € L. Mignotte’s theorem (Theorem 1.74) shows that

llgColl < 2" IF Gl -

Now, if we use the properties of reduced bases (second assertion of Theorem 1.67), then we
obtain

g1 (Ol < 2 V2 gl < 2"lig@)ll < 2% F Il

and so ,
g1 I IF GOl & < g O F " < 22 (I F ol < pN .

We can hence apply Lemma[1.81) which gives ged(g1(x), f(x)) # 1. [

Based on the previous theorem, the LLIL algorithm can be outlined as follows (we only
give a version for factoring to two factors). The input is a square-free polynomial f(x) €
Z[x] with integer coefficients and leading coefficient 1 such that deg f =n > 1.

LLL-PoLyNnoMIAL-FACTORISATION( f)

1 p < aprime p such that f(x) (mod p) is square-free in IF,[x]
and p = O((nlgn +2nlg|IfI)*)

2 w(x) « an irreducible factor f(x) (mod p) in F,[x]
(using Berlekamp’s deterministic method)

3 ifdegw=mn

4 then return "irreducible”

5  else N« flOg,,((22"2||f WIPHT = 00* + nlg(lf (I

6 (g0, hg) < HENSEL-LIFTING(f, w, f/w (mod p), p, N)

7 (b1,...,by) <« abasis of the lattice L € R" in (1.24)

8 (g1,...,8n) < Lovisz-Rebuction(by, ..., b,)

9 f* e ged(f.g1)
10 if deg /* >0

11 then retarn (1, f/f*)
12 else return "irreducible”

Theorem 1.83 Using the LLL algorithm, the irreducible factors in Q[x] of a polynomial
f € Qlx] can be obtained deterministically in polynomial time.

Proof. The general factorisation problem, using the method introduced at the discussion of
the Berlekamp-Zassenhaus procedure, can be reduced to the case in which the polynomial
f(x) € Z[x] is square-free and has leading coefficient 1. By the observations made there, the
steps in lines 1-7 can be performed in polynomial time. In line 8, the Lovdsz reduction can
be carried out efficiently (Corollary [1.65). In line 9, we may use a modular version of the
Euclidean algorithm to avoid intermediate expression swell (see Chapter 2?).

The correctness of the method is asserted by Theorem [1.82. The LLL algorithm can
be applied repeatedly to factor the polynomials in the output, in case they are not already
irreducible. [

One can show that the Hensel lifting costs O(Nn?) = Om* + n®lg||f]]) operations
with moderately sized integers. The total cost of the version of the LLL algorithm above
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is 0w’ 1g(p™)) = 0" + n® g || £1I).

Exercises

1.5-1 Let F be a field and let O # f(x) € F[x]. The polynomial f(x) has no irreducible
factors with multiplicity greater than one if and only if gcd(f(x), f'(x)) = 1. Hint: In one
direction, one can use Lemma|1.13} and use Lemma/|l.14/in the other.

1.5-2 Show that the polynomials

xn—d—

PN pYx L PV go(x), xgo(x), . ., X go(x)

form a basis of the lattice in (1.24). Hint: It suffices to show that the polynomials p"x/
(d < j < n) can be expressed with the given polynomials. To show this, divide pVx/ by
go(x) and compute the remainder.

Problems

1-1. The trace in finite fields
Let Fy 2 I, be finite fields. The definition of the trace map tr = fr; , on Fy is as follows:

if @ € Fj then
k-1
trl@)=a+a?+---+a7 .

(a) Show that the map #r is F,-linear and its image is precisely IF,. Hint: Use the fact that
tr is defined using a polynomial with degree ¢*~! to show that ¢r is not identically zero.

(b) Let (a,p) be a uniformly distributed random pair of elements from F X Fg. Then the
probability that t(a) # tr(B)is 1 — 1/gq.

1-2. The Cantor-Zassenhaus algorithm for fields of characteristic 2
Let F = F,» and let f(x) € F[x] be a polynomial of the form

f=nfts (1.25)
where the f; are pairwise relatively prime and irreducible polynomials with degree d in F[x].
Also assume that s > 2.
(a) Let u(x) € F[x] be a uniformly distributed random polynomial with degree less than
deg f. Then the greatest common divisor

ged(u(x) + 120 + - + 1" (%), £(x))

is a proper divisor of f(x) with probability at least 1/2.

Hint: Apply the previous exercise taking g = 2 and k = md, and follow the argument in
Theorem|1.38.

(b) Using part (a), give a randomised polynomial time method for factoring a polynomial
of the form (1.25) over F.
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1-3. Divisors and zero divisors
Let F be a field. The ring R is said to be an F-algebra (in case F is clear from the context,
R is simply called an algebra), if R is a vector space over F, and (ar)s = a(rs) = r(as) holds
forall r,s € S and a € F. It is easy to see that the rings F[x] and E[x]/(f) are F-algebras.
Let R be a finite-dimensional F-algebra. For an arbitrary r € R, we may consider the
map L, : R — R defined as L,(s) = rs for s € R. The map L, is F-linear, and so we may
speak about its minimal polynomial m,(x) € F[x], its characteristic polynomial k,(x) € F[x],
and its trace Tr(r) = Tr(L,). In fact, if U is an ideal in R, then U is an invariant subspace
of L,, and so we can restrict L, to U, and we may consider the minimal polynomial, the
characteristic polynomial, and the trace of the restriction.

(a) Let f(x), g(x) € Flx] with deg f > 0. Show that the residue class [g(x)] is a zero divisor
in the ring F[x]/(f) if and only if f does not divide g and gcd(f(x), g(x)) # 1.

(b) Let R be an algebra over F, and let r € R be an element with minimal polynomial f(x).
Show that if f is not irreducible over F, then R contains a zero divisor. To be precise, if
f(x) = g(x)h(x) is a non-trivial factorisation (g, 1 € F[x]), then g(r) and h(r) form a pair
of zero divisors, that is, both of them are non-zero, but their product is zero.

1-4. Factoring polynomials over algebraic number fields

(a) LetF be a field with characteristic zero and let R be a finite-dimensional F-algebra with
an identity element. Let us assume that R = §; @ S, where S, and S, are non-zero
F-algebras. Let r,. .., 7 be a basis of R over F. Show that there is a j such that my,(x)
is not irreducible in F[x].

Hint: This exercise is for readers who are familiar with the elements of linear algebra.
Let us assume that the minimal polynomial of r; is the irreducible polynomial m(x) =
x? —a1x + -+ + ag. Let ki(x) be the characteristic polynomial of L,, on the invariant
subspace U; (for i € {1,2}). Here U; and U, are the sets of elements of the form (7, 0)
and (0, 5;), respectively where s; € S;. Because of our conditions, we can find suitable
exponents d; such that k;(x) = m(x)%. This implies that the trace T;(r ;) of the map L,,
on the subspace U; is T;(r;) = dia;. Set e; = dimg U;. Obviously, e; = d;d, which gives
Ti(rj)/er = Tr(rj)/e,. If the assertion of the exercise is false, then the latter equation
holds for all j, and so, as the trace is linear, it holds for all » € R. This, however, leads
to a contradiction: if r = (1,0) € §; ® S, (1 denotes the unity in ), then clearly
Ti1(r) = e; and TH(r) = 0.

(b) LetF be an algebraic number field, that is, a field of the form Q(a) where a € C, and
there is an irreducible polynomial g(x) € Z[x] such that g(@) = 0. Let f(x) € F[x]
be a square-free polynomial and set R = F[x]/(f). Show that R is a finite-dimensional
algebra over Q. More precisely, if deg g = m and deg f = n, then the elements of the
form a/[x]/ (0 <i < m, 0 < j < n) form a basis over Q.

(c) Show that if f is reducible over F, then there are Q-algebras S, S, such that R =
S19S8,.

Hint: Use the Chinese remainder theorem .

(d) Consider the polynomial g above and suppose that a field F and a polynomial f €
F[x] are given. Assume, further, that f is square-free and is not irreducible over F.
The polynomial f can be factored to the product of two non-constant polynomials in
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polynomial time.

Hint: By the previous remarks, the minimal polynomial m(y) over Q of at least one of
the elements a'[x]/ (0 < i < m, 0 < j < n) is not irreducible in Q[y]. Using the LLL
algorithm, m(y) can be factored efficiently in Q[y]. From a factorisation of m(y), a zero
divisor of R can be obtained, and this can be used to find a proper divisor of f in E[x].

Chapter notes

The abstract algebraic concepts discussed in this chapter can be found in many textbooks;
see, for instance, Hungerford’s book [27].

The theory of finite fields and the related algorithms are the theme of the excellent
books by Lidl and Niederreiter [36]] and Shparlinski [57].

Our main algorithmic topics, namely the factorisation of polynomials and lattice reduc-
tion are thoroughly treated in the book by von zur Gathen and Gerhard [16]. We recommend
the same book to the readers who are interested in the efficient methods to solve the basic
problems concerning polynomials. Theorem 8.23 of that book estimates the cost of multip-
lying polynomials by the Schénhage-Strassen method, while Corollary 11.6 is concerned
with the cost of the asymptotically fast implementation of the Euclidean algorithm. Ajtai’s
result about shortest lattice vectors was published in [3].

The method by Kaltofen and Shoup is a randomised algorithm for factoring polyno-
mials over finite fields, and currently it has one of the best time bounds among the known
algorithms. The expected number of F,-operations in this algorithm is O(n'3'% 1g g) where
n = deg f. Further competitive methods were suggested by von zur Gathen and Shoup, and
also by Huang and Pan. The number of operations required by the latter is O(n'3%5% 1g ¢),
iflg g < n%%173 Among the deterministic methods, the one by von zur Gathen and Shoup is
the current champion. Its cost is O(n® + n*/2s + n¥/?s'/2 p!/2) operations in F, where ¢ = p*.
An important related problem is constructing the field Fg». The fastest randomised method
is by Shoup. Its cost is O~(n? + nlg ¢). For finding a square-free factorisation, Yun gave an
algorithm that requires 5(n) + O(nlg(q/p)) field operations in F,.

The best methods to solve the problem of lattice reduction and that of factoring poly-
nomials over the rationals use modular and numerical techniques. After slightly modifying
the definition of reduced bases, an algorithm using O(n*38! 1g% C) bit operations for the for-
mer problem was presented by Storjohann. (We use the original definition introduced in the
paper by Lenstra, Lenstra and Lovasz [35].) We also mention Schonhage’s method using
oms + n 1g2 ) bit operations for factoring polynomials with integer coefficients (I is the
length of the coeflicients).

Besides factoring polynomials with rational coefficients, lattice reduction can also be
used to solve lots of other problems: to break knapsack cryptosystems and random number
generators based on linear congruences, simultaneous Diophantine approximation, to find
integer linear dependencies among real numbers (this problem plays an important réle in
experiments that attempt to find mathematical identities). These and other related problems
are discussed in the book [16].

A further exciting application area is the numerical solution of Diophantine equations.
One can read about these developments in in the books by Smart [62] and Gadl [14]]. The
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difficulty of finding a shortest lattice vector was verified in Ajtai’s paper [3].

Finally we remark that the practical implementations of the polynomial methods in-
volving lattice reduction are not competitive with the implementations of the Berlekamp-
Zassenhaus algorithm, which, in the worst case, has exponential complexity. Nevertheless,
the basis reduction performs very well in practice: in fact it is usually much faster than its
theoretically proven speed. For some of the problems in the application areas listed above,
we do not have another useful method.

The work of the authors was supported in part by grants T042481 and T042706 of the
Hungarian Scientific Research Fund.



2. Automata and Formal Languages

Automata and formal languages play an important role in projecting and realizing compilers.
In the first section grammars and formal languages are defined. The different grammars
and languages are discussed based on Chomsky hierarchy. In the second section we deal in
detail with the finite automata and the languages accepted by them, while in the third section
the pushdown automata and the corresponding accepted languages are discussed. Finally,
references from a rich bibliography are given.

2.1. Languages and grammars

A finite and nonempty set of symbols is called an alphabet. The elements of an alphabet
are letters, but sometimes are named also symbols. E.g. the set X = {a,b,c,d,0,1,0} is an
alphabet, with the letters a, b, ¢,d,0, 1 and 0.

With the letters of an alphabet words are composed. If a;, a;,...,a, € Z,n > 0, then
aa; . ..a, a X is a word over the alphabet X (the letters g; are not necessary distinct). The
number of letters of a word, with their multiplicities, constitutes the length of the word. If
W = aia; ... ay, then the length of w is |w| = n. If n = 0, then the word is an empty word,
which will be denoted by € (sometimes A in other books). The set of words over the alphabet
¥ will be denoted by X*:

¥ =|lna...a,|ar,a2,...,a, €X,n>0}.

For the set of nonempty words over X the notation £* = ¥* \ {g} will be used. The set of
words of length n over X will be denoted by X", and 30 = {¢}. Then

»=xuxly.---uzU--- and T*=3'UX?U---UT"U---

The words u = a1a,...a, and v = b1by...b, are equal (i.e. u = v), if m = nand gq; =
b, i=1,2,...,n
We define in X* the binary operation called concatenation. The concatenation (or pro-
duct) of the words u = a1a> ... a, andv = bib, ... b,istheworduv = a1a> ... anb1bs ... b,.
Tt is clear that |uv| = |u| + |v|. This operation is associative but not commutative. Its neutral
element is &, because eu = ue = u for all u € *. * with the concatenation is a monoid.
We introduce the power operation. If u € X*, then =g, and " = " ufor n> 1.



62 2. Automata and Formal Languages

The reversal (or mirror image) of the word u = ajay...a, is u™" = aua,_, ...a;. The

reversal of u sometimes is denoted by u® or #. It is clear that (u’l)_ =uand (w)' =
vt

Word v is a prefix of the word u if there exists a word z such that u = vz. If z # e then v
is a proper prefix of u. Similarly v is a suffix of u if there exists a word x such that u = xv.
The proper suffix can also be defined. Word v is a subword of the word u if there are words
p and g such that u = pvg. If pg # € then v is a proper subword.

A subset L of £* is called a language over the alphabet X. Sometimes this is called a
Sformal language because the words are here considered without any meanings. Note that

is the empty language while {} is a language which contains the empty word.

2.1.1. Operations on languages

If L, L,, L, are languages over X we define the following operations
® union
LiUl,={ueX|uely or uel,},
e intersection
Linl,=wueX|uel; and u € L.},
o difference
Li\Ly={ueX|uely and u ¢ L.},
e complement
L=3X\L,
o multiplication
LL, = {MV|L{€L1,V€L2} ,
® power
L'={e}, L'=L"'L ifnx1,
e jteration or star 0p£rati0n
r=Jr=rvLvitu.-uru-.-,

. i=0
® mirror

Ll'={w'uel)
We will use also the notation Lt

L+=ULf:LuL2u---uL"u--- .
1

i=
The union, product and iteration are called regular operations.

2.1.2. Specifying languages

Languages can be specified in several ways. For example a language can be specified using
1) the enumeration of its words,
2) a property, such that all words of the language have this property but other word have
not,
3) a grammar.

Specifying languages by listing their elements
For example the following are languages



2.1. Languages and grammars 63

Ly ={&,0,1},

L, ={a,aa,aaa,ab, ba, aba}.
Even if we cannot enumerate the elements of an infinite set infinite languages can be spe-
cified by enumeration if after enumerating the first some elements we can continue the

enumeration using a rule. The following is such a language
L; = {&, ab, aabb, aaabbb, aaaabbbb, . . .}.

Specifying languages by properties
The following sets are languages
Ly={d"b"|n=0,1,2,...},
Ls ={uul|uez),
Lo = {u € {a,b}" | nq(u) = np(u)},
where n,(u) denotes the number of letters a in word u and 5, (1) the number of letters b.

Specifying languages by grammars
Define the generative grammar or shortly the grammar.

Definition 2.1 A grammar is an ordered quadruple G = (N, T, P,S), where

o N is the alphabet of variables (or nonterminal symbols ),

o T is the alphabet of terminal symbols, where NNT = 0,

e PC(NUT)*N(NUT) X (NUT)* is a finite set, that is P is the finite set of productions
of the form (u,v), where u,v € (N U T)" and u contains at least a nonterminal symbol,

e S € N is the start symbol.

Remarks. Instead of the notation (u, v) sometimes u — v is used.

In the production u — v or (u,v) word u is called the left-hand side of the production
while v the right-hand side. If for a grammar there are more than one production with the
same left-hand side, then these production

Uu—vy, U —>Vvy,...,u—v, canbewrittenas u—>vi|va]| ... |V, .
We define on the set (N U T)* the relation called direct derivation

u=v, if u=pipps, v=pigp, and (p,q)€P.

In fact we replace in u an appearance of the subword p by ¢ and we get v. Another notations
for the same relation can be + or |£.
If we want to emphasize the used grammar G, then the notation = can be replaced

by = Relation = is the reflexive and transitive closure of =, while = denotes its

transitive closure. Relation = is called a derivation.

From the definition of a reflexive and transitive relation we can deduce the following:
u — v, if there exist the words wo, w1, ..., w, € (NUT)*, n > 0and u = wy, wg = wr,
Wi = Wy, ...,W,-1 = w,, w, = v. This can be written shortly u = wop = w; =
Wy = ... = w1 = w, = v. If n = 0 then u = v. The same way we can define the

. + . o .
relation # = v except that n > 1 always, so at least one direct derivation will de used.

Definition 2.2 The language generated by grammar G = (N, T, P,S) is the set
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LG) ={ueT |S = u}.

So L(G) contains all words over the alphabet T which can be derived from the start symbol
S using the productions from P.

Example 2.1 LetG = (N, T, P,S) where
N ={S},
T ={a,b},
P={S - aSh, S — ab}.
It is easy to see than L(G) = {a"b" | n > 1} because

S = aSh = d*SP = - = " ISH" = d"b",
G G G G G

where up to the last but one replacement the first production (S — aSb) was used, while at the last
replacement the production S — ab. This derivation can be written § = a'b". Therefore a"b" can
be derived from S for all # and no other words can be derived from S'.

Definition 2.3 Tivo grammars G| and G, are equivalent, and this is denoted by G, = G,
if L(G1) = L(G).

Example 2.2 The following two grammars are equivalent because both of them generate the language
{a*b"c" | n > 1}.
G, = (N1, T, Py,S 1), where
N, ={S1.X,Y}, T ={a,b,c},
Py ={S; - abc, S| — aXbc, Xb — bX, Xc — Ybcc, bY — Yb, a¥Y — aaX, aY — aa}.
G2 = (Nz, T, PQ,SZ), where
N> ={S,,A,B,C},
P, ={S, - aS,BC, S, - aBC, CB — BC, aB — ab, bB — bb, bC — bc, ¢cC — cc}.
First let us prove by mathematical induction that forn > 2 5, %I:» alybc®. If n = 2 then

A\ = aXbc = abXc = abYbcec = a¥Yh*c* .
4! 4! 1 71

The inductive hypothesis is S | % a2Yb™ ¢t We use production a¥Y — aaX, then (n — 1) times
1

production Xb — bX, and then production Xc¢ — Ybcc, afterwards again (n — 1) times production

bY — Yb. Therefore

*

*
S 1 = S an—Z Ybn—l Cn—l an—lxbn—l Cn—l an—lbn—lxcn—l an—lbn—l chn an—l Ybncn .
I1

Gy Gy Gy Gy

If now we use production a¥ — aa we get S % a'b’c" forn > 2,but S, = abc by the production

Sy — abc, so a"b"c" € L(G,) forany n > 1. Wel have to prove in addition th;it using the productions
of the grammar we cannot derive only words of the form a"b"¢". It is easy to see that a successful
derivation (which ends in a word containing only terminals) can be obtained only in the presented
way.

Similarly for n > 2

Sy = aS,BC = a"'S,(BC)"' = a"(BC)" = a"B"C"
Gy Gy Gy Gy
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— aann—lcn :*> anbncn — anbnccn—l :*> anbncn
Ga Gy Gy Gy
Here orderly were used the productions S, — aS,BC (n — 1 times), S, — aBC,CB — BC (n -1

times), aB — ab, bB — bb (n — 1 times), bC — bc, cC — cc (n — 1 times). But S, (=> aBC (=>

§5) §5)

abC ? abe, So S5 F_*) ab"c", n > 1. It is also easy to see than other words cannot be derived using
72 2

grammar G.

The grammars
G; = ({S},{a,b},{S = aSh, S — &},S) and
Gy =({S},{a,b},{S — aSh, S — ab},S)
are not equivalent because L(Gs) \ {&} = L(Gy).

Theorem 2.4 Not all languages can be generated by grammars.

Proof. We encode grammars for the proof as words on the alphabet {0, 1}. For a given
grammar G = (N,T,P,S) let N = {S1,82,....8,}, T = {a1,az,...,a,} and § = §1. The
encoding is the following:
the code of S;is 1011...1101, the code of ¢; is 10011...11001 .
N L N

In the code of the grammz;rm?ﬁia letters are separated by 000, the colcignE)Sf the arrow is 0000,
and the productions are separated by 00000.

It is enough, of course, to encode the productions only. For example, consider the gram-
mar

G={S}{a,b},{S - aSbh, S — ab},S).
The code of § is 10101, the code of a is 1001001, the code of b is 10011001. The code of
the grammar is

10101 0000 1001001 000 10101 000 10011001 00000 10101 06000 1001001 000
——— ———— —— ———— ——— —_————

10011001 .

————

From this encoding results that the grammars with terminal alphabet T can be enu-
merated L' as G1,Ga, ..., Gy, ... , and the set of these grammars is a denumerable infinite

set.
Consider now the set of all languages over T denoted by L = {L | L C T}, that
is Ly = P(T*). The set T* is denumerable because its words can be ordered. Let this or-

der sq, s1, 52, ..., where sg = &. We associate to each language L € Ly an infinite binary
sequence by, by, by, . .. the following way:
1, it s el .
bi_{O, if s ¢l i=0,1,2,....

It is easy to see that the set of all such binary sequences is not denumerable, because each
sequence can be considered as a positive number less than 1 using its binary representation

"Let us suppose that in the alphabet {0, 1} there is a linear order <, let us say 0 < 1. The words which are codes
of grammars can be enumerated by ordering them first after their lengths, and inside the equal length words,
alphabetically, using the order of their letters. But we can use equally the lexicographic order, which means that
u < v (u is before v) if u is a proper prefix of v or there exists the decompositions u = xay and v = xby’, where x,
v,y are subwords, @ and b letters with a < b.
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(The decimal point is considered to be before the first digit). Conversely, to each positive
number less than 1 in binary representation a binary sequence can be associated. So, the
cardinality of the set of infinite binary sequences is equal to cardinality of interval [0, 1],
which is of continuum power. Therefore the set L is of continuum cardinality. Now to each
grammar with terminal alphabet T associate the corresponding generated language over 7.
Since the cardinality of the set of grammars is denumerable, there will exist a language from
Ly, without associated grammar, a language which cannot be generated by a grammar., =

2.1.3. Chomsky hierarchy of grammars and languages

Putting some restrictions on the form of productions, four type of grammars can be distin-
guished.

Definition 2.5 Define for a grammar G = (N, T, P,S) the following four types.

A grammar G is of type O (phrase-structure grammar) if there are no restrictions on
productions.

A grammar G is of type 1 (context-sensitive grammar) if all of its productions are of
the form aAy — afy, where A€ N, a,y € (NUT)*, B € (NUT)*. A production of the form
S — & can also be accepted if the start symbol S does not occur in the right-hand side of
any production.

A grammar G is of type 2 (context-free grammar) if all of its productions are of the
form A — B, where A € N, B € (N UT)*. A production of the form S — & can also be
accepted if the start symbol § does not occur in the right-hand side of any production.

A grammar G is of type 3 (regular grammar) if its productions are of the form A — aB
orA — a, wherea € T and A, B € N. A production of the form S — & can also be accepted
if the start symbol S does not occur in the right-hand side of any production.

If a grammar G is of type i then language L(G) is also of type i.

This classification was introduced by Noam Chomsky.

A language L is of type i (i = 0, 1,2,3) if there exists a grammar G of type { which
generates the language L, so L = L(G).

Denote by L; (i = 0, 1,2, 3) the class of the languages of type i. Can be proved that

LoDﬁ:lDLzDL‘g.

By the definition of different type of languages, the inclusions (2) are evident, but the strict
inclusions (D) must be proved.

Example 2.3 We give an example for each type of context-sensitive, context-free and regular gram-
mars.
Context-sensitive grammar. G, = (N1, Ty, P1,S ), where N = {S1,A,B,C}, T, =1{a,0,1}.
Elements of P; are:
S, — ACA,
AC — AACA|ABa| AaB,
B — AB|A,
A - 0]1.
Language L(G,) contains words of the form uav with u,v € {0, 1}* and |u| # |v|.
Context-free grammar. Gy = (N2, T, P,,S), where N, = {S,A, B}, T, ={+,%,(,),a}.
Elements of P, are:
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S - S+AJ|A
A —> AxB|B,
B - (¥)]a
Language L(G,) contains algebraic expressions which can be correctly built using letter a, ope-
rators + and = and brackets.
Regular grammar. G3 = (N3, T3, P3,S3), where N3 = {S3,A, B}, T3 ={a,b}.
Elements of P; are:
S 3 - aA
A — aBla
B — aB|bBla]|b.
Language L(G5) contains words over the alphabet {a, b} with at least two letters a at the begin-
ning.

It is easy to prove that any finite language is regular. The productions will be done to
generate all words of the language. For example, if u = a1a» . .. a, is in the language, then
we introduce the productions: S — ajA;, A, — @Az, ... Ay > ap1An-1, Apm1 — ay,
where S is the start symbol of the language and A,,...,A,_; are distinct nonterminals.
We define such productions for all words of the language using different nonterminals for
different words, excepting the start symbol S. If the empty word is also an element of the
language, then the production § — & is also considered.

The empty set is also a regular language, because the regular grammar G =
{S}h{a},{S — aS},S) generates it.

Eliminating unit productions
A production of the form A — B is called a unif production, where A, B € N. Unit produc-
tions can be eliminated from a grammar in such a way that the new grammar will be of the
same type and equivalent to the first one.

LetG = (N, T, P,S) be a grammar with unit productions. Define an equivalent grammar
G' = (N,T,P,S) without unit productions. The following algorithm will construct the
equivalent grammar.

ELMINATE-UNIT-PRODUCTIONS(G,G’)

1 if the unit productions A — B and B — C are in P put also
the unit production A — C in P while P can be extended,

2 if the unit production A — B and the production B — « (o ¢ N) are in P
put also the production A — @ in P,

3 let P’ be the set of productions of P except unit productions.

Clearly, G and G’ are equivalent. If G is of type i € {0, 1, 2,3} then G’ is also of type i.

Example 2.4 Use the above algorithm in the case of the grammar G = ({S,A, B, C},{a, b}, P,S),
where P contains

S oA, A—> B, B—C, C - B, D - C,
S — B, A—> D, C — Aa,

A — aB,

A —b.

Using the first step of the algorithm, we get the following new unit productions:
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S —>D (because of S - A and A — D),
S -C (because of S —» B and B — (),
A—-C (because of A —» B and B — C),
B— B (because of B— C and C — B),
cC-C (because of C - B and B — (),
D— B (because of D —» C and C — B).

In the second step of the algorithm will be considered only productions with A or C in the right-hand
side, since productions A — aB, A — b and C — Aa can be used (the other productions are all unit
productions). We get the following new productions:

S —aB (because of S - A and A — aB),

S —=b (because of S — A and A — b),

S — Aa (because of S — C and C — Aa),

A > Aa (because of A - C and C — Aa),

B — Aa (because of B— C and C — Aa).

The new grammar G’ = ({S, A, B, C},{a, b}, P, S) will have the productions:

S — b, A — b, B — Aa, C — Aa,
S — aB, A — aB,
S — Aa A — Aa,

Grammars in normal forms
A grammar is to be said a grammar in normal form if its productions have no terminal
symbols in the left-hand side.

We need the following notions. For alphabets £, and X, a homomorphism is a function
h: X — X5 for which h(uyuz) = h(u)h(uz), Yuy, uy € Xj. It is easy to see that for arbitrary
u=aa...a, € Xy value h(u) is uniquely determined by the restriction of /2 on X1, because
h(u) = h(a)h(ay) . .. h(a,).

If a homomorphism 4 is a bijection then % an isomorphism.

Theorem 2.6 To any grammar an equivalent grammar in normal form can be associated.

Proof.

Grammars of type 2 and 3 have in left-hand side of any productions only a nonterminal,
so they are in normal form. The proof has to be done for grammars of type 0 and 1 only.

LetG = (N, T, P,S) be the original grammar and we define the grammar in normal form
asG' = (N',T,P.S).

Let ay,as,...,a; be those terminal symbols which occur in the left-hand side of pro-
ductions. We introduce the new nonterminals A1, A,, ..., Ax. The following notation will be
used: T1 ={ai,az,...,ar}, To =T\ T, Ny ={A1,A,,...,Arxyand N = N U N;.

Define the isomorphism 2 : NUT — N’ U T,, where

h(a) = Ay, it a; €T,
MX)=X, if XeNUT,

Define the set P’ of production as

P ={h@) > hB) | (@ - p)e PJula; — a;|i=1,2,....k

In this case « % B if and only if A(a@) % h(B). From this the theorem immediately
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results because S =;> u o S=hn) % h(u) = u. [ |

Example 2.5 Let G = ({S, D, E}, {a,b,c,d, e}, P,S ), where P contains
S — aebc | aDbc

Db — bD
D¢ — Ebced
bE — Eb

alE  — aaD |aae
In the left-hand side of productions the terminals a, b, ¢ occur, therefore consider the new nonter-
minals A, B, C, and include in P’ also the new productions A — a, B — band C — c.
Terminals a, b, ¢ will be replaced by nonterminals A, B, C respectively, and we get the set P’ as

S — AeBC | ADBC
DB — BD

DC — EBCCd

BE — EB

AE — AAD|AAe

A - a

B - b

C -

Let us see what words can be generated by this grammars. It is easy to see that aebc € L(G’),
because S = AeBC = aebc.

S = ADBC — ABDC — ABEBCCd —> AEBBCCd —> AAeBBCCd —> aaebbcced, so
aaebbced € L(G").

We prove, using the mathematical induction, that § = A" EB'C(Cd)y"! forn > 2. Forn = 2
this is the case, as we have seen before. Continuing the derivation we get S = A"EB" CCdy"' =
A"2AADB"C(Cd)*! = A"B"DC(Cdy"! = A"B"EBCCd(Cd)*™! = A"EB™CCd(Cd)™! =
A"EB"™!C(Cd)", and this is what we had to prove.

But S = A"EB'C(Cd)"™" = A" 2AAeB"C(Cd)"! = a'eb"c(cd)™". So a'eb"c(cd)"™! €
L(G’), n > 1. These words can be generated also in G.

2.1.4. Extended grammars

In this subsection extended grammars of type 1, 2 and 3 will be presented.

Extended grammar of type 1. All productions are of the form @ — S, where |a| < |8,
excepted possibly the production § — &.

Extended grammar of type 2. All productions are of the form A — 3, where A € N, €
(NUT).

Extended grammar of type 3. All productions are of the form A — uB or A — u,
Where A,Be N,ue T".

Theorem 2.7 To any extended grammar an equivalent grammar of the same type can be
associated.

Proof. Denote by G,,, the extended grammar and by G the corresponding equivalent gram-
mar of the same type.

Type 1. Define the productions of grammar G by rewriting the productions @ — S,
where |a| < |B] of the extended grammar G, in the form y;5y, — y;1yy, allowed in the
case of grammar G by the following way.
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Let X1X,...X,, —» Y1Y,...Y, (m < n) be a production of Gy, which is not in
the required form. Add to the set of productions of G the following productions, where

A1, Ay, ..., A, are new nonterminals:
X1X2 e Xm - A1X2X3 ce Xm
A1X2 N Xm i A1A2X3 e Xm
A1A2 .. .Am,le - A1A2 .. ~Am—1Am
A1A2 .. .Am,lAm — Y1A2 .. .Am,lAm
YIAZ .- ~Am—1Am - Yl YZ .- -Am—lAm

Y1Y2...Ym_2Am_1Am - Y1Y2...Ym_2Ym_1Am
Y1Y2...Ym_1Am — Y1Y2...Ym_1YmYm+1...Y”.

Furthermore, add to the set of productions of G without any modification the producti-
ons of G,,, which are of permitted form, i.e. y16y> — y1yy».

Inclusion L(G,,,) € L(G) can be proved because each used production of G, in a
derivation can be simulated by productions G obtained from it. Furthermore, since the pro-
ductions of G can be used only in the prescribed order, we could not obtain other words, so
L(G) C L(G,y) also is true.

Type 2. Let G,y = (N, T, P, S). Productions of form A — & have to be eliminated, only
S — g can remain, if S doesn’t occur in the right-hand side of productions. For this define
the following sets:

Up={AeN|(A—¢e) eP}

U=U_1U[AeEN|(A->w)eP, we U}

Since fori > 1 we have U;_; C U;, U; C N and N is a finite set, there must exists such
a k for which U;_; = U,. Let us denote this set as U. It is easy to see that a nonterminal A
isin U if and only if A - (In addition € € L(G,,) if and only if S € U.)

We define the productions of G starting from the productions of G,,, in the following
way. For each production A — a with @ # ¢ of G, add to the set of productions of G this
one and all productions which can be obtained from it by eliminating from @ one or more
nonterminals which are in U, but only in the case when the right-hand side does not become
&

It in not difficult to see that this grammar G generates the same language as G,,, does,
except the empty word €. So, if € ¢ L(G,,,) then the proof is finished. But if € € L(G,y),
then there are two cases. If the start symbol S does not occur in any right-hand side of
productions, then by introducing the production § — &, grammar G will generate also the
empty word. If S occurs in a production in the right-hand side, then we introduce a new
start symbol S’ and the new productions S’ — § and §’ — &. Now the empty word & can
also be generated by grammar G.

Type 3. First we use for G,,, the procedure defined for grammars of type 2 to elimi-
nate productions of the form A — &. From the obtained grammar we eliminate the unit
productions using the algorithm ELIMINATE-UNIT-PRODUCTIONS (see page 67).

In the obtained grammar for each production A — aja;...a,B, where B € NU {¢}, add
to the productions of G also the followings
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A - aiA,
Ay - @A,

Al’l—l - a}’l B?
where A1, Ay, ..., A,—1 are new nonterminals. It is easy to prove that grammar G built in this
way is equivalent to G,,. [ |

Example 2.6 Let G, = (N, T, P,S) be an extended grammar of type 1, where N = {S,B,C}, T =
{a, b, c} and P contains the following productions:

S — aSBC |aBC CB - BC
aB — ab bB — bb
bC — bc cC —>cc.

The only production which is not context-sensitive is CB — BC. Using the method given in the proof,
we introduce the productions:

CB — AB

AB — AD

AD — BD

BD — BC
Now the grammar G = ({S, A, B,C, D}, {a,b,c}, P’,S) is context-sensitive, where the elements of P’
e S — aSBC|aBC

CB — AB aB — ab

AB — AD bB — bb

AD — BD bC — bc

BD — BC cC — cc.

It can be proved that L(G,,,) = L(G) = {a"b"c" | n > 1}.

Example 2.7 Let G,,, = ({S, B, C},{a, b, c}, P, S ) be an extended grammar of type 2, where P contains;

S — aSc|B

B — bB|C

C - Ccle
Then Uy = {C}, Uy ={B,C}, Us ={S, B,C} = U. The productions of the new grammar are:

S — aSclac|B

B — bB|b|C

C - Cclec
The original grammar generates also the empty word and because S occurs in the right-hand side of
a production, a new start symbol and two new productions will be defined: " — S,S” — &. The
context-free grammar equivalent to the original grammar is G = ({§’, S, B,C},{a,b,c}, P’,S’) with
the productions:

S - Sle

S — aSclac|B

B — bB|b|C

C - Cclec.
Both of these grammars generate language {a"b"c? | p > m > 0,n > 0}.

Example 2.8 Let G, = ({S, A, B}, {a, b}, P,S) be the extended grammar of type 3 under examination,

where P:
— abA

A — bB
B — §S]e
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First, we eliminate production B — &. Since Uy = U = {B}, the productions will be

S — abA
A — bB|b
B - S.

The latter production (which a unit production) can also be eliminated, by replacing it with B — abA.
Productions S — abA and B — abA have to be transformed. Since, both productions have the same
right-hand side, it is enough to introduce only one new nonterminal and to use the productions S — aC
and C — DA instead of S — abA. Production B — abA will be replaced by B — aC. The new
grammar is G = ({S, A, B, C},{a, b}, P’, S ), where P’:

S - aC
A — bB|b
B - aC
C — DbA.

Can be proved that L(G,,,) = L(G) = {(abb)* | n > 1}.

2.1.5. Closure properties in the Chomsky-classes

We will prove the following theorem, by which the Chomsky-classes of languages are closed
under the regular operations, that is, the union and product of two languages of type i is also
of type i, the iteration of a language of type 7 is also of type i (i = 0, 1,2, 3).

Theorem 2.8 The class L; (i = 0,1,2,3) of languages is closed under the regular opera-
tions.

Proof. For the proof we will use extended grammars. Consider the extended grammars G| =
(N1,T1,P1,81) and G, = (N, T, Py, S») of type i each. We can suppose that Ny N N = 0.

Union. LCtGU = (N1 UN2 U {S},T1 U Tz,Pl UPZ U {S g Sl,S - SQ},S)

We will show that L(Gy) = L(G1) U L(G,). If i = 0,2, 3 then from the assumption that
G and G; are of type i follows by definition that G, also is of type i. If i = 1 and one
of the grammars generates the empty word, then we eliminate from G, the corresponding
production (possibly the both) S — & (k = 1,2) and replace it by production § — ¢.

Product. Let Gx = (Nt UN, U{S}, T UT>, PLUP,U(S — SlSQ},S).

We will show that L(G«) = L(G1)L(G>). By definition, if i = 0, 2 then G will be of the
same type. If i = 1 and there is production §1 — & in P; but there is no production S, — &
in P, then production 1 — & will be replaced by S — §». We will proceed the same way
in the symmetrical case. If there is in P; production §1 — & and in P, production S, — &
then they will be replaced by S — ¢.

In the case of regular grammars (i = 3), because S — §,5 is not a regular production,
we need to use another grammar Gy = (N; UN,, T1 U T, P} U P, 1), where the difference
between P| and P lies in that instead of productions in the form A — u,u € T* in P} will
exist production of the form A — uS,.

Iteration. Let Gy = (N1 U{S},T1,P,S).

In the case of grammars of type 2 let P = Py U{S — §15, § — &}. Then G« also is of
type 2.

In the case of grammars of type 3, as in the case of product, we will change the pro-
ductions, thatis P = P{ U{S — S, § — &}, where the difference between P and Py lies
in that for each A — u (u € T*) will be replaced by A — uS, and the others will be not
changed. Then G+« also will be of type 3.
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The productions given in the case of type 2 are not valid for i = 0, 1, because when
applying production § — S5 we can get the derivations of type S =S 181, S = 1P,
S - a3, where 81, can be a left-hand side of a production. In this case, replacing 81 a;
by its right-hand side in derivation .S - a1B1@2f32, we can generate a word which is not
in the iterated language. To avoid such situations, first let us assume that the language is in
normal form, i.e. the left-hand side of productions does not contain terminals (see page 68),
second we introduce a new nonterminal S’, so the set of nonterminals now is N; U {S,S’},
and the productions are the following:

P=PiU{S - S >585Mu{aS" »aS |aeT}.
Now we can avoid situations in which the left-hand side of a production can extend over
the limits of words in a derivation because of the iteration. The abov*e derivations can be
used only by beginning with S = §,5’ and getting derivation S = «@15:S’. Here we
can not replace S’ unless the last symbol in 3; is a terminal symbol, and only after using a
production of the form aS’ — aS.

It is easy to show that L(G.) = L(G;)* for each type. [ |
Exercises
2.1-1 Give a grammar which generates language L = {uu™" | u € {a, b}*} and determine its
type.

2.1-2 LetG = (N, T, P,§) be an extended context-free grammar, where

N={(S,A,C,D}, T ={a,b,c,d, e},

P={S - abCADe, C »>cC, C >, D—->dD, D—>¢g A—¢g A— dDcCA}.
Give an equivalent context-free grammar.
2.1-3 Show that ¥* and X* are regular languages over arbitrary alphabet X.
2.1-4 Give a grammar to generate language L = {u € {0, 1}* | no(u) = ny(n)}, where ng(u)
represents the number of 0’s in word « and »n; (#) the number of 1’s.
2.1-5 Give a grammar to generate all natural numbers.
2.1-6 Give a grammar to generate the following languages, respectively:

Ly ={a"b"c?’ |n>1,m>1,p>1},

L, ={a® |n> 1},

Ly ={d"b" |n>0,m >0},

Ly ={d"b" |n>m > 1}.
2.1-7 LetG = (N, T, P,S) be an extended grammar, where N = {S,A, B,C}, T = {a} and P
contains the productions:

S — BAB, BA —» BC, CA —» AAC, CB —» AAB, A —> a, B— ¢.

Determine the type of this grammar. Give an equivalent, not extended grammar with the
same type. What language it generates?

2.2. Finite automata and regular languages

Finite automata are computing models with input tape and a finite set of states (Fig. 2.1).
Among the states some are called initial and some final. At the beginning the automaton
read the first letter of the input word written on the input tape. Beginning with an initial
state, the automaton read the letters of the input word one after another while change its
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a az as . a input tape

control unit
— yes/no
Figure 2.1. Finite automaton.

states, and when after reading the last input letter the current state is a final one, we say that
the automaton accepts the given word. The set of words accepted by such an automaton is
called the language accepted (recognized) by the automaton.

Definition 2.9 A nondeterministic finite automaton (NFA) is a system A = (Q,%,E, I, F),
where

e (O is a finite, nonempty set of states,

o X is the input alphabet,

o [ is the set of transitions (or of edges), where E C Q X X X Q,

o [ C Q is the set of initial states,

o F C Q is the set of final states.

An NFA is in fact a directed, labelled graph, whose vertices are the states and there is
a (directed) edge labelled with a from vertex p to vertex g if (p, a, g) € E. Among vertices
some are initial and some final states. Initial states are marked by a small arrow entering the
corresponding vertex, while the final states are marked with double circles. If two vertices
are joined by two edges with the same direction then these can be replaced by only one edge
labelled with two letters. This graph can be called a transition graph.

Example 2.9 Let A = (Q,X,E, I, F), where Q = {q0, 91,92}, £=1{0,1,2},
E = {(40,0,90), (90, 1, 1), (90, 2, 92),
(91,0, q1), (g1, 1, 42), (q1, 2, q0),
(42,0, 92), (42, 1, 40), (g2, 2, q1)}
I =Aq}, F ={qo}.
The automaton can be seen in Fig. 2.2l

In the case of an edge (p, a, q) vertex p is the start-vertex, g the end-vertex and a the
label. Now define the notion of the walk as in the case of graphs. A sequence

(q()’ at, C]l), (qlv a, QZ), ey (qn—Za ap-1, Qn—l), (Qn—h ap, C]n)

of edges of a NFA is a walk with the label aya; ... a,. If n = 0then qo = g, and @45 . .. a, =
. Such a walk is called an empty walk. For a walk the notation

ap ap as ap-1 ay
qo > 41 > 2 > e > Gn-1 > qn



2.2. Finite automata and regular languages 75

Figure 2.2. The finite automaton of Example|2.9..

Figure 2.3. Nondeterministic finite automata.

will be used, orif w = aja, . . . a, then we write shortly ¢ BN q,- Here qq is the start-vertex
and g, the end-vertex of the walk. The states in a walk are not necessary distinct.

A walk is productive if its start-vertex is an initial state and its end-vertex is a final state.
We say that an NFA accepts or recognizes a word if this word is the label of a productive
walk. The empty word ¢ is accepted by an NFA if there is an empty productive walk, i.e.
there is an initial state which is also a final state.

The set of words accepted by an NFA will be called the language accepted by this NFA.
The language accepted or recognized by NFA A is

L) ={wex |Ipel IgeF, Ip—q}.

The NFA A; and A, are equivalent if L(A1) = L(A3).
Sometimes it is useful the following transition function:

0:0XZ—PQ), dp.a)=1igeQl(p,a,q) €E}.
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5 s | o 1
{1} 0 g0 | {g0.q1}  {qo}
q1 0 {q2} q 0 (g2}
q@ | A} g2} q2 {g2} {g2}
A B

Figure 2.4. Transition tables of the NFA in Fig. 2.3

This function associate to a state p and input letter a the set of states in which the
automaton can go if its current state is p and the head is on input letter a.

Denote by |H| the cardinal (the number of elements) of H? An NFA is a deterministic
finite automaton (DFA) if

[l =1 and |6(q,a)| <1, Vge Q, YaeX.

In Fig.2.2la DFA can be seen.
Condition |6(g, @)| < 1 can be replaced by

(p,a,q) €E, (p,a,r)e E = g=r,¥p,q,re Q,YaeX.

If for a DFA |6(q, a)| = 1 for each state ¢ € Q and for each letter a € Z then it is called a
complete DFA.

Every DFA can be transformed in a complete DFA by introducing a new state,
which can be called a snare state. Let A = (Q,X, E,{qo}, F) be a DFA. An equivalent
and complete DFA will be A" = (Q U {s},%, E',{qo0}, F), where s is the new state and
E = EU{(p,a,s) | 6(p,a) = 0,p € Q,a € Z}U{(s,a,5) | a € XZ}. Tt is easy to see
that L(A) = L(A").

Using the transition function we can easily define the transition table. The rows of this
table are indexed by the elements of Q, its columns by the elements of Z. At the intersection
of row g € Q and column a € X we put 6(q, a). In the case of Fig. 2.2, the transition table is:

5| o 1 2

qo | {g0} g1} {ga}
qu | g1} Ag2b g0}
g2 | g2} g0} lq1}

The NFA in 2.3 are not deterministic: the first (automaton A) has two initial states, the
second (automaton B) has two transitions with O from state go (to states go and g;). The
transition table of these two automata are in Fig. 2.4, L(A) is set of words over X = {0, 1}
which do not begin with two zeroes (of course ¢ is in language), L(B) is the set of words
which contain 01 as a subword.

Eliminating inaccessible states
Let A = (Q,X, E, I, F) be a finite automaton. A state is accessible if it is on a walk which

2The same notation is used for the cardinal of a set and length of a word, but this is no matter of confusion because
for word we use lowercase letters and for set capital letters. The only exception is (¢, a), but this could not be
confused with a word.
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starts by an initial state. The following algorithm determines the inaccessible states building
a sequence Uy, Uy, U,,... of sets, where Uj is the set of initial states, and forany i > 1 U;
is the set of accessible states, which are at distance at most { from an initial state.

INACCESSIBLE-STATES (A, U)
U() — 17
i<0
repeat
i—i+1
forallge U;_ do
foralla e T do
Ui < Ui_1 U d(g,a)
endfor
endfor
until U,‘ = U,',l
U< Q\U;
return U

The inaccessible states of the automaton can be eliminated without changing the accepted
language.

If |Q] = n and |Z| = m then the running time of the algorithm (the number of steps) in
the worst case is O(n>m), because the number of steps in the two embedded loops is at most
nm and in the loop repeat at most n.

Set U has the property that L(A) # 0 if and only if U N F # 0. The above algorithm
can be extended by inserting the U N F # 0 condition to decide if language L(A) is or not
empty.

Eliminating nonproductive states
Let A = (Q,%Z,E, I, F) be a finite automaton. A state is productive if it is on a walk which
ends in a terminal state. For finding the productive states the following algorithm uses the
function 6!

61 OXE > PQ), §p.a)={ql(q.a.p)€E}.
This function for a state p and a letter a gives the set of all states from which using this letter
a the automaton can go into the state p.

NONPRODUCTIVE-STATESA, V)
V() — F
i—0
repeat
i—i+1
forall p e Vi_; do
foralla € X do
Vi« Vi UsHp,a)
endfor
endfor
until V; =V,
Ve0\V
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return V

The nonproductive states of the automaton can be eliminated without changing the accepted
language.
If n is the number of states, m the number of letters in the alphabet, then the running
time of the algorithm is also O(n’m) as in the case of the algorithm INACCESSIBLE-STATES.
The set V given by the algorithm has the property that L(A) # 0 if and only if VN T # 0.
So, by a little modification it can be used to decide if language L(A) is or not empty.

2.2.1. Transforming nondeterministic finite automata in deterministic finite
automata

As follows we will show that any NFA can be transformed in an equivalent DFA.

Theorem 2.10 For any NFA one may construct an equivalent DFA.

Proof. Let A = (Q,X, E, I, F) be an NFA. Define a DFA A= (@, S E,1, ), where

*0=7(0)\0, B

e edges of E are those triplets (S, a, R) for which R, S € @ are not empty, a € X and
R={_Jsp.a),

pes

o1=1{I),

e F={SCOISNF+0}

We prove that L(A) = L(A).

a) First prove that L(A) C L(A). Let w = a1a; .. . ar € L(A). Then there exists a walk

ap a as Ag-1 3
go—q1—q2— "+ — -1 — Gk, o €1, g €F.
Using the transition function 6 of NFA A we construct the sets So = {qo}, 6(So,a1) = S1,

...S(S_k_l,ak) =S Then gy € S1,...,qx € Sy and since g, € F we get Sy N F # 0, so
S+ € F. Thus, there exists a walk

ai ap as ap—| aj -
So—51 —>8,— -+ =81 — Sk, SoC1, SyeF.
Thel‘eal‘esetsS('),...,Sli,forwhichS{)=I,andfori=O,1,...,kwehaveS,-QS;,and
Y N S A= 4

is a productive walk. Therefore w € L(A). That is L(A) C L(A). .
b) Now we show that L(A) C L(A). Let w = a1a, .. .a; € L(A). Then there is a walk

— a _ a __ a Aj—1 — [/ — —_ - - -
go—q1 —q2— -+ — G — G o<1, g €F.

Using the definition of F we have g, N F # 0, ie. there exists gx € g, N F, that is by the
definitions of gy € F and g, there is gx—; such that (g1, ax, ¢x) € E. Similarly, there are the
states k2, - - ., q1,qo such that (g2, ar, gr-1) € E, ..., (qo,a1,q1) € E, where qo € g = 1,
thus, there is a walk
ap a as Ag-1 3
go—q1—¢2— "+ —G-1 — Gk, Qo €1, g €F,
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Figure 2.5. The equivalent DFA with NFA A in Fig. 2.3

s0 L(A) C L(A). ~ n
In constructing DFA we can use the corresponding transition function ¢:

5@.0)=1| Jolq.a)}. ¥Ge Q. Vaex.
q€q

The empty set was excluded from the states, so we used here 0 instead of {0}.

Example 2.10 Apply Theorem2.10 to transform NFA A in Fig. 2.3| Introduce the following notation
for the states of the DFA:

So :={q0.q1}; Sy = {qo}, Sy :={q}, S3:={q},

Sa:={qu, ¢}, S5 :={q, g2}, Se :=1{q0,q1, 92} ,
where Sy is the initial state. Using the transition function we get the transition table:

é 0 1
So | {82} {53}
S1 | {82} 0
S 0 {S3}

S3 | {83 {83}
Sa | {Ss} {S3)
Ss | {83} {S3)
S | 1S5t {S3}

This automaton contains many inaccessible states. By algorithm INACCESSIBLE-STATES We determine the
accessible states of DFA:
Uy =1{So}, Ui =1{50,52,53}, Us={S0,52,83}=U;=U.

Initial state S is also a final state. States S, and S; are final states. States S1,54,S55,S4 are
inaccessible and can be removed from the DFA. The transition table of the resulted DFA is

5| o 1

So | {S2} {S3)
S 0 {S3}
S3 | 1S3 {83}

The corresponding transition graph is in Fig. 2.5,

The algorithm given in Theorem 2.10 can be simplified. It is not necessary to consider
all subset of the set of states of NFA. The states of DFA A can be obtained successively.
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Begin with the state g, = I and determine the states 6(g,,a) for all a € Z. For the newly
obtained states we determine the states accessible from them. This can be continued until
no new states arise.
In our previous example g, := {qo, ¢1} is the initial state. From this we get

3G0.0) = g1}, where G, =g}, @y, 1) = .}, where G, = {ga},

0(q,,0) =0, 0(q1. D = {ga},

6(¢>,0) = {g,}, 0(q>, 1) = {g,}.
The transition table is

which is the same (excepted the notation) as before.

The next algorithm will construct for an NFA A = (Q, %, E, I, F) the transition table M
of the equivalent DFA A = (Q 2, E, 7, 17), but without to determine the final states (which
can easily be included). Value of IsIN(g, Q) in the algorithm is true if state 7 is already in Q

and is false otherwise. Let ay, as, . .., a, be an ordered list of the letters of X.

Nra-DFA(A, X)

1 gy« 1
2 0« (g}
30«0 > i counts the rows.
4 k<0 > k counts the states.
5 repeat
6 for j=1,2,....,m > j counts the columns.
7 dog « Ué(p,aj)
PEG;
8 ifg+0
9 then if IsIN(g, Q)
10 then M[i, j] < {g}
11 else k—k+1
12 G-
13 Ml j] < (g
14 0 0U(g)
15 else M[i,jl <0
16 i—i+1

17 untili =k +1
18 return transition table M of A

Since loop repeat is executed as many times as the number of states of new automaton,
in worst case the running time can be exponential, because, if the number of states in NFA
is n, then DFA can have even 2" — 1 states. (The number of subsets of a set of n elements is
2" including the empty set.)

Theorem 2.10 will have it that to any NFA one may construct an equivalent DFA. Con-
versely, any DFA is also an NFA by definition. So, the nondeterministic finite automata
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accepts the same class of languages as the deterministic finite automata.

2.2.2. Equivalence of deterministic finite automata

In this subsection we will use complete deterministic finite automata only. In this case d(g, a)
has a single element. In formulae, sometimes, instead of set 6(q, a) we will use its single
element. We introduce for a set A = {a} the function elem(A) which give us the single
element of set A, so elem(A) = a. Using walks which begin with the initial state and have
the same label in two DFA’s we can determine the equivalence of these DFA’s. If only one
of these walks ends in a final state, then they could not be equivalent.

Consider two DFA’s over the same alphabet A = (Q,%,E,{qo},F) and A" =
(O, %, E', {qp}, F'). We are interested to determine if they are or not equivalent. We const-
ruct a table with elements of form (¢, q’), where ¢ € Q and ¢’ € Q’. Beginning with the
second column of the table, we associate a column to each letter of the alphabet X. If the
first element of the ith row is (g, ¢") then at the cross of ith row and the column associated
to letter a will be the pair (elem(é(q, a)), elem(8'(q’, a))).

a

(9.4") (elem(é(q, ), elem(§' (¢, a)))

In the first column of the first row we put (qgo, g;) and complete the first row using the above
method. If in the first row in any column there occur a pair of states from which one is a
final state and the other not then the algorithm ends, the two automata are not equivalent. If
there is no such a pair of states, every new pair is written in the first column. The algorithm
continues with the next unfilled row. If no new pair of states occurs in the table and for each
pair both of states are final or both are not, then the algorithm ends and the two DFA are
equivalent.
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DFA-EQUIVALENCE(A, A”)

1 write in the first column of the first row the pair (qo, g;)

2 i<0

3 repeat

4 i—i+1

5 let (g, ¢") be the pair in the first column of the ith row

6 forallaeX

7 do write in the column associated to a in the ith row

the pair (elem(é(q, a)), elem(8' (¢, a)))

8 if one state in (elem(é(q, a)), elem(6'(q’, a))) is final and the other not
9 then return No
10 else write pair (elem((i(q, a)), elem(8'(q’, a))) in the next empty row

of the first column, if not occurred already in the first column
11 until the first element of (i + 1)th row becomes empty
12 return YEs

If|Q| = n, |Q’| = n’ and |X| = m then taking into account that in worst case loop repeat
is executed nn’ times, loop for m times, the running time of the algorithm in worst case will
be O(mn’m), or if n = n’ then O(m>m).

Our algorithm was described to determine the equivalence of two complete DFEA’s, If
we have to determine the equivalence of two NFA’s, first we transform them into complete
DFA’s and after this we can apply the above algorithm.

Example 2.11 Determine if the two DFA’s in Fig. 2.6/ are equivalent or not. The algorithm gives the
table

a b
(g0, po) | (g2.p3)  (q1.p1)
(g2,p3) | (g1,p2)  (92,p3)
(qi.p1) | (g2.p3) (40, po)
(q1,p2) | (q2,p3) (40, po)

The two DFA’s are equivalent because all possible pairs of states are considered and in every pair both

Figure 2.6. Equivalent DFA’s (Example 2.11.).
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states are final or both are not final.

Example 2.12 The table of the two DFA’s in Fig. 2.7/is:

a b
(qo.po) | {q1.p3)  (q2,p1)
(q1,p3) | (q2.p2) (40, p3)
(g2, p1)
(g2, p2)

These two DFA’s are not equivalent, because in the last column of the second row in the pair (gg, p3)
the first state is final and the second not.

2.2.3. Equivalence of finite automata and regular languages

We have seen that NFA’s accept the same class of languages as DFA’s. The following theo-
rem states that this class is that of regular languages.

Theorem 2.11 If L is a language accepted by a DFA, then one may construct a regular
grammar which generates language L.

Proof. Let A = (Q, %, E, {qo}, F) be the DFA accepting language L, that is L = L(A). Define
the regular grammar G = (Q, X, P, go) with the productions:

o If (p,a,q) € E for p,q € Q and a € Z, then put production p — ag in P.

o If (p,a,q) € E and g € F, then put also production p — a in P.

Prove that L(G) = L(A) \ {&}.

Letu = aja;...a, € L(A) and u # &. Thus, since A accepts word u, there is a walk

ai a as Qn-1 an
q0 > 41 > {2 > e > qn-1 — Y4n» QneF-

Then there are in P the productions

do — aiqi, g1 — axq2, ..., {4np-2 7 Aup-14n-1, qn-1 — 4y

Figure 2.7. Non equivalent DFA’s (Example2.12.).
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Figure 2.8. DFA of the Example2.13..

(in the right-hand side of the last production ¢, does not occur, because ¢, € F), so there is
the derivation

Jo = 11 = a1xp = ... = A1 ...Ay_1qp—1 = A142 ...4y.

Therefore, u € L(G).
Conversely, let u = aia; ...a, € L(G) and u # &. Then there exists a derivation

go — d1q1 — A1 qp — ... = A1dy...Ay1qy—1 = a1dy ...4y,
in which productions
qgo — aiqi, g1 — axq2, ..., 4n-2 7 Apn-14n-1, 4n-1 — ln
were used, which by definition means that in DFA A there is a walk
ap ay as ap-1 an

qo—q1 —> 42 — * T 4n-1 — {n,

and since ¢, is a final state, u € L(A) \ {&} .
If the DFA accepts also the empty word &, then in the above grammar we introduce

a new start symbol g instead of go, consider the new production g; — & and for each
production go — a introduce also gy — a. [ ]

Example 2.13 Let A = ({g0,q1.92},{a, b}, E, {qo}, {g2}) be a DFA, where E = {(qo,a,qo),
(q0,b,q1), (q1, b, ¢2), (q2, a, q2)}. The corresponding transition table is

The transition graph of A is in Fig. 2.8, By Theorem 2.11 we define regular grammar G =
(40591, 42}, {a, b}, P, qy) with the productions in P
qo — aqo | bqy, q1 — bgy | b, g2 = aqy | a.
One may prove that L(A) = {a"bba” | m > 0,n > 0}.

The method described in the proof of Theorem 2.11 easily can be given as an al-
gorithm. The productions of regular grammar G = (Q,Z, P, qo) obtained from the DFA
A =(0Q,%, E,{qo}, F) can be determined by the following algorithm.
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REGULAR-GRAMMAR-FROM-DFA(A, ()

1 P<0

2 forallpeQ

3 doforallaeX
4 doforallg e Q

5 doif (p,a,q) € E

6 then P — PU {p — aq}

7 ifgeF

8 then P — PU {p — a}
9 lquGF

10 thenP « PU{gy — &}

It is easy to see that the running time of the algorithm is ®@(n’m), if the number of states
is n and the number of letter in alphabet is m. In lines 2—4 we can consider only one loop, if
we use the elements of E. Then the worst case running time is ®(p), where p is the number
of transitions of DFA. This is also O(n®m), since all transitions are possible. This algorithm
is:

REGULAR-GRAMMAR-FROM-DFA’ (A, G)

1 P20

2 forall(p,a,q) € E

3 doP <~ PU{p— aq}
4 ifgeF

5 then P — PU {p — a}
6 iquEF

7 then P — P U {qy — &}

Theorem 2.12 If L = L(G) is a regular language, then one may construct an NFA that
accepts language L.

Proof. Let G = (N, T, P,S) be the grammar which generates language L. Define NFA A =
(Q.T,E (S}, F):

e O =NU({Z},where Z ¢ NUT (ie. Z is a new symbol),

e For every production A — aB, define transition (A, a, B) in E.

e For every production A — a, define transition (A, a,Z) in E.

o F= {(Z} if production S — & does not occur in G,

{Z,S} if production § — & occursinG.

Prove that L(G) = L(A).
letu=a1ay...a, € L(G), u # . Then there is in G a derivation of word u:

S = LllAl - a1a2A2 - ...—>>map... Ll,,,lA,,,l = ai1dp...da,.
This derivation is based on productions
S o mAr, Ao @Ay, ..., App D ap1Apar, Apl O ap.

Then, by the definition of the transitions of NFA A there exists a walk

ap ap as ap-1 an
S —A 5A — -+ — A, —Z, Z€F.
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[ [
OO0,

a

Figure 2.9. NFA associated to grammar in Example 2.14.1

Thus, u € L(A). If € € L(G), there is production S — &, but in this case the initial state is
also a final one, so & € L(A). Therefore, L(G) C L(A).
Letnow u = ay1as ... a, € L(A). Then there exists a walk

ap a as An—1 An
S —>A DA — -+ D A,1—7Z ZEF.

If u is the empty word, then instead of Z we have in the above formula S, which also is a
final state. In other cases only Z can be as last symbol. Thus, in G there exist the productions

S = alAr, Ay > aAr, ..., Ay o ap 1A, Al > ay,
and there is the derivation
S = a1A1 - a1a2A2 — ... aa.. .Cl,z,lAn,l — a1dp...04a,,

thus, u# € L(G) and therefore L(A) C L(G). [ |

Example 2.14 Let G = ({S,A, B}, {a,b}, {S — aS,S — bA,A — bB,A — b, B - aB,B —
a},S) be a regular grammar. The NFA associated is A = ({S,A, B,Z},{a,b}, E,S,{Z}), where E =
{(S,a,$),(S,b,A),(A,b,B),(A,b,Z), (B,a, B),(B,a,Z)}. The corresponding transition table is

§| a b
N {S} {A}
Al 0 (BZ
B | (8,2 0
E| o 0

The transition graph is in Fig. 2.9/ This NFA can be simplified, states B and Z can be contracted in
one final state.

Using the above theorem we define an algorithm which associate an NFA A = (Q, T, E,
{S}, F) to a regular grammar G = (N, T, P,S)
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NFA-FROM-REGULAR-GRAMMAR(G, A)

E—0

0« NU{Z}
forallAe N

doforallaeT
doif (A > a)eP
then £ «— EU{(A,a,Z)}
forallBe N
doif (A—>aB)eP
then E «— E U{(A,a, B)}

0~ W WD~

O

10 if (S e ¢P
11 then F « {Z}
12 else F —{Z,S5}

As in the case of algorithm REGULAR-GRAMMAR-FROM-DFA, the running time is ©(n’m),
where n is number of nonterminals and m the number of terminals. Loops in lines 3, 4 and 7
can be replaced by only one, which uses productions. The running time in this case is better
and is equal to ®(p), if p is the number of productions. This algorithm is:

NFA-FROM-REGULAR-GRAMMAR’ (G, A)

E<0
0« NU{Z}
forall(A > u)eP
doifu=a
then £ «— EU{(A,a,2)}
ifu=aB
then E «— E U {(A, a, B)}
if(S—>e)¢P
then F « {Z}
else F —{Z, S}

S O 00NN RN

—_

From theorems 2.10,2.11 and 2.12 results that the class of regular languages coincides
with the class of languages accepted by NFA’s and also with class of languages accepted by
DFA’s. The result of these three theorems is illustrated in Fig. 2.10/ and can be summarised
also in the following theorem.

Theorem 2.13  The following three class of languages are the same:
o the class of regular languages,
o the class of languages accepted by DFA’s,
o the class of languages accepted by NFA’s.

Operation on regular languages
It is known (see Theorem 2.8) that the set L3 of regular languages is closed under the regular
operations, that is if Ly, L, are regular languages, then languages L1 U L, 11, and L] are
also regular. For regular languages are true also the following statements.

The complement of a regular language is also regular. This is easy to prove using au-
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Nondeterministic
finite automata

Regular grammars

Deterministic
finite automata

Figure 2.10. Relations between regular grammars and finite automata. To any regular grammar one may construct
an NFA which accepts the language generated by that grammar. Any NFA can be transformed in an equivalent
DFA. To any DFA one may construct a regular grammar which generates the language accepted by that DFA.

Figure 2.11. Finite automata e-moves.

tomata. Let L be a regular language and let A = (Q, X, E, {qo}, F) be a DFA which accepts
l_anguage L. Tt is easy to see that the DFA A = (Q, X, E, {go}, O \ F) accepts language L. So,
L is also regular.

The intersection of two regular languages is also regular. Since Ly N L, = L; U L,, the
intersection is also regular.

The difference of two regular languages is also regular. Since Ly \ L, = L, N L, the
difference is also regular.

2.2.4. Finite automata with &-moves

A finite automaton with e-moves (FA with e-moves) extends NFA in such way that it may
have transitions on the empty input &, i.e. it may change a state without reading any input
symbol. In the case of a FA with e-moves A = (Q, X, E, I, F) for the set of transitions it is
true that E C Q X (XU {&}) X Q.

The transition function of a FA with e-moves is:

6:0x((ZUle)) > PQ), dp.a)={geQl(p.a.q €E}.

The FA with e-moves in Fig.2.11laccepts words of form uvw, where u € {1}*, v € {0}

and w € {1}*.

*

Theorem 2.14 7o any FA with e-moves one may construct an equivalent NFA (without
e-moves).

Let A = (Q,%,E, I, F) be an FA with e-moves and we construct an equivalent NFA A =
(Q,%Z,E, I, F). The following algorithm determines sets F and E.
For a state ¢ denote by A(g) the set of states (including even ¢) in which one may go
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from g using e-moves only. This may be extended also to sets

AS) = UA(q), VS co.

qes

Clearly, for all ¢ € Q and S € Q both A(g) and A(S) may be computed. Suppose in the
sequel that these are given.

The following algorithm determine the transitions using the transition function &, which
is defined in line 5.

If |Q| = n and |X| = m,, then lines 2—6 show that the running time in worst case is
O(n*m).

ELIMINATE-EPSILON-MOVES(A, A)

| F—FU{gel|AgNF %0}
2 forallge Q

3 doforallaeX

4

do A « U 8(p, a)

PEA(q)
5 8(g.a) < AU [U A(p)]
6 E—{(p.a.q,|p.geQ, acqedpa)

Example 2.15 Consider the FA with e-moves in Fig.2.11, The corresponding transition table is:

o 0 1 &
40 0 {go}  {qu}
a1 | {gd 0 (g2}
@ | 0 e 0

Apply algorithm ELIMINATE-EPSILON-MOVES.
Aqo) ={q0,q1. 42}, AMq1) =1q1, 42}, Ag2) = {q2} _
A(I) = A(gp), and its intersection with F is not empty, thus F = F U {go} = {0, ¢2}-
(90,0) :
A =6(q0,0) U 6(g1,0) U 6(g2,0) = {q1}, {g1} U Ag1) ={q1, 92}
6(q0,0) = {q1, g2}
(g0, D) :
A =6(q0, 1) U 6(g1,1) U (g2, 1) = {q0, 42}, {g0, g2} U (Algo) U Alg2)) = {q0, g1, g2}
0(qo, 1) = {q0, q1, g2}
(g1,0) :
A =6(q1,0)U(q2,0) = {g1}, {g1} U Alg1) = {q1, 42}
0(q1,0) = {q1, g2}

(g1, 1) :
A=06(q1, 1) U(q2, 1) = {q2}, {q2} U Alq2) = {q}
o(gqr, 1) = {q2}

(g1,1) 1 A =6(¢q2,0) =0
0(q2,0) =0
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Figure 2.12. NFA equivalent to FA with e-moves given in Fig.[2.11l
A1 UA,

A

(a) (b)

Figure 2.13. (a) Representation of an NFA. Initial states are represented by a circle with an arrow, final states by a
double circle. (b) Union of two NFA’s.

(g2,1) :
A=6(g2, D) ={q2}, {g2} U A(q2) = {g2}
o(g2, 1) = {qa}-

The transition table of NFA A is:

) 0 1

qo | {q1.92}  {q0.91. 92}
a1 | {g1,92} {g2}
9 0 {g2}

and the transition graph is in Fig. 2.12.

Define regular operations on NFA: union, product and iteration. The result will be an
FA with e-moves.

Operation will be given also by diagrams. An NFA is given as in Fig. 2.13(a). Initial
states are represented by a circle with an arrow, final states by a double circle.

Let Al = (Ql,Zl,El,Il,Fl) and A2 = (Qz,Zz,EQ,Iz,FQ) be NFA. The result of any
operation is a FA with e-moves A = (Q, %, E, I, F). Suppose that O; N @, = 0 always. If
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Al : A2 A*

A] A2

O @ 0 @ @ ° 0 ©

(a) (b)

Figure 2.14. (a) Product of two FA. (b) Iteration of an FA.

not, we can rename the elements of any set of states.
Union. A = A; U A,, where
Q= 01U 0 U{qo},

=2 U2,

I ={qo},

F=FUF,,

E=F UEU U {(qO,E,q)}.

qel Ul

For the result of the union see Fig.[2.13(b). The result is the same if instead of a single
initial state we choose as set of initial states the union I; Ul,. In this case the result automaton
will be without e-moves. By the definition it is easy to see that L(A; U A;) = L(A1) U L(A).

Product. A = A; - Ay, where

Q0=01U0Q,

=21 UX,,

F=F,,

I=1,

E=E,UEU || ((p.59)
pEF:
qel

For the result automaton see Fig. 2.14(a). Here also L(A; - Ay) = L(A1)L(A).

Iteration. A = A", where

0 = 01 U {qo},

=3,

F =F1U{q},

I = {qo}

E=EU|(J{geplv | {@ep).
pel qeF

pel

The iteration of an FA can be seen in Fig. 2.14(b). For this operation it is also true that
L(A}) = (L(AD)".

The definition of these tree operations proves again that regular languages are closed
under the regular operations.
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qs
q4 *
Q3 k k
42 * * *
q1 * * *
""" qO * * % k)

Figure 2.15. Minimization of DFA.

2.2.5. Minimization of finite automata

A DFA A = (Q,%,E,{qo}, F) is called minimum state automaton if for any equivalent
complete DFA A" = (Q',%, E', {qp}, F’) it is true that |Q] < |Q’|. We give an algorithm
which builds for any complete DFA an equivalent minimum state automaton.

States p and g of an DFA A = (Q,Z, E, {qo}, F) are equivalent if for arbitrary word u
we reach from both either final or nonfinal states, that is

u u
p = q if for any word u € X* pTr’rEFandQT)S’SEF or
p—rr¢F and gq— s, s¢F.

If two states are not equivalent, then they are distinguishable. In the following algorithm
the distinguishable states will be marked by a star, and equivalent states will be merged.
The algorithm will associate list of pair of states with some pair of states expecting a later
marking by a star, that is if we mark a pair of states by a star, then all pairs on the associated
list will be also marked by a star. The algorithm is given for DFA without inaccessible states.
The used DFA is complete, so d(p, a) contains exact one element, function elem defined on
page 81, which gives the unique element of the set, will be also used here.
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Figure 2.16. Minimum automaton equivalent with DFA in Fig. 2.15.

AUTOMATON-MINIMIZATION(A)

1 mark with a star all pairs of states {p, ¢} for which
peFandg¢ Forp¢ FandgeF,
2 associate an empty list with each unmarked pair {p, ¢},
3 for all unmarked pair of states {p, g} and for all symbol a € £
examine pairs of states {elem(6(p, a)), elem(5(q, a))},
if any of these pairs is marked,
then mark also pair {p, g} with all the elements on the list before
associated with pair {p, g},
else, if all the above pairs are unmarked,
then put pair {p, g} on each list associated with pairs
{elem(S(p, a)), elem(5(q, a))}, unless 8(p, a) = 6(q, a),
4 merge all unmarked (equivalent) pairs.

After finishing the algorithm, if a cell of the table does not contain a star, then the states
corresponding to its row and column index, are equivalent and may be merged. Merging
states is continued until it is possible. We can say that the equivalence relation decomposes
the set of states in equivalence classes, and the states in such a class may be all merged.

Remark. The above algorithm can be used also in the case of an DFA which is not
complete, that is there are states for which does not exist transition. Then a pair {0, {g}} may
occur, and if ¢ is a final state, consider this pair marked.

Example 2.16 Let be the DFA in Fig. 2.15. We will use a table for marking pairs with a star. Marking
pair {p, ¢} means putting a star in the cell corresponding to row p and column ¢ (or row ¢ and column
p)-

First we mark pairs {¢>, g0}, {¢2, 41}, {42, 43}, {92, 4} and {g2, g5} (because ¢» is the single final
state). Then consider all unmarked pairs and examine them as the algorithm requires. Let us begin with
pair {qo,q1}. Associate with it pairs {elem(5(qp,0)), elem(6(q,,0))}, {elem(5(qo, 1)), elem(5(qy, 1))},
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that is {¢1, g4}, {q4, q»}. Because pair {g4, ¢»} is already marked, mark also pair {g¢, ¢1}.

In the case of pair {g, g3} the new pairs are {g;, g5} and {q4, ¢4}. With pair {q, g5} associate pair
{q0, q3} on a list, that is

{g1,95} — {qo0. 93} .

Now continuing with {g, g5} one obtain pairs {g4, g4} and {2, ¢»}, with which nothing are associated
by algorithm.

Continue with pair {go, g4}. The associated pairs are {q:, g4} and {q4, ¢3}. None of them are mar-
ked, so associate with them on a list pair {gg, g4}, that is

{q1, g4} — {q0, g4}, {94, 43} — {q0, g4}

Now continuing with {g1, g4} we get the pairs {q4, g4} and {g», g3}, and because this latter is marked
we mark pair {g1, ¢4} and also pair {go, g4} associated to it on a list. Continuing we will get the table in
Fig.[2.15| that is we get that gy = g3 and ¢; = ¢s. After merging them we get an equivalent minimum
state automaton (see Fig.2.16).

2.2.6. Pumping lemma for regular languages

The following theorem, called pumping lemma for historical reasons, may be efficiently used
to prove that a language is not regular. It is a sufficient condition for a regular language.

Theorem 2.15 (pumping lemma). For any regular language L there exists a natural num-
ber n > 1 (depending only on L), such that any word u of L with length at least n may be
written as u = xyz such that

(1) lxyl < n,

)bl =1,

(3)xy'ze Lforalli=0,1,2,....

Proof. If L is a regular language, then there is such an DFA which accepts L (by theorems
2.12/and 2.10). Let A = (Q, %, E, {qo}, F) be this DFA, so L = L(A). Let n be the number of
its states, thatis |Q| = n. Let u = aja, ...a,, € L and m > n. Then, because the automaton

accepts word u, there are states qo, 41, - - - » ¢ and walk
ai a az Am-1 Ay
go—q1— @ — ** — Gm-1 — qm> qm € F.

Because the number of states is n and m > n, by the pigeonhole principle® states
q0-q1,---»qm can not all be distinct (see Fig. 2.17), there are at least two of them which
are equal. Let g; = g, where j < k and k is the least such index. Then j < k < n. Decom-
pose word u as:

X=a1day...4;

Yy =aj1djp ... dg

2= p+1Gk+2 - - - A
This decomposition immediately yields to |xy| < n and [y| > 1. We will prove that xy'z € L
for any i.
Because u = xyz € L, there exists an walk

X y z
qo — q; — gk — qm> gm € F,

3Pigeonhole principle: Tf we have to put more than k objects into k boxes, then at least two boxes will contain at
least two objects.
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@al - a,,,

Figure 2.17. Sketch of DFA used in the proof of the pumping lemma.

and because of g; = gy, this may be written also as
X y z
qo—qj =4 —qm qm € F .

From this walk g; N g; can be omitted or can be inserted many times. So, there are the
following walks:

G~ qj — G g€ F
qOLqJ-L)qu...quLqm, qm € F .

Therefore xy'z € L for all i, and this proves the theorem. [ ]

Example 2.17 We use the pumping lemma to show that L; = {a*b* | k > 1} is not regular. Assume that
L, is regular, and let n be the corresponding natural number given by the pumping lemma. Because
the length of the word u = a"b" is 2n, this word can be written as in the lemma. We prove that this
leads to a contradiction. Let u = xyz be the decomposition as in the lemma. Then |xy| < n, so x and y
can contain no other letters than a, and because we must have |y| > 1, word y contains at least one a.
Then xy'z for i # 1 will contain a different number of a’s and b’s, therefore xy'z ¢ L, for any i # 1.
This is a contradiction with the third assertion of the lemma, this is why that assumption that L, is
regular, is false. Therefore L; ¢ L.

Because the context-free grammar G; = ({S}, {a, b}, {S — ab,S — aSb},S) generates language
Ly, we have L, € L,. From these two follow that L3 C L.

Example 2.18 We show that L, = {u € {0, 1}* | no(u) = ny(u)} is not regular. (ny(u«) is the number of
0’s in u, while n;(«) the number of 1’s).

We proceed as in the previous example using here word u = 0"1", where 7 is the natural number
associated by lemma to language L.

Example 2.19 We prove, using the pumping lemma, that Ls = {uu | u € {a,b}*} is not a regular
language. Let w = a"ba"b = xyz be, where n here is also the natural number associated to Lz by the
pumping lemma. From |xy| < n we have that y contains no other letters than a, but it contains at least
one. By lemma we have xz € L3, that is not possible. Therefore L; is not regular.
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Pumping lemma has several interesting consequences.

Corollary 2.16 Regular language L is not empty if and only if there exists a word u € L,
|u| < n, where n is the natural number associated to L by the pumping lemma.

Proof. The assertion in a direction is obvious: if there exists a word shorter than n in L, then
L # (. Conversely, let L # @ and let u be the shortest word in L. We show that |u| < n. If
|u] > n, then we apply the pumping lemma, and give the decomposition u# = xyz, [y| > 1 and
xz € L. This is a contradiction, because |xz| < |u| and u is the shortest word in L. Therefore
lu| < n. [ |

Corollary 2.17 There exists an algorithm that can decide if a regular language is or not
empry.

Proof. Assume that L = L(A), where A = (Q, X, E,{qo}, F) is a DFA. By consequence 2.16
and theorem 2.15/1anguage L is not empty if and only if it contains a word shorter than n,
where n is the number of states of automaton A. By this it is enough to decide that there
is a word shorter than n which is accepted by automaton A. Because the number of words
shorter than n is finite, the problem can be decided. [ ]

When we had given an algorithm for inaccessible states of a DFA, we remarked that the
procedure can be used also to decide if the language accepted by that automaton is or not
empty. Because finite automata accept regular languages, we can consider to have already
two procedures to decide if a regular languages is or not empty. Moreover, we have a third
procedure, if we take into account that the algorithm for finding productive states also can
be used to decide on a regular language when it is empty.

Corollary 2.18 A regular language L is infinite if and only if there exists a word u € L
such that n < |u| < 2n, where n is the natural number associated to language L, given by
the pumping lemma.

Proof. If L is infinite, then it contains words longer than 2n, and let u be the shortest word
longer than 2x in L. Because L is regular we can use the pumping lemma, so u = xyz, where
|xy| < n, thus |y| < nis also true. By the lemma u’ = xz € L. But because |u’| < |u| and the
shortest word in L longer than 2n is u, we get |¢'| < 2n. From [y| < n we get also [¢/| > n.

Conversely, if there exists a word u# € L such that n < |u| < 2nr, then using the pumping
lemma, we obtain that u = xyz, |y| > 1 and xy'z € L for any i, therefore L is infinite. [ ]

Now, the question is: how can we apply the pumping lemma for a finite regular lan-
guage, since by pumping words we get an infinite number of words? The number of states
of a DFA accepting language L is greater than the length of the longest word in L. So, in
L there is no word with length at least n, when #n is the natural number associated to L by
the pumping lemma. Therefore, no word in L can be decomposed in the form xyz, where
|xyz| = n, [xy| < n, |y| = 1, and this is why we can not obtain an infinite number of words in
L.

2.2.7. Regular expressions

In this subsection we introduce for any alphabet X the notion of regular expressions over
and the corresponding representing languages. A regular expression is a formula, and the
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X+y = y+x
(x+y)+z = x+(+2)
(xyz = x(2)
(x+y)z = xz+yz
x(y+2) = xy+az

(x+y)" = (X +y")
" = @y

x+y)" = @ +y)”
x+y)" = ()

(‘x?k)* E x><

* _ *

x'x = xx
xx"+e = x*

2.1. Table. Properties of regular expressions.

corresponding language is a language over X. For example, if £ = {q, b}, then a*, b*, a* + b*
are regular expressions over X which represent respectively languages {a}*, {b}*, {a}" U {b}".
The exact definition is the following.

Definition 2.19 Define recursively a regular expression over X and the language it repre-
sent.

o () is a regular expression representing the empty language.

e ¢ is a regular expression representing language {&}.

e Ifa € X, then a is a regular expression representing language {a}.

o If x, y are regular expressions representing languages X and Y respectively, then (x +
y), (xy), (x*) are regular expressions representing languages X UY, XY and X* respectively.

Regular expression over X can be obtained only by using the above rules a finite number
of times.

Some brackets can be omitted in the regular expressions if taking into account the priority
of operations (iteration, product, union) the corresponding languages are not affected. For
example instead of ((x*)(x + y)) we can consider x*(x + y).

Two regular expressions are equivalent if they represent the same language, that is
x=yif X =Y, where X and Y are the languages represented by regular expressions x and
y respectively. Table 2.1/shows some equivalent expressions.

We show that to any finite language L can be associated a regular expression x which
represent language L. If L = 0, then x = 0. If L = {wy,wy,...,w,}, then x = x; +x+.. .+ Xy,
where foranyi = 1,2,...,nexpression x; is a regular expression representing language {w;}.
This latter can be done by the following rule. If w; = g, then x; = g, else if w; = a1a, ... dp,
where m > 1 depends on i, then x; = a1a> . .. a,,, where the brackets are omitted.

We prove the theorem of Kleene which refers to the relationship between regular lan-
guages and regular expression.

Theorem 2.20 (Kleene’s theorem). Language L C X7 is regular if and only if there exists
a regular expression over X representing language L.
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1 1 0

v

Figure 2.18. DFA from Example|2.20., to which regular expression is associated by Method 1.

Proof. First we prove that if x is a regular expression, then language L which represents x
is also regular. The proof will be done by induction on the construction of expression.

Ifx=0,x=¢,x=a,VaeZXZ then L =0,L = {e}, L ={a} respectively. Since L is
finite in all three cases, it is also regular.

If x = (x1 + x»), then L = L; U L,, where L; and L, are the languages which represent
the regular expressions x; and x; respectively. By the induction hypothesis languages L;
and L, are regular, so L is also regular because regular languages are closed on union. Cases
x = (x1x2) and x = (x7) can be proved by similar way.

Conversely, we prove that if L is a regular language, then a regular expression x can be
associated to it, which represent exactly the language L. If L is regular, then there exists a
DFA A =(Q,Z%, E,{go}, F) for which L = L(A). Let go, g1, - - . , gn the states of the automaton
A. Define languages Rfj forall-1 <k <nand0<i,j<n. R{fj is the set of words, for which
automaton A goes from state g; to state ¢; without using any state with index greater than
k. Using transition graph we can say: a word is in Rf."j, if from state g; we arrive (o state g;
following the edges of the graph, and concatenating the corresponding labels on edges we
get exactly that word, not using any state gi+1, . .. ¢,. Sets Rf] can be done also formally:

R l={aeX|(ga, q;) € E},if i # j,

R; ={ae€X|(gi,a,q) € E}U e},

RE = REVURSY (REY) R forall i, j k€ 40,1, ).

We can prove by induction that sets Rkj can be described by regular expressions. Indeed,
if K = —1, then for all i and j languages Rk are finite, so they can be expressed by regular
expressions representing exactly these languages Moreover, if for all i and j language Rk 1
can be expressed by regular expression, then language RA can be expressed also by regular

expression, which can be correspondmg constructed from regular expressions representing
languages R¥1, RE-1 R" o and Ri}’.l respectively, using the above formula for Rf‘}

ij ik
Finally, if F =A{qi.q0,,---, qi,} is the set of final states of the DFA A, then L = L(A) =
Ry, YRy, U Rf; can be expressed by a regular expression obtained from expressions
representmg languages Ry Ry, ,Rgip using operation +. [ ]

Further on we give some procedures which associate DFA to regular expressions and
conversely regular expression to DFA.

Associating regular expressions to finite automata
We present here three methods, each of which associate to a DFA the corresponding regular
expression.

Method 1. Using the result of the theorem of Kleene, we will construct the sets Rf."j, and
write a regular expression which represent the language L = Rgl.l U Rgl.2 U...u Rgl.p, where
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Figure 2.19. DFA in example 2.21./to which a regular expression is associated by Method 1. The computation are
in the Table2.2]

F =1{qi,,qi,»----qi,} is the set of final states of the automaton.

Example 2.20 Consider the DFA in Fig.2.18|
L(A) = R(l)o = R(do U R81 (R?1) R?u

Ry,: 1"+e=1"

Rgl 1*0

R?lz 11"04+e+0=(11"+&)0+e=10+¢
R() 11*

Then the regular expression corresponding to L(A) is 1* + 1*0(1*0 + &)*11* = 1* + 1*0(1*0)* 11*.

Example 2.21 Find a regular expression associated to DFA in Fig. 2.19. The computations are in
Table[2.2. The regular expression corresponding to RSS is 11+ (0 + 10)0"1.

Method 2. Now we generalize the notion of finite automaton, considering words instead
of letters as labels of edges. In such an automaton each walk determine a regular expression,
which determine a regular language. The regular language accepted by a generalized finite
automaton is the union of regular languages determined by the productive walks. It is easy
to see that the generalized finite automata accept regular languages.

The advantage of generalized finite automata is that the number of its edges can be
diminuted by equivalent transformations, which do not change the accepted language, and
leads to a graph with only one edge which label is exactly the accepted language.

The possible equivalent transformations can be seen in Fig. 2.20. If some of the vertices
1, 2,4, 5 on the figure coincide, in the result they are merged, and a loop will arrive.

First, the automaton is transformed by corresponding e-moves to have only one initial
and one final state. Then, applying the equivalent transformations until the graph will have
only one edge, we will obtain as the label of this edge the regular expression associated to
the automaton.

Example 2.22 In the case of Fig.2.18/the result is obtained by steps illustrated in Fig.2.21l This result
is (1 + 00" 1)*, which represents the same language as obtained by Method 1 (See example 2.20.).

Example 2.23 In the case of Fig. 2.19/is not necessary to introduce new initial and final state. The
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[ k=-1 k=0 k=1 k=2 k=3
Rﬁo & & & &
R 1 1 1 1
RE, 0 0 0+10 (0 + 10)0*
R, 0 0 11 1140 +10)0*1 | 11+(0+10)0°1
R’i’l & & & &
R, 0 0 0 00*
Rk, 1 1 1 1+00"1
RE, 0+¢ 0+e O+e 0
R, 1 1 1 0°1
R§3 & & & &

2.2. Table. Determining a regular expression associated to DFA in Fig.2.19 using sets Rffj.

steps of transformations can be seen in Fig. 2.22. The resulted regular expression can be written also
as (0 + 10)0*1 + 11, which is the same as obtained by the previous method.

Method 3. The third method for writing regular expressions associated to finite automata
uses formal equations. A variable X is associated to each state of the automaton (to different
states different variables). Associate to each state an equation which left side contains X,
its right side contains sum of terms of form Ya or &, where Y is a variable associated to
a state, and « is its corresponding input symbol. If there is no incoming edge in the state
corresponding to X then the right side of the equation with left side X contains &, otherwise
is the sum of all terms of the form Ya for which there is a transition labelled with letter a
from state corresponding to Y to the state corresponding to X. If the state corresponding to
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7 X+y
Q instead of Q—O

@
@

instead of

*
uy*v

Figure 2.20. Possible equivalent transformations for finding regular expression associated to an automaton.

1 0 &
(o), () (T
o
£ . (1 + 00" 1)*

Figure 2.21. Transformation of the finite automaton in Fig.2.18!

X is also an initial and a final state, then on right side of the equation with the left side X will
be also a term equal to &. For example in the case of Fig. 2.19/1et these variable X, Y, Z, U
corresponding to the states ¢o, g1, 2, ¢3- The corresponding equation are

X=¢

Y=X1
Z=X0+Y0+2Z0
U=Y1+Zl.

If an equation is of the form X = Xa + 3, where a, 8 are arbitrary words not containing
X, then it is easy to see by a simple substitution that X = Sa* is a solution of the equation.

Because these equations are linear, all of them can be written in the form X = Xa + 8
or X = Xa, where a do not contain any variable. Substituting this in the other equations
the number of remaining equations will be diminuted by one. In such a way the system of
equation can be solved for each variable.
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()

11

00*1

v
11

@ 00°1 +100°1 + 11 _@
q0

Figure 2.22. Steps of example 2.23..

The solution will be given by variables corresponding to final states summing the cor-
responding regular expressions.

In our example from the first equation we get ¥ = 1. From here Z = 0+ 10 +
70, or Z = Z0 + (0 + 10), and solving this we get Z = (0 + 10)0*. Variable U can be
obtained immediately and we obtain U = 11 + (0 + 10)0*1.

Using this method in the case of Fig. 2.18| the following equations will be obtained

X=e+X1+7Y1

Y=X0+Y0
Therefore

X=e+(X+7Y)l

Y=X+Y)0.

Adding the two equations we will obtain
X+Y=e+(X+Y)0+ 1), from where (considering € as 8 and (0 + 1) as a) we get the
result
X+Y=0+1)".
From here the value of X after the substitution is
X=ec+0+ 1)1,
which is equivalent to the expression obtained using the other methods.

Associating finite automata to regular expressions
Associate to the regular expression r a generalized finite automaton:
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Xy
©—>© instead of
xX+y
Q—»@ instead of

O
O

=

L

O O O
@

CD+
O

x* . ~
instead of

Figure 2.23. Possible transformations to obtain finite automaton associated to a regular expression.

After this, use the transformations in Fig. [2.23|step by step, until an automaton with labels
equal to letters from X or € will be obtained.

Example 2.24 Get started from regular expression e+(0+1)*1. The steps of transformations are in Fig.
2.24(a)-(e). The last finite automaton (see Fig. 2.24(e)) can be done in a simpler form as can be seen
in Fig. 2.24(f). After eliminating the e-moves and transforming in a deterministic finite automaton the
DFA in Fig.[2.25 will be obtained, which is equivalent to DFA in Fig.[2.18|

Exercises
2.2-1 Give a DFA which accepts natural numbers divisible by 9.
2.2-2 Give a DFA which accepts the language containing all words formed by
a. an even number of 0’s and an even number of 1’s,
b. an even number of 0’s and an odd number of 1’s,
c¢. an odd number of 0’s and an even number of 1°s,
d. an odd number of 0’s and an odd number of 1°s.
2.2-3 Give a DFA to accept respectively the following languages:
Ly ={d"b" |n>1,m > 0}, L, ={a"P" |n>1,m > 1},
Ly ={d"b" |n > 0,m > 0}, Ly={a"b" |n>0,m>1}.
2.2-4 Give an NFA which accepts words containing at least two (’'s and any number of 1’s.
Give an equivalent DFA.
2.2-5 Minimize the DFA’s in Fig.2.26.
2.2-6 Show that the DFA in2.27.(a) is a minimum state automaton.
2.2-7 Transform NFA in Fig.2.27.(b) in a DFA, and after this minimize it.
2.2-8 Define finite automaton A; which accepts all words of the form 0(10)" (n > 0), and
finite automaton A, which accepts all words of the form 1(01)" (n > 0). Define the union
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&
@ e+(0+1)1 @ C """"""""""""" C
@ (b)
€ £
""""" - "‘\\\\ T —

e ~—

e ——

Figure 2.25. Finite automaton associated to regular expression & + (0 + 1)*1.
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Figure 2.26. DFA’s to minimize for exercise[2.2-5.1

1
()

, / 0,1 0,1
, » b

0,1

(b)
(@

Figure 2.27. Finite automata for exercises2.2-6./and 2.2-7.,

automaton A; U Ay, and then eliminate the e-moves.

2.2-9 Associate to DFA in Fig.2.28| a regular expression.

2.2-10 Associate to regular expression ab*ba* + b + ba*a a DFA.

2.2-11 Prove, using the pumping lemma, that none of the following languages are regular:
Ly ={d"ch" | n = 0}, L, ={a"p"a" | n > 0}, Ly = {a” | p prim}.

2.2-12 Prove that if L is a regular language, then {u~! | u € L} is also regular.

2.2-13 Prove that if L C X* is a regular language, then the following languages are also

regular.
pre(L)={weX |ueX,wuel}, suf(l)y={weXZ |JueX,uwel}

2.2-14 Show that the following languages are all regular.

0,1 0,1

Figure 2.28. DFA for exercise2.2-9.|
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input

a a o a, stack
tape
4 — > %
yes/no -« control unit 21
20

Figure 2.29. Pushdown automaton.

Ly ={ab"cd™ | n > 0,m > 0},
Ly = {(ab)" | n 2 0},
Ly ={d" | n >0, kconstant}.

2.3. Pushdown automata and context-free languages

In this section we deal with the pushdown automata and the class of languages — the
context-free languages — accepted by them.

As we have been seen in the section 2.1} a context-free grammar G = (N, T, P,S) is one
with the productions of the form A — 8, A € N, B € (N U T)*. The production § — &
is also permitted if S does not appear in right hand side of any productions. Language

LG ={ueT|S =;> u} is the context-free language generated by grammar G.

2.3.1. Pushdown automata

We have been seen that finite automata accept the class of regular languages. Now we get to
know a new kind of automata, the so-called pushdown automata, which accept context-free
languages. The pushdown automata differ from finite automata mainly in that to have the
possibility to change states without reading any input symbol (i.e. to read the empty symbol)
and possess a stack memory, which uses the so-called stack symbols (See Fig. 2.29).

The pushdown automaton get a word as input, start to function from an initial state
having in the stack a special symbol, the initial stack symbol. While working, the pushdown
automaton change its state based on current state, next input symbol (or empty word) and
stack top symbol and replace the top symbol in the stack with a (possibly empty) word.

There are two type of acceptances. The pushdown automaton accepts a word by final
state when after reading it the automaton enter a final state. The pushdown automaton ac-
cepts a word by empty stack when after reading it the automaton empties its stack. We show
that these two acceptances are equivalent.

Definition 2.21 A nondeterministic pushdown automaton is a system
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V=(Q,Z,W,E, g0, 20, F),
where
e Q is the finite, non-empty set of states
o X is the input alphabet,
o W is the stack alphabet,
e EC OX(ZU({el) x Wx W* x Q is the set of transitions or edges,
e go € Q is the initial state,
e 70 € W is the start symbol of stack,
e F C Q is the set of final states.

A transition (p, a, z, w, ¢) means that if pushdown automaton V is in state p, reads from
the input tape letter a (instead of input letter we can also consider the empty word ¢), and
the top symbol in the stack is z, then the pushdown automaton enters state ¢ and replaces
in the stack z by word w. Writing word w in the stack is made by natural order (letters of
word w will be put in the stack letter by letter from left to right). Instead of writing transition
(p,a,z,w, q) we will use a more suggestive notation (p, (a, z/w), q).

Here, as in the case of finite automata, we can define a transition function

§: OXEUENXW o PW % Q) ,

which associate to current state, input letter and top letter in stack pairs of the form (w, g),
where w € W* is the word written in stack and g € Q the new state.

Because the pushdown automaton is nondeterministic, we will have for the transition
function

6(q,a,z) = {w1, p1), ..., (W, pr)} (if the pushdown automaton reads an input letter and
moves to right), or

6(q,€,2) = {(w1, p1), ..., (Wi, pr)} (without move on the input tape).

A pushdown automaton is deterministic, if for any g € Q and z € W we have

®|6(q,a,7)| < 1,Vae XU {e} and

e if (g, &,z2) # 0, then 6(q,a,z) =0, Ya € X.

We can associate to any pushdown automaton a transition table, exactly as in the case
of finite automata. The rows of this table are indexed by elements of Q, the columns by
elements from £ U {e} and W (to each a € X U {¢} and z € W will correspond a column). At
intersection of row corresponding to state ¢ € Q and column corresponding to @ € £ U {¢g}
and z € W we will have pairs (wy, p1), ..., Wk, pr) if 6(q, a,z) = {(w1, p1), - ., (Wi, Pr)}-

The transition graph, in which the label of edge (p, g) will be (a, z/w) corresponding to
transition (p, (a, z/w), ¢), can be also defined.

Example 2.25 V| = ({¢9, g1, g2}, {a, b}, {z0, 21}, E, q0, 20, {q0})- Elements of E are:

(90 (a,z0/2021), q1)
(QIv(a,Zl/ZIZI)’QI) (f]],(b,Z|/8),[]2)
(g2, (b, z1/€), q2) (g2, (&,20/€), q0) -

The transition function:

0(q0, a, z0) = {(zoz1,q1)}
o(g1,a,z1) = {(z1z1,q1)} o(q1,b,z1) = {(&, q2)}
0(q2,b,z1) = {(&,q2)} (g2, &, 20) = {(&,q0)} -
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(a,z0/z071) (@.z1/2121)

(b,z1/e)

The transition table:

XU {g} a b &
w 20 71 21 20
4o (z0z1,41)
q1 (z121,91) | (8.q2)
q2 (8’ qz) (8’ Q())

Because for the transition function every set which is not empty contains only one element (e.g.
6(qo, a, zo) = {(z0z1, q1)}), in the above table each cell contains only one element, And the set notation
is not used. Generally, if a set has more than one element, then its elements are written one under
other. The transition graph of this pushdown automaton is in Fig. 2.30.

The current state, the unread part of the input word and the content of stack constitutes
a configuration of the pushdown automaton, i.e. for each ¢ € Q, u € £* and v € W* the
triplet (g, u, v) can be a configuration.

Ifu = a1ap...ar and v = x1x5... Xy, then the pushdown automaton can change its
configuration in two ways:
o (g, a1ar ...k, X1X2 ... Xm—1Xm) = (P, G203 ... 0k, X1,X2... X1 W),

if (¢, (a1, Xm/w), p) € E
o (g, a1y ...k, X1X2 ... Xp) = (P, 12 ... Ak, X1, X2 .. Xy W),

lf (q’ (8’ )Cm/W), p) €E.

The reflexive and transitive closure of the relation = will be denoted by =*> Instead
of using =, sometimes I is considered.

How does work such a pushdown automaton? Getting started with the initial configura-
tion (qo,a1az . .. a,, 20) we will consider all possible next configurations, and after this the
next configurations to these next configurations, and so on, until it is possible.
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Definition 2.22 Pushdown automaton V accepts (recognizes) word u by final state if there
exist a sequence of configurations of V for which the following are true:

o the first element of the sequence is (qo, U, 20),

o there is a going from each element of the sequence to the next element, excepting the
case when the sequence has only one element,

o the last element of the sequence is (p,e,w), where p € F and w € W,

Therefore pushdown automaton V accepts word u by final state, if and only if

(qo, 1, 20) - (p,&,w) for some w € W* and p € F. The set of words accepted by fi-
nal state by pushdown automaton V will be called the language accepted by V by final state
and will be denoted by L(V).

Definition 2.23 Pushdown automaton V accepts (recognizes) word u by empty stack if
there exist a sequence of configurations of V for which the following are true:

o the first element of the sequence is (qo, U, 2o),

o there is a going from each element of the sequence to the next element,

o the last element of the sequence is (p, €, &) and p is an arbitrary state.

Therefore pushdown automaton V accepts a word u by empty stack if (go, #, 20) =
(p, &, €) for some p € Q. The set of words accepted by empty stack by pushdown automaton
V will be called the language accepted by empty stack by V and will be denoted by L.(V).

Example 2.26 Pushdown automaton V; of Example[2.25. accepts the language {a"b" | n > 0} by final
state. Consider the derivation for words aaabbb and abab.

Word a®b? is accepted by the considered pushdown automaton because

(g0, aaabbb, zy) = (q1,aabbb, zyz1) = (q1,abbb, z97121) = (q1, bbb, z29712121)

— (qz, bb, Z()ZLZL) - (qz, b, Z()Zl) == (qz, &, Z()) - ((1(), &g, 8) and because qo is a final state the
pushdown automaton accepts this word. But the stack being empty, it accepts this word also by empty
stack.

Because the initial state is also a final state, the empty word is accepted by final state, but not by
empty stack.

To show that word abab is not accepted, we need to study all possibilities. It is easy to see that in
our case there is only a single possibility:

(qo, abab, zp) = (q1,bab, 7pz1) = (q2,ab, zp) = (qy, ab, €), but there is no further going, so
word abab is not accepted.

Example 2.27 The transition table of the pushdown automaton V; =
({q0, 413,10, 1}, {z0, 21, 22}, E, 40, 20, 0) is:

XU {g} 0 1 &

w 20 ‘ 21 ‘ 2 20 ‘ Z1 ‘ 22 Z0

q0 (z0z1,90) | (z121,90) | (2221,90) | (2022,90) | (z122,90) | (2222,40) | (& 4q1)
(&.q1) (&, q1)

q1 (&.q1) (&, q1) (& q1)
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(0, 22/2221)
0,z1/z121)

(0,z0/z021) ©.z1/9)
qo N qi
(07 Z1/‘9)
(17 ZZ/g)
(&,20/€)
(1, 20/2022) (1,z2/€)
(1,z1/2122) (&,20/€)

(1,22/2222)

Figure 2.31. Transition graph of the Example[2.27.,

The corresponding transition graph can be seen in Fig. 2.31. Pushdown automaton V; accepts the
language {uu~! | u € {0, 1}*}. Because V, is nemdeterministic, all the configurations obtained from the
initial configuration (g, u, zo) can be illustrated by a computation tree. For example the computation
tree associated to the initial configuration (g, 1001, z) can be seen in Fig.2.32. From this computation
tree we can observe that, because (g1, €, €) is a leaf of the tree, pushdown automaton V; accepts word
1001 by empty stack. The computation tree in Fig. 2.33/shows that pushdown automaton V, does not
accept word 101, because the configurations in leaves can not be continued and none of them has the
form (g, &, &).

Theorem 2.24 A language L is accepted by a nondeterministic pushdown automaton V;
by empty stack if and only if it can be accepted by a nondeterministic pushdown automaton
V, by final state.

Proof. a) Let Vi = (Q,%, W, E, qo,z0,0) be the pushdown automaton which accepts
by empty stack language L. Define pushdown automaton V, = (Q U {po,p},Z,W U
{x}, E', po, x,{p}), where p, po ¢ O, ,x ¢ W and
E'=EU {(po, (&, x/x20), qo)} U {(q, (&.x/8).p) | q € Q}

Working of V,: Pushdown automaton V; with an e-move first goes in the initial state of V1,
writing 7o (the initial stack symbol of V1) in the stack (beside x). After this it is working as
Vi.If V| for a given word empties its stack, then V, still has x in the stack, which can be
deleted by V; using an e-move, while a final state will be reached. V; can reach a final state
only if V; has emptied the stack.

b)LetV, = (Q,2, W, E, qo, 20, F) be a pushdown automaton, which accepts language L
by final state. Define pushdown automaton Vi = (QU{po, p}, Z, WU {x}, E’, po, x, D), where
Po,p € Q,x¢ Wand

E'=EU {(Pm(& x/xZo),qo)} U {(q, (e.2/8).p) | g€ F.pe Q.z € W}

U{(p.(s.2/8),p) | p € Q.z€ WU (x)]
Working V;: Pushdown automaton V; with an e-move writes in the stack beside x the initial
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(g0, 1001, z0)

(g0, 001, zo22) (41,1001, &)

(90,01, 202221)

(g0, 1,20222121) (g1, 1,2022)
(qo, €, 2022, 212122) (g1, . 20)
(q1,¢,8)

Figure 2.32. Computation tree to show acceptance of the word 1001 (see Example 2.27.).

(go, 101, z0)

(90,01, z022) (q1,101,¢)

(qo0» 1,202221) (q1,01,20)

(g0, €, 20222122)

Figure 2.33. Computation tree to show that the pushdown automaton in Example 2.27. does not accept word 101.

stack symbol zy of V,, then works as V5, i.e reaches a final state for each accepted word.
After this V; empties the stack by an e-move. V| can empty the stack only if V; goes in a
final state. [ ]

The next two theorems prove that the class of languages accepted by nondeterministic
pushdown automata is just the set of context-free languages.
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Theorem 2.25 If G is a context-free grammar, then there exists such a nondeterministic
pushdown automaton V which accepts L(G) by empty stack, i.e. L.(V) = L(G).

We outline the proof only. Let G = (N, T, P, §) be a context-free grammar. Define pushdown
automaton V = ({¢}, T,NUT,E,q,S,0), where g ¢ N U T, and the set E of transitions is:

o If there is in the set of productions of G a production of type A — «, then let putin £
the transition (g, (g, A/a™'), q),

e For any letter a € T let put in E the transition (g, (a, a/€), q).

If there is a production § — « in G, the pushdown automaton put in the stack the mirror
of a with an e-move. If the input letter coincides with that in the top of the stack, then the
automaton deletes it from the stack. If in the top of the stack there is a nonterminal A, then
the mirror of right-hand side of a production which has A in its left-hand side will be put
in the stack. If after reading all letters of the input word, the stack will be empty, then the
pushdown automaton recognized the input word.

The following algorithm builds for a context-free grammar G = (N, T, P, S) the push-
down automaton V = ({¢},7,NUT,E, q,S,0), which accepts by empty stack the language
generated by G.

FRrROM-CFG-TO-PUSHDOWN-AUTOMATON(G, V)

1 for all production A — «

2 do put in E the transition (g, (g, A/a™'), q)
3 forall terminalae T

4 do put in E the transition (g, (a, /&), q)

If G has n productions and m terminals, then the number of step of the algorithm is
O(n + m).

Example 2.28 Let G = ({S,A},{a,b},{S — &, S — ab, S — aAb, A — aAb, A — ab},S). Then
V = ({q},{a, b}, {a,b,A,S}, E, q,S,0), with the following transition table.

T U e} a b €
% a b s | A

&q) | & (&q) (bAa, q)
q (ba, q) (ba, q)
(bAa, q)

Let us see how pushdown automaton V accepts word aabb, which in grammar G can be derived
in the following way:
S = aAb = aabb,

where productions S — aAb and A — ab were used. Word is accepted by empty stack (see Fig.'2.34).

Theorem 2.26 For a nondeterministic pushdown automaton NV there exists always a
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(g,aabb, S)
(g, aabb, €) (g,aabb,bAa) (g, aabb, ba)
(g,abb,bA) (g, abb, b)
(g, abb, bbAa) (g, abb, bba)
(q,bb,bbA) (g, bb, bb)
(q, bb, bbbAa) (q, bb, bbba) (g.5,b)

(g€, €)

Figure 2.34. Recognising a word by empty stack (see Example 2.28.).

context-free grammar G such that V accepts language L(G) by empty stack, i.e. L,(V) =
L(G).

Instead of a proof we will give a method to obtain grammar G. Let V = (Q, X, W, E, qo, 20, 0)
be the nondeterministic pushdown automaton in question.

Then G = (N, T, P,S), where

N={S}U{SpzqlP.g€Q,zeW}andT =Z.

Productions in P will be obtained as follows.

e For all state ¢ put in P production S — S 2,4

o If (gq,(a,z/zk...2221),p) € E, where g € Q, 7,721,22,...2%k € W(k > 1)and a €
X U {g}, put in P for all possible states p1, p, ..., py productions

Sqzpe = S papS praspn S poraone

o If (¢,(a,z/e), p) € E, where p,q € Q,z € W, and a € T U {g}, put in P production

Sgzp — Q.

The context-free grammar defined by this is an extended one, to which an equivalent
context-free language can be associated. The proof of the theorem is based on the fact that
to every sequence of configurations, by which the pushdown automaton V accepts a word,
we can associate a derivation in grammar G. This derivation generates just the word in
question, because of productions of the form S, ,, — a$
were defined for all possible states p1, po, ..., pr. In Example 2.27.| we show how can be
associated a derivation to a sequence of configurations. The pushdown automaton defined
in the example recognizes word 00 by the sequence of configurations

(g0, 00, z0) = (q0,0,z021) = (q1,&,20) = (q1,¢, 8),
which sequence is based on the transitions

(90, (0, 20/2021), 90)-

(40, (0, z1/8), q1),

P:ZI>PIS[11~22-P2 e SPk—lekst’ which
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(g1, (&, z1/8), q1).

To these transitions, by the definition of grammar G, the following productions can be asso-
ciated

(D) S 40,2000 — 08402008 pr.zo.p» TOr all states py, p2 € Q,

(2) SCIU,Zl,fh - 0’

(3) Sl]lyzn)yfh — &

Furthermore, for each state ¢ productions § — S, -, , were defined.

By the existence of production § — S, -, 4 there exists the derivation § = S, ;, 4,
where g can be chosen arbitrarily. Let choose in above production (1) state ¢ to be equal to
p>. Then there exists also the derivation

§ = Sf]o,zo,q = OS‘IO,ZI,PISP%ZO"I’
where p; € O can be chosen arbitrarily. If p; = g, then the derivation

§ = Sro,Zo,(l = 0840»11»(/1801,20,4 = OOS(ILZOJI
will result. Now let ¢ equal to ¢;, then
§ = Sf]o,zo,ql = OStIO,Z],thSt]l,zo,!II = OOSQI,:OJII = 00,
which proves that word 00 can be derived used the above grammar.

The next algorithm builds for a pushdown automaton V = (Q,X, W, E, qo,20,0) a
context-free grammar G = (N, T, P,S), which generates the language accepted by push-
down automaton V by empty stack.

FROM-PUSHDOWN-AUTOMATON-TO-CF-GRAMMAR(V, G)

forallge Q
do put in P production § — Sy.z.4
for all (¢, (a,z/zk...2221),p) € E >qgeQ0, 2,21,22,.- -2k €Wk >1),ae ZU{g}
do for all states p1, p2, ..., Pk
do put in P productions Sz », = aS pzpS przaps S pecr iz
for All (¢(a,z/¢),p) € E >p,geQ,ze W,aeXU{g}
7 do put in P production S, , — a

NN B W —

If the automaton has »n states and m productions, then the above algorithm executes at
most n + mn + m steps, so in worst case the number of steps is O(nm).

Finally, without proof, we mention that the class of languages accepted by deterministic
pushdown automata is a proper subset of the class of languages accepted by nondeterminis-
tic pushdown automata. This points to the fact that pushdown automata behave differently
as finite automata.

Example 2.29 As an example, consider pushdown automaton V from the Example 2.28.: V =
(g}, {a, b}, {a,b,A,S}, E, q,S,0). Grammar G is:

G=({5,545655.54,}{a, D}, P.S) ,
where for all z € {a,b, S, A} instead of S, , we shortly used S,. The transitions:

(9, (a,a/e),q), (9. (b,b/e),q) ,
(9. (&,5/€),9), (g, (&,8/ba), q), (9. (¢,S/bAa),q) ,
(9. (,A/ba), q), (9.(s,A/bAa),q) .

Based on these, the following productions are defined:
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Figure 2.35. Derivation (or syntax) tree of word aaaabb.

S - SS
Ss —a
Sb - b
Ss = &|8a8S518a854Sy
SA d SaSASb | SaSb.
It is easy to see that S g can be eliminated, and the productions will be:
S —e | SaSb | SaS/\Sln
Sa— 88548551848,
Ss > a, S, > b,
and these productions can be replaced:
S — e|ab|aAb,
A — aAb | ab.

2.3.2. Contextfree languages

Consider context-free grammar G = (N, T, P, S). A derivation tree of G is a finite, ordered,
labelled tree, which root is labelled by the the start symbol S, every interior vertex is labelled
by a nonterminal and every leaf by a terminal. If an interior vertex labelled by a nonterminal
A has k descendents, then in P there exists a production A — ajay...a; such that the
descendents are labelled by letters ay, as, . . . ax. The result of a derivation tree is a word over
T, which can be obtained by reading the labels of the leaves from left to right. Derivation
tree is also called syntax tree.

Consider the context-free grammar G = ({5, A}, {a,b},{S - aA, S —-a, § ¢ A—
aA, A - aAb, A — ab, A — b},S). It generates language L(G) = {a"b" | n > m > O}.
Derivation of word a*b? € L(G) is:

S = aA = aaA = aaaAb = aaaabb.

In Fig. 2.35/this derivation can be seen, which result is aaaabb.

To every derivation we can associate a syntax tree. Conversely, to any syntax tree more
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than one derivation can be associated. For example to syntax tree in Fig. 2.35/the derivation
S = @A = aaAb = aaaAb = aaaabb
also can be associated.

Definition 2.27 Derivation oy — o = ... = «a, Iis a leftmost

derivation, if for all i = 1,2,...,n — 1 there exist words w; € T,

Bi € (N U T) and productions (A; — vy;) € P, for which we have
a; = wiAip; and @i = wyB

Consider grammar:

G=({S,AlL{a,b,c},{S = bA, S - DAS, S - a, A—cS, A—al,s).
In this grammar word bcbaa has two different leftmost derivations:

S = bA = bcS = bcbAS — bebaS — bebaa,

S = bAS = bcSS = bcbAS = becbaS = bcebaa.

Definition 2.28 A context-free grammar G is ambiguous if in L(G) there exists a word
with more than one leftmost derivation. Otherwise G is unambiguous.

The above grammar G is ambiguous, because word bcbaa has two different leftmost
derivations. A language can be generated by more than one grammar, and between them can
exist ambiguous and unambiguous too. A context-free language is inherently ambiguous,
if there is no unambiguous grammar which generates it.

Example 2.30 Examine the following two grammars.

Grammar G, = ({S}, {a, +,*},{S = S +S5, S - 5 =S5, § — a},§) is ambiguous because
S=5+8 =a+S =a+5*S = a+a*xS = a+a*xS+S = a+a*xa+S
— a+a*a+a and
S=5%x§ =35+5+«S = a+5*S —=a+a*xS —=a+axS+S = a+axa+S$
= a+axa+a.

Grammar G, = ({S, A}, {a,*,+},{S 2 A+ S |A, A > AxA|a},§)is unambiguous.

Can be proved that L(G,) = L(G3).

2.3.3. Pumping lemma for context-free languages

Like for regular languages there exists a pumping lemma also for context-free languages.

Theorem 2.29 (pumping lemma). For any context-free language L there exists a natural
number n (which depends only on L), such that every word z of the language longer than n
can be written in the form uvwxy and the following are true:

(1)wl =1,

(2) lvxl 2 1,

(3) lvwx| < n,

(4) wwaly is also in L for all i > 0.

Proof. Let G = (N, T, P,S) be a grammar without unit productions, which generates langu-
age L. Let m = |N| be the number of nonterminals, and let € be the maximum of lengths of
right-hand sides of productions, i.e. £ = max{|a| | JA € N : (A — @) € P}. Letn = £™! and
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T//

u v w X y

Figure 2.36. Decomposition of tree in the proof of pumping lemma.

z € L(G), such that |z| > n. Then there exists a derivation tree T with the result z. Let & be
the height of T (the maximum of path lengths from root to leaves). Because in T all interior
vertices have at most £ descendents, 7 has at most £ leaves, i.e. |z| < €. On the other hand,
because of |z| > £"*!, we get that h > m + 1. From this follows that in derivation tree T there
is a path from root to a leave in which there are more than (m + 1) vertices. Consider such a
path. Because in G the number of nonterminals is m and on this path vertices different from
the leaf are labelled with nonterminals, by the pigeonhole principle, it must be a nonterminal
on this path which occurs at least twice.

Let us denote by A the nonterminal being the first on this path from root to the leaf
which firstly repeat. Denote by 7" the subtree, which root is this occurrence of A. Similarly,
denote by T” the subtree, which root is the second occurrence of A on this path. Let w
be the result of the tree T’. Then the result of 7" is in form vwx, while of T in uvwxy.
Derivation tree T with this decomposition of z can be seen in Fig. 2.36, We show that this
decomposition of z satisfies conditions (1)—(4) of lemma.

Because in P there are no e-productions (except maybe the case S — &), we have
|lw| > 1. Furthermore, because each interior vertex of the derivation tree has at least two
descendents (namely there are no unit productions), also the root of 7" has, hence |vx| > 1.
Because A is the first repeated nonterminal on this path, the height of 7" is at most m + 1,
and from this [vwx| < €71 = n results.

After eliminating from 7 all vertices of 7" excepting the root, the result of obtained
tree is uAy,i.e. S =;> uAy.

Similarly, after eliminating 7’ we get A :;:» vAx, and finally because of the definition
of T" we get A =;> w. Then § =;> uAy, A =;> vAx and A =;> w. Therefore

S = uAy = uwy and S = uAy — uvAxy = ... = uvAxy = wiwx'y for all
G G G G G G G
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i > 1. Therefore, for all i > O we have § = wiwx'y, ie. foralli > 0 w'wx'y e L(G). m
Now we present two consequences of the lemma.

Corollary 2.30 L, c L;.

Proof. This consequence states that there exists a context-sensitive language which is not
context-free. To prove this it is sufficient to find a context-sensitive language for which the
lemma is not true. Let this language be L = {a"b"c™ | m > 1}.

To show that this language is context-sensitive it is enough to give a convenient gram-
mar. In Example 2.2,/ both grammars are extended context-sensitive, and we know that to
each extended grammar of type i an equivalent grammar of the same type can be associated.

Let n be the natural number associated to L by lemma, and consider the word z = a"b"c”".
Because of |z| = 3n > n, if L is context-free z can be decomposed in z = uvwxy such that
conditions (1)—(4) are true. We show that this leads us to a contradiction.

Firstly, we will show that word v and x can contain only one type of letters. Indeed if
either v or x contain more than one type of letters, then in word uvvwxxy the order of the
letters will be not the order a, b, ¢, so uvwwxxy ¢ L(G), which contradicts condition (4) of
lemma.

If both v and x contain at most one type of letters, then in word uwy the number of
different letters will be not the same, so uwy ¢ L(G). This also contradicts condition (4) in
lemma. Therefore L is not context-free. [ ]

Corollary 2.31 The class of context-free languages is not closed under the intersection.

Proof. We give two context-free languages which intersection is not context-free. Let N =
{S,A, B}, T ={a,b,c}and

G, =(N,T,P;,S) where P; :
S — AB,
A > aAb | ab,
B — c¢B|c,

and G, = (N, T, P,,S), where P, :
S — AB,
A — Aa|a,
B — bBc | bc.

Languages L(Gy) = {a"b"c" | n > 1,m > 1} and L(G,) = {a"b"c™ | n > 1,m > 1} are
context-free. But
LG) NL(G,) ={d"b"c" | n> 1}

is not context-free (see the proof of the Consequence 2.30). [ ]

2.3.4. Normal forms of the contextfree languages

In the case of arbitrary grammars the normal form was defined (see page 68) as grammars
with no terminals in the left-hand side of productions. The normal form in the case of the
context-free languages will contains some restrictions on the right-hand sides of producti-
ons. Two normal forms (Chomsky and Greibach) will be discussed.
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Chomsky normal form

Definition 2.32 A context-free grammar G = (N, T, P,S) is in Chomsky normal form, if all
productions have form A — a or A — BC, where A,B,C €N, acT.

Example 2.31 Grammar G = ({S, A, B,C},{a,b},{S — AB, S - CB, C - AS, A —» a, B— b},S)
is in Chomsky normal form and L(G) = {a"b" | n > 1}.

To each e-free context-free language can be associated an equivalent grammar is
Chomsky normal form. The next algorithm transforms an e-free context-free grammar
G =(N,T,P,S) in grammar G’ = (N’, T, P’,S) which is in Chomsky normal form.

CHOMSKY-NORMAL-FORM(G,G”)

1 NN
2 eliminate unit productions, and let P’ the new set of productions
(see algorithm ELIMINATE-UNIT-PRODUCTIONS on page 67)
3 in P’ replace in each production with at least two letters in right-hand side
all terminals a by a new nonterminal A, and add this nonterminal to N’
and add production A — ato P’
4 replace all productions B — A1A; ... Ay, where k > 3 and A1, As,..., AL €N,

by the following:
B — AC,
C1 - A,

Cis = A2Cr2,
Cia — A4y,
where C1, C,, ..., Cj_, are new nonterminals, and add them to N’.

Example 2.32 Let G = ({S, D}, {a,b,c},{S — aSc¢, S —- D, D — bD, D — b},S). It is easy to
see that L(G) = {a"b"'c" | n > 0,m > 1}. Steps of transformation to Chomsky normal form are the
following:
Step 1: N' = {S, D}
Step 2: After eliminating the unit production S — D the productions are:

S —aSc|bD|b,

D — bD | b.
Step 3: We introduce three new nonterminals because of the three terminals in productions. Let these
be A, B, C. Then the production are:

S - ASC | BD | b,

D — BD|b,

A - a,

B—b,

C—-ec.
Step 4: Only one new nonterminal (let this £) must be introduced because of a single production with
three letters in the right-hand side. Therefore N’ = {S, A, B, C, D, E}, and the productions in P’ are:

S - AE | BD | b,

D — BD | b,
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A > a,
B — b,
C -,
E— SC.
All these productions are in required form.

Greibach normal form

Definition 2.33 A context-free grammar G = (N, T, P,S) is in Greibach normal form if
all production are in the form A — aw, where A€ N, aeT, we N".

Example 2.33 Grammar G = ({S, B}, {a, b},{S — aB, S — aS B, B — b},S) is in Greibach normal
form and L(G) = {a"b" | n > 1}.

To each e-free context-free grammar an equivalent grammar in Greibach normal form can
be given. We give and algorithm which transforms a context-free grammar G = (N, T, P, S)
in Chomsky normal form in a grammar G" = (N’, T, P’,S) in Greibach normal form.

First, we give an order of the nonterminals: A1, A, ..., A,, where A; is the start symbol.
The algorithm will use the notations x € N'*, @ € TN"* U N'*.

GREIBACH-NORMAL-FORM((G,G”)
1 NN
2 PP
3 fori—2ton >Case A; > Ajx, j<i
4 dofor j«— 1toi—1
5 do for all productions A; — A;x and A; — a (where « has no A; as first letter)
in P’ productions A; — ax,
delete from P’ productions A; — A;x

6 if there is a production A; — A;x > Case A; — A;x
7 then put in N’ the new nonterminal B;,
for all productions A; — A;x put in P’ productions B; — xB; and B; — x,
delete from P’ production A; — A;x,
for all production A; — @ (where A; is not the first letter of @)
put in P” production A; — aB;
8 fori < n—1downto 1 > Case A; > Ajx, j>1i
9 dofor j—i+1ton
10 do for all productions A; — Ajxand A; — «
put in P’ production A; — ax and
delete from P’ productions A; — Ajx,
11 fori« lton > Case B; — Ajx
12 dofor j— 1ton
13 do for all productions B; » A;xand A; — «

put in P’ production B; — ax and
delete from P’ productions B; — Ajx
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The algorithm first transform productions of the form A; — Aj;x, j < 7 such that
A; — Ajx, j > iorA; — «, where this latter is in Greibach normal form. After this,
introducing a new nonterminal, eliminate productions A; — A;x, and using substitutions all
production of the form A; — A;x, j > iand B; — Ajx will be transformed in Greibach
normal form.

Example 2.34 Transform productions in Chomsky normal form
A > AAz | AYAy
Ay = AAz |a
A3 i A2A4 | b
A4 —C
in Greibach normal form.
Steps of the algorithm:
3-5: Production A; — A;A4 must be transformed. For this production A, — a is appropriate. Put
Aj — aAy in the set of productions and eliminate A3 — AyA4.
The productions will be:
A > AAz | AjAy
A2 g A2A3 | a
A3 — aAy | b
A4 —C
6-7: Elimination of production Ay — A,Aj3 will be made using productions:
32 4 A382
By — Aj
Az i aBz
Then, after steps 6—7. the productions will be:
A] > AAz | AYAy
Ay > abBy |a
A3 i (,ZA4 | b
A4 —C
Bz 4 Ang | A3
8-10: We make substitutions in productions with A; in left-hand side. The results is:
Al i (,lA3 | deAg | aA4 | a82A4
11-13: Similarly with productions with B, in left-hand side:
Bz i dA4Bz | aA3A4Bz | dA4 | aA3A4
After the elimination in steps 8—13 of productions in which substitutions were made, the follo-
wing productions, which are now in Greibach normal form, result:
A] i dA} | aBzA3 | aA4 I a32A4
Ay > abBs |a
A3 — aAy | b
Ay > c
Bz i aA4Bz | aA3A432 | aA4 | aA3A4

Example 2.35 Language
L={a"b*"*|n>0,k>0,n+k>0)
can be generated by grammar
G ={{S,R},{a,b,c},{S - aSc, S > ac, S > R,R — bRc, R — bc},S}

First, will eliminate the single unit production, and after this we will give an equivalent grammar
in Chomsky normal form, which will be transformed in Greibach normal form.
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Productions after the elimination of production S — R:
S = aSc|ac|bRc|bc
R — bRc | bc.
We introduce productions A — a, B — b,C — c, and replace terminals by the corresponding nonter-
minals:
S — ASC | AC | BRC | BC,
R — BRC | BC,
A—a B—-b C—ec
After introducing two new nonterminals (D, E):
S — AD|AC | BE | BC,
D— SC,
E — RC,
R — BE | BC,
A—-a B—-b C—ec
This is now in Chomsky normal form. Replace the nonterminals to be letters A; as in the algorithm.
Then, after applying the replacements
S replaced by A;, A replaced by A,, Breplaced by As, C replaced by A4, D replaced by As,
E replaced by As, R replaced by As,
our grammar will have the productions:
A = ArAs | ArA4 | A3Ag | AsAg,
Ay > a, A; > b, Ay > ¢,
As — AAy,
Ag — A7Ay,
A7 i AgA(, | A3A4.
In steps 3-5 of the algorithm the new productions will occur:
As — AAsAy | AJALAL | A3AgAy | A3A4A4 then
A5 4 aA5A4 | aA4A4 | bA(,A4 | bA4A4
A7 d AgA(, | A3A4, then
A; — bAg | bA,.
Therefore
A = ArAs | ArA4 | AzAg | AsAg,
Ay > a, A3 > b, Ay > ¢,
A5 4 aA5A4 | aA4A4 | bA(,A4 | bA4A4
Ag — A7Ay,
A; — bAg | bA,.
Steps 67 will be skipped, because we have no left-recursive productions. In steps 8—10 after the
appropriate substitutions we have:
A} — aAs | aA, | bAg | bAy,
Ar > a,
A3 — b,
Ay > oc,
A5 4 aA5A4 | aA4A4 | bA(,A4 | bA4A4
Ag = bAgAs | bALA,,
A; — bAg | bA,.

Exercises

2.3-1 Give pushdown automata to accept the following languages:
Ly ={d"ch" | n > 0},
Lz — {aanr? | n> 1},
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Ly = {a®b" | n >0} U |ad"b* | n >0},
2.3-2 Give a context-free grammar to generate language L = {a"b"c™ | n > 0,m > 0}, and
transform it in Chomsky and Greibach normal forms. Give a pushdown automaton which
accepts L.
2.3-3 What languages are generated by the following context-free grammars?
G =({Shi{a.,b},{S - SSa, - b},S), G, =({S},{a,b},{S — SaS, — b},S)
2.3-4 Give a context-free grammar to generate words with an equal number of letters a and
b.
2.3-5 Prove, using the pumping lemma, that a language which words contains an equal
number of letters a, b and ¢ can not be context-free.
2.3-6 Letthe grammar G = (V, T, P,S), where
V={S}
T = {if, then, else, a, c},
P={S —ifathenS, S —ifathenSelseS, S — c},
Show that word if a then if a then ¢ else ¢ has two different leftmost derivations.
2.3-7 Prove that if L is context-free, then L™! = {u~! | u € L} is also context-free.

Problems

2-1. Linear grammars

A grammar G = (N, T, P,S) which has productions only in the form A — u;Bu; or A — u,
where A,B € N, u,uj,uy; € T*, is called a linear grammar. If in a linear grammar all
production are of the form A — Bu or A — v, then it is called a left-linear grammar. Prove
that the language generated by a left-linear grammar is regular.

2-2. Operator grammars

An e-free context-free grammar is called operator grammar if in the right-hand side of
productions there are no two successive nonterminals. Show that, for all e-free context-free
grammar an equivalent operator grammar can be built.

2-3. Complement of context-free languages
Prove that the class of context-free languages is not closed on complement.

Chapter notes

In the definition of finite automata instead of transition function we have used the transition
graph, which in many cases help us to give simpler proofs.

There exist a lot of classical books on automata and formal languages. We mention from
these the following: two books of Aho and Ullman [1} 2] in 1972 and 1973, book of Gécseg
and Pedk [17] in 1972, two books of Salomaa [53,154]] in 1969 and 1973, a book of Hopcroft
and Ullman [26] in 1979, a book of Harrison [24] in 1978, a book of Manna [41], which
in 1981 was published also in Hungarian. We notice also a book of Sipser [60] in 1997
and a monograph of Rozenberg and Salomaa [52]]. In a book of Lothaire (common name
of French authors) [38]] on combinatorics of words we can read on other types of automata.
Paper of Giammarresi and Montalbano [21] generalise the notion of finite automata. A new
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monograph is of Hopcroft, Motwani and Ullman [25]. In German we recommend the student
book of Asteroth and Baier [5]. The concise description of the transformation in Greibach

normal form is based on this book.
Other books in English: : [7,19,112,128, 31, 34} 137,142, 44, 58,159, 65, 166].

At the end of the chapter on compilers another books on the subject are mentioned.
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5. Recurrences

The recursive definition of the Fibonacci numbers is well-known: if F,, is the n Fibonacci
number, then

Fo=0, F1 =1,
Foppo=Fp+F,, ifnz0.

We are interested in an explicit form of the numbers F), for all n natural numbers. Actually,
the problem is to solve an equation where the unknown is given recursively, in which case
the equation is called a recurrence equation. The solution can be considered as a function
over natural numbers, because F), is defined for all n. Such recurrence equations are also
known as difference equations, but could be named as discrete differential equations for
their similarities to differential equations.

Definition 5.1 A k™th order recurrence equation, (k > 1) is an equation of the form
S s X1 - s> Xnak) = 0, n>0, (5.1
where x, must be given in an explicit form.

For a unique determination of x,, k initial values must be given. Usually these values are
Xg, X1, .., X—1. These can be considered as initial conditions. In the case of the equation
for Fibonacci-numbers, which is of second order, two initial values must be given.

The sequence x, = g(n) satisfying equation (5.1) and the corresponding initial con-
ditions is called a particular solution. If all particular solutions of equation (5.1) can be
obtained from the sequence x, = h(n,C1,Cs,...,Cy), by adequately choosing of the cons-
tants Cq, Cs, . .., Cy, then this sequence x is a general solution.

Solving recurrence equations is not an easy task. In the chapter we will discuss methods
which can be used in special cases. For simplicity of writing we will use the notation x,
instead of x(n) as it appears in several books (sequences can be considered as functions over
natural numbers).

The chapter is divided into three sections. In section 5.1/ we deal with solving linear
recurrence equations, in section 5.2/ with generating functions and their use in solving re-
currence equations and in section |3.3/we focus our attention on numerical solution of recur-
rence equations.
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5.1. Linear recurrence equations

If the recurrence equation is of the form

Jo)xu + fimxni + -+ + filWXpe = f(n),  n 20,

where f, fo, fi,. .., fir are functions defined over natural numbers, fy, fi # 0, and x, must
be given explicitly, then the recurrence equation is linear. If f is the zero function, then the
equation is homogeneous, otherwise nonhomogeneous. If all the functions fy, f1, ..., f are
constant, the equation is called a linear recurrence equation with constant coefficients.

5.1.1. Linear homogeneous equations with constant coefficients

Let the equation be

AoXn + A1Xpe1 + -+ + ApXpar = 0, n>k, (5.2)
where agp,ai, ..., a; are real constants, ag,ar # 0, k > 1. If k initial conditions are given
(usually xg, x1, ..., x¢1), then the general solution of this equation can be uniquely given.

To solve the equation let us consider its characteristic equation

ao+a1r+~--+a;\,_1rk71 +a1\-rj"=0, (5.3)
a polynomial equation with real coefficients. This equation has k roots in the field of comp-
lex numbers. It can easily be seen after a simple substitution that if 7y is a real solution of
the characteristic equation, then Cory, is a solution of (5.2), for arbitrary Co.
The general solution of equation (5.2) is
Xy = Clx,(zl) + sz,(f) +ee Ckx,(zk) s
where x,(f) i = 1,2,...,k) are the linearly independent solutions of equation (5.2). The
constants Cp, Cs, ..., Cy can be determined from the initial conditions by solving a system
of k equations.
The linearly independent solutions are supplied by the roots of the characteristic equa-
tion by the following way. A fundamental solution of equation (5.2) can be associated with
each root of the characteristic equation. Let us consider the following cases.

Distinct real roots
Let ri, 1o, ..., 1, be distinct real roots of the characteristic equation. Then

n Ul n
P, 1y ooy 1,
are solutions of equation (5.2), and

G+ Cory + -+ Cpr)) (5.4

is also a solution, for arbitrary constants Cy, Ca, ..., Cp. If p = k, then (5.4) is the general
solution of the recurrence equation.
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Example 5.1 Solve the recurrence equation
Xni2 = Xpg1 + Xy X9 =0, x = 1.

The corresponding characteristic equation is

r2—r—1=0,
with the solutions
1++5 1-15
r = , Iy = .
! 2 : 2

These are distinct real solutions, so the general solution of the equation is

1+ \/§)n+C2(l— \/5]'1 .

x"zcl[ 2 2

The constants C; and C; can be determined using the initial conditions. From xy = 0, x; = 1 the
following system of equations can be obtained.

Ci+C,

C]1+2‘/§+C21_2‘/§ = 1.

0,

The solution of this system of equations is C; = 1/ V5, C = =1/ V5 . Therefore the general solution
is n n
1 (1 +15 ) 1 [1 -5 ]

2 ) LU 2

Xy =
V5

which is the nth Fibonacci number F,,.

Multiple real roots
Let r be a real root of the characteristic equation with multiplicity p. Then

o, w2t L, P

are solutions of equation (5.2) (fundamental solutions corresponding to r), and
(Co+Cin+Con* + -+ + CpynP )" (5.5)

is also a solution, for any constants Cy, Ci, ..., C,_1.If the characteristic equation has no
other solutions, then (5.5) is a general solution of the recurrence equation.

Example 5.2 Solve the recurrence equation
Xn2 = AxXpp — 4%, Xo =1, x3 =3,

The characteristic equation is
P —4r+4=0,

with r = 2 a solution with multiplicity 2. Then
Xy = (Co + C1n)2"

is a general solution of the recurrence equation.
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From the initial conditions we have

C = 1,
2C0 + 2C1 = 3.

From this system of equations Cy = 1, C; = 1/2, so the general solution is

1
Xp = (1 + En) 2" or x,=m+2)2"t.

Distinct complex roots

If the complex number a(cos b + isin b), written in trigonometric form, is a root of the cha-
racteristic equation, then its conjugate a(cos b—isin b) is also a root, because the coefficients
of the characteristic equation are real numbers. Then

a"cosbn and d"sinbn
are solutions of equation (5.2) and
Cid" cosbn + Crd" sinbn (5.6)

is also a solution, for any constants C; and C,. If these are the only solutions of the charac-
teristic equation, then (5.6)) is a general solution.

Example 5.3 Solve the recurrence equation
Xpso = 2Xpe1 — 2Xn, X0 =0, x; = 1.
The corresponding characteristic equation is
P =2r+2=0,

with roots 1+ and 1 —i. These can be written in trigonometric form as V2(cos(r/4) + i sin(r/4)) and
V2(cos(n/4) — i sin(rr/4)). Therefore

nm . nm
x, = Cy( \/5)” cos T + Cy( \/5)” sin T
is a general solution of the recurrence equation. From the initial conditions
¢, = 0,

Cl\/icos;—r+C2\/§sin% = 1

Therefore C; = 0, C, = 1. Hence the general solution is

X, = (V2)" sin ? .
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Multiple complex roots
If the complex number written in trigonometric form as a(cos b + isinb) is a root of the
characteristic equation with multiplicity p, then its conjugate a(cos b — isin b) is also a root
with multiplicity p.
Then
a*cosbn, nd'cosbn, ..., n"'d" cosbn

and
a*sinbn, na"*sinbn, ..., n"'a" sinbn

are solutions of the recurrence equation (5.2). Then
(Co+Cin+---+ Cp,ln”_l)a" coshbn+ Do+ Din+---+ Dp,lnp_l)a" sin bn

is also a solution, where Co, C1,...,Cp_1, Dy, D1, ..., D, are arbitrary constants, which
can be determined from the initial conditions. This solution is general if the characteristic
equation has no other roots.

Example 5.4 Solve the recurrence equation
Xnra + 2Xp20 + X, =0, xo0=0, x; =1, 0o =2, x3=3.

The characteristic equation is
H+2r +1=0,

which can be written as (+> + 1)> = 0. The complex numbers i and —i are double roots. The trigono-
metric form of these are

) T ™ d —i T ...
i=cos— +isin=, and —i=cos= —isin—

2 2 2 2
respectively. Therefore the general solution is

n . onw
X, = (Cy + Cin) cos % + (Do + Dyn)sin % .

From the initial conditions we obtain

C = 0,
T . T
(Cy + Cy)cos z + (Dgy + Dq)sin E = 1,
(Cy+2Cy)cosm+ (Dy +2Dq)siner = 2,
3r . 3n
(C() + 3C1)COS 7 + (1)() + 31)1) sin 7 = 3,
that is
G = 0,
Dy+D, = 1,
20, = 2,
—[)() - 3[)1 = 3.

Solving this system of equations Cy = 0, C; = —1, Dy = 3 and D; = —2. Thus the general solution is

Xn =(3—2n)sin% —ncos% .
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Using these four cases all linear homogeneous equations with constant coefficients can
be solved, if we can solve their characteristic equations.

Example 5.5 Solve the recurrence equation
Xuad = A2 = Ost +4X,, X9 =0, xy =1, xp =1

The characteristic equation is
P —4r+6r-4=0,

with roots 2, 1 + 7 and 1 — i. Therefore the general solution is
X, = C12" + Co(V2)" cos % +C3(V2)" sin r;_n .
After determining the constants we obtain

L2

n—1
X, = —2
2

( I’l]T+3 . I’lﬂ')
COos 4 s 2 .

The general solution
The characteristic equation of the kth order linear homogeneous equation (5.2) has k roots
in th field of complex numbers, which are not necessarily distinct. Let these roots be the
following:

ry real, with multiplicity p; (p1 > 1) ,

ry real, with multiplicity p; (pr > 1) ,

r, real, with multiplicity p, (p, > 1) ,
51 = ai(cos by + isin by) complex, with multiplicity ¢1 (g1 > 1) ,
s2 = ax(cos by + isin by) complex, with multiplicity g2 (g2 = 1) ,

Sm = am(cos by, + isinb,,) complex, with multiplicity g, (gm, > 1) .
Since the equation has kroots, p1 + po+ -+ p,+2(q1 + g2 + - + gm) = k.
In this case the general solution of equation (5.2) is

1

Xy = Z (C(()j) + ng)n +o 4+ C(pjl)_ln”-/_l)r’j?
= '
mn - - -
+ Z (Dg) + D(lj)n 4ot DEIJ_)_ln"-/_l)a’} cosb;n
]
j=1
m
W) %) ) qi=1\ 1 o )
+ Z(EO + E; n+-~-+qu__ln i )ajsmbjn, (5.7)
j=1
where
(@) () () s _
Gy, G .l ij_l, j=12,...,1,
Dg), Eg), D(11>, Egl), e D([>_1, Em_l, [ =1,2,...,m are constants, which can be
pr yZi

determined from the initial conditions.
The above statements can be summarised in the following theorem.
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Theorem 5.1 Let k > 1 be an integer and ay, ai, ...,a; real numbers with ag, a, # 0.
The general solution of the linear recurrence equation (3.2) can be obtained as a linear
combination of the terms njr;’, where r; are the roots of the characteristic equation (3.3)
with multiplicity p; (0 < j < p;) and the coefficients of the linear combination depend on
the initial conditions.

The proof of the theorem is left to the reader (see exercise 5.1-5.).
The algorithm for the general solution is the following.

LINEAR-HOMOGENEOUS

1 determine the characteristic equation of the recurrence equation

2 find all roots of the characteristic equation with their multiplicities

3 find the general solution (5.7) based on the roots

4 determine the constants of (5.7) using the initial conditions, if these exists.

5.1.2. Linear nonhomogeneous recurrence equations with constant coeffici-
ents

Consider the linear nonhomogeneous recurrence equation with constant coefficients
apXy + A Xpy1 + - F QX = f(0) (5.8)

where ag, a1, . .., a; are real constants, ag, a; # 0, k > 1, and f is not the zero function.
The corresponding linear homogeneous equation (5.2) can be solved using Theorem
5.1L If a particular solution of equation (5.8) is known, then equation (5.8)) can be solved.

Theorem 5.2 Let k > 1 be an integer, ag, ai, ...,a; real numbers, ay, a, # 0. Ifx,(zl)

is a particular solution of the linear nonhomogeneous equation (5.8) and x,(10 ) is a general
solution of the linear homogeneous equation (5.2), then

3w = 20 4D
is a general solution of the equation (5.8).
The proof of the theorem is left to the reader (see exercise 5.1-6.).

Example 5.6 Solve the recurrence equation
Xni2 F Xy — 2X, = 211, X =0, x; =1
First we solve the homogeneous equation
Xp42 T X1 — 2}(” = Oa

and obtain the general solution
5 =Ci(-2"+Cr

since the roots of the characteristic equation are —2 and 1 . It is easy to see that

Xp = C1(-2)" + Cy + 272



134 5. Recurrences

fn )

nPa’ (Co+Cin+---+CpnP)a"

a™n? sinbn (Co+Cin+---+ CpnP)a" sinbn + (Do + Din + - - - + DynP)a" cos bn

a"n?cosbn | (Co+Cin+---+ CpnP)a"sinbn + (Do + Din +--- + DynP)a" cos bn

Figure 5.1. The form of particular solutions.

is a solution of the nonhomogeneous equation. Therefore the general solution is

1 3 2" — (=2)"
n=___211+2112 L= ,
X 4( ) or X —

The constants C; and C, can be determined using the initial conditions. Thus, that is

0, if nis even ,
Xy = _ .
" 271 if nis odd .

A particular solution can be obtained using the method of variation of constants. Ho-
wever, there are cases when there is an easier way of finding a particular solution. In figure
5.1l we can see types of functions f(n), for which a particular solution x,(zl) can be obtained
in the given form in the table. The constants can be obtained by substitutions.

In the previous example f(n) = 2", so the first case can be used witha = 2 and p = 0.
Therefore we try to find a particular solution of the form C2". After substitution we obtain

Cy = 1/4, thus the particular solution is

xﬁ,l) —on2

Exercises
5.1-1 Solve the recurrence equation

H,=2H, +1, han>1,és Hy=0.

(Here H,, is the optimal number of moves in the problem of Towers of Hanoi.)

5.1-2 Analyse the problem of Towers of Hanoi if  discs have to be moved from stick A to
stick C in such a way that no disc can be moved directly from A to C and vice versa.

Hint. Show that if the optimal number of moves is denoted by M,,, and n > 1, then
M, =3M,_1 +2.
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5.1-3 Solve the recurrence equation

n+ DR, =22n—-1R,_1, han>1,és Ry

I
—

5.1-4 Solve the linear nonhomogeneous recurrence equation
X, =2" -2+ 2x,.1, han>2, és x =0.
Hint. Try to find a particular solution of the form C1n2" + C,.

5.1-5% Prove Theorem 5.1.
5.1-6 Prove Theorem5.2.

5.2. Generating functions and recurrence equations
Generating functions can be used, among others, to solve recurrence equations, count ob-
jects (e.g. binary trees), prove identities and solve partition problems. Counting the number

of objects can be done by stating and solving recurrence equations. These equations are
usually not linear, and generating functions can help us in solving them.

5.2.1. Definition and operations

Associate a series with the infinite sequence (a,),>0 = {do, d1, 42, - - . , dy, - . .) the following
way
AR =ap+aiz+amz® + -+ a4+ = Za,,z" .
n>0

This is called the generating function of the sequence (a,);s0.
For example, in the case of the Fibonacci numbers this generating function is

F(z)=ZF,,z"=z+z2+2z3+324+5z5+82(’+13Z7+--~ .

n=0

Multiplying both sides of the equation by z, then by z2, we obtain

F) = Fo+Fiz+Fo +F30 +--+F 7" +---
F(z) = Foz+ F1Z2 +Fo -+ Fy "+,
7FQR) = Fo? + Fi? + -+ Fyp 4 .

If we subtract the second and the third equation from the first one term by term, then use the
defining formula of the Fibonacci numbers, we get

Fo(l-z-2) =z,

that is z
Fp) = ——.
1-z

— (5.9)
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The correctness of these operations can be proved mathematically, but here we do not want
to go into details. The formulae obtained using generating functions can usually also be
proved using other methods.

Let us consider the following generating functions

A(z) = Z a,7" and B(z) = Z baz".
n>0 n>0

The generating functions A(z) and B(z) are equal, if and only if a,, = b,, for all n natural
numbers.

Now we define the following operations with the generating functions: addition, mul-
tiplication by real number, shift, multiplication, derivation and integration.

Addition and multiplication by real number

@A) +BB@) = ) (aay +Bby)"

n>0

Shift
The generating function

ZkA(Z) — Z aanHk — Z an7k2n

n=0 n=k

represents the sequence < 0,0,...,0,a9,a1,... >, while the generating function
| —_

k

1 _ )
7A@ —a - @iz~ @zt — =) = Z a2t = Z Ain?"

n>k n>0

represents the sequence < dy, dgs1, g2y - - - > -

Example 5.7 LetA(z) = 1 + z+ 2>+ ---. Then

JA0-1)=4@ ad AQ =

Multiplication
If A(z) and B(z) are generating functions, then
A(QB(z) = (ap+aiz+- - +a, 2"+ )bo+biz+---+b7"+---)

apbo + (a0b1 + aibo)z + (aphr + arby + azbo)Zz + -

> e

n=0

n
where s, = Z arb,_y.
k=0

Special case. If b, = 1 for all natural numbers n, then

A(z)%Z => [Z ak)z” . (5.10)

n>0 \ k=0
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If, in addition, a,, = 1 for all n, then
i _Z)z Z(n+1)z” (5.11)
n=0

Derivation

AR =ay +2az+ 337 + - = Z (n + Dap 7"

n>0

Example 5.8 After differentiating the both sides of the generating function

A(z) = Zz 1;—2

n>0

we obtain

’ _ n-1 _ 1
A(z)—an = —(1_1)2 .

n>1

Integration

< 1
foA(t)dt_aoz+ 2alz + azz +- Z—an 12"

nx1
Example 5.9 Let .
— = l4z+2+7+
1-z
After integrating both sides we get
1 1 1
1 — -2 -3 o= _.n
nl—z z+22 +3z+ an

Multiplying the above generating functions we obtain

1 _Zan s

nx1

1 1 1
where H, = 1 + 3 + 3 +---+— (Hy=0, H;=1)are the so-called harmonic numbers.
R n

Changing the arguments
Let A(z) = 3,50 an" represent the sequence < ag, ai, dz, ... >, then A(cz) = X5 C"an?”
represents the sequence < ay, cay, ay,...c"ay,,...>. The following statements holds

1
E(A(Z) +A(-D)) = a0+ @+t and

2n—-1

1
E(A(z) —A(—z)) =7+ BT+ + a2 +oee



138 5. Recurrences

1
Example 5.10 LetA(z) = 1+z+ 22+ ++-- = T . Then
-z

1 11 1 1
1 2 dh = —(A A(— = — =
oA =5 A +AC) 2(1—z+1+z) -2’

which can also be obtained by substituting z with z> in A(z). We can obtain the sum of the odd power
terms the same way,

1 1{ 1 1 Z
3 A4 = Z(A>R) - A(=2) = = - = .
T+ + 7+ 2( (2) - A(-2)) 2(1—z 1+z) —=

Using generating functions we can obtain interesting formulae. For example, let A(z) =
1/(1=2)=1+z+7>+7 +---. Then zA(z(1 + z)) = F(z), which is the generating function
of the Fibonacci numbers. From this

Al +2)=z+ 20+ + 20 +2° +* A +2° +--- .

The coefficient of z*! on the left-hand side is F,.1, that is the (n + 1)th Fibonacci number,
while the coefficient of z**! on the right-hand side is

Z (Vl - k)
k=0 k
after using the binomial formula in each term. Hence

L2

Fop = Z(”;k) =) (";k) (5.12)

k=0 k=0
Remember that the binomial formula can be generalised for all real r, namely
r
l+2) = .
(1+2" =) (n)z :
n>0
which is the generating function of the binomial coefficients. Here (r) is a generalisation of
n
the combinations for any real number r, that is
-D@EFr-2)...(r—
rr=D(r=-2)...(r n+1)’ >0,
ry _ nn—1)...1
n - ], ﬁ n= O 5

ifn<0.

s

We can obtain useful formulae using this generalisation for negative r. Let

1 o em —m\
CEETIA ‘Z(k)( o

k=0

Since, by a simple computation, we get

-m\ _ . gfm+k=1
[¥) =)
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the following formula can be obtained

1 3 m+k\ .
(=g~ k[
k>0

Then
" _ (m + k)zm+k _ (m + k)zm+k _ (k)Z,\
_ 1 ,
(1 =z k=0 k iso \ M iso VI
and P ”
k Z
= (5.13)
; (m) (1 —z)ymt

where m is a natural number.

5.2.2. Solving recurrence equations with generating functions

If the generating function of the general solution of a recurrence equation to be solved can
be expanded in such a way that the coefficients are in closed form, then this method is
successful.

Let the recurrence equation be

FXp Xt -+ s Xpt) = 0 . (5.14)

To solve it, let us consider the generating function

X(2) = Z X2

n=>0

If (5.14) can be written as G(X(z)) = 0 and can be solved for X(z), then X(z) can be expanded
into series in such a way that x,, can be written in closed form, equation (5.14) can be solved.

Now we give a general method for solving linear nonhomogeneous recurrence equati-
ons. After this we give three examples for the nonlinear case. In the first two examples the
number of elements in some sets of binary trees, while in the third example the number of
leaves of binary trees is computed. The corresponding recurrence equations (5.15), (5.17)
and (5.18) will be solved using generating functions.

Linear nonhomogeneous recurrence equations with constant coefficients
Multiply both sides of equation (5.8) by z". Then

n n n __ n
apXpZ" + a1 Xp412" + o+ X = f(DZ" .

Summing up both sides of the equation term by term we get

ao Z 2"+ an Z Xnr1Z' + -+ a Z Xpkd' = Z fm7".

n=0 n>0 n=0 n=0

ap 1 ag
dp Z X' + ? Z X1 A+ Z_" Z Xn+kZ"+k = Z fmz" .

n=>0 n=0 n>0 n>0

Then
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Let
X@ =) % and F@=) fn.
n>0 n>0

The equation can be written as
a [477% -
apX(2) + ?(X(z) - xo) +eeet ?(X(z) —Xo— X1z~ — X1 2t 1) =F(2) .

This can be solved for X(z). If X(z) is a rational fraction, then it can be decomposed into
partial (elementary) fractions which, after expanding them into series, will give us the ge-
neral solution x, of the original recurrence equation. We can also try to use the expansion
into series in the case when the function is not a rational fraction.

Example 5.11 Solve the following equation using the above method
Xpel — 2%, =21 -2 han>0 ésx;=0.

After multiplying and summing we have

ézx’“lznﬂ _ sznzn — 22211111 _ 22111 ,

n=0 n=0 n=0 n=0

d
an ) )

1-2z 1-z°
Since x; = 0, after decomposing the right-hand side into partial fractions'), the solution of the equation
is

%(X(z) - x) = 2X(z) =

2z 2 2
X))z —+ — — — |
Q=g T 1T-x

After differentiating the generating function

1
5 _ Zznzn

n=0

term by term we get )
_ n_n-1
T2 L

n>1

Thus

n>0 n>0 n>0 n>0
therefore
X, =(n=2)2"+2.

The number of binary trees
Let us denote by b,, the number of binary trees with n vertices. Then by = 1, b, =2,b3 =5
(see figure 5.2). Let by = 1. (We will see later that this is a good choice.)

In a binary tree with n vertices, with the exception of the root, there are altogether
n — 1 vertices in the left and right subtrees. If the left subtree has k vertices and the right
subtree has n — 1 — k vertices, then there exists byb,_1_x such binary trees. Summing over

'For decomposing the fraction into partial fractions we can use the Undetermined Coefficients Method.
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ASA

n=2 n=3

Figure 5.2. Binary trees with two and three vertices.

k=0,1,...,n— 1, we obtain exactly the number of binary trees, b,. Thus for any natural
number n > 1 the recurrence equation in b, is

b, = bob,—1 + b1byr +---+b,_1bg . (515)

This can also be written as
n—1
by = Zbkbn—l—k .
k=0

Multiplying both sides by 7", then summing over all n, we obtain

n—1
Z b7 = Z [Z bkb,,lk] . (5.16)

n>1 n=1 \ k=0

Let B(z) = Z b,7" be the generating function of the numbers b,. The left-hand side of

>0
(5.16) is exagtly B(z) — 1 (because by = 1). The right-hand side looks like a product of two
generating functions. To see which functions are in consideration, let us use the notation

AQ@) =B@) = ) b = ) b

n20 n>1
Then the right-hand side of (5.16) is exactly A(z)B(z), which is zB?(z). Therefore
B(z)-1=2B*z), BO)=1.
Solving this equation for B(z) gives

1+ vV1l-4z

B(2) = %
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We have to choose the negative sign because B(0) = 1. Thus

1 1 12
Blz) = 2—1(1— \/1—42)—2—Z(1—(1—4z) )
1 (1/2) ] 1( (1/2) , ]
— _ 1 _ (_4Z)n I 1 _ (_1)!’!2 IZZIZ
21( ; n 2z ; n
1 1/2\2°7° 1/2\22 1/2 2211
] iy L] o S B PR M A
2z 0] 2z 1 )2z n 2z
1/2 1/2 1/2
— / 2 / 23Z+"'_ / (_1)n22n—lzn—1 +oeee
1 2 n
_ 1/2 n~2n+l_n _ 1 2n n
B Z(n+1)( 2 Z_z:n+l n
n>0 n>0
. 1 [2n
Therefore b, = — . The numbers b,, are also called the Catalan numbers.
n n

Remark. In the previous computation we used the following formula that can be proved

easily
12\ (=D" (2n
(n+ 1) C 22l 4 1)(n) '

The number of leaves of all binary trees of n vertices

Let us count the number of leaves (vertices with degree 1) in the set of all binary trees of n
vertices. Denote this number by f,. We remark that the root is not considered leaf even if it
is of degree 1. It is easy to see that f, = 2, f3 = 6. Let fy = O and f; = 1, conventionally.
Later we will see that these values are good.

As in the case of numbering the binary trees, consider the binary trees of n vertices
having k vertices in the left subtree and n — k — 1 vertices in the right subtree. There are by
such left subtrees and b,,_1_; right subtrees. If we consider such a left subtree and all such
right subtrees, then together there are f,_1_; leaves in the right subtrees. So for a given k
there are b,_1_ fi + by fu—1-+ leaves. After summing we have

n—1

Ju= D ebuoroi + bifua o) -
=y
By an easy computation we get
Jo = 2(fobp-1 + fibya + -+ fu_1bo), n=2. (5.17)

This is a recurrence equation, the solution of which is f;. Let

F(2) = Z fZ" and B(z) = Z b,7" .

n=0 n=0

Multiplying both sides of (5.17) by 7" and summing gives

n—-1
D hd=2)] (Z fkbn_l_k) z.

n=2 n>2 \ k=0
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Since fo =0and f; = 1,
F(z) —z2=2zF(2)B(2) .

Thus .
F(z) = T-280)
and since
B(z) = zi(l - Vi-4z) .
z
we have

F(z) =

— :z(1—4z)_1/2=zZ( /)( —42)" .

-z n>0

After the computations

F(Z) _ Z (Znn)zn+1 — Z (Z’Iln:lz)zn ,

n>0 n>1

and

Ju = (2I’l B 2) or fu+1 = (2 ) (n+ Db, .

n—1

The number of binary trees with n vertices and k leaves

A bit harder problem: how many binary trees are there with n vertices and k leaves? Let us
denote this number by b,(z) It is easy to see that b(k) =0,ifk > [(n+ 1)/2]. By a simple
reasoning the case k = | can be solved. The result is b,,) = 2"! for any natural number
n > 1. Let bg)) = 1, conventionally. We will see later that this is a good choice. Let us
consider, as in the case of previous problems, the left and right subtrees. If the left subtree
has i vertices and j leaves, then the right subtree has n — i — 1 vertices and k — j leaves. The

number of these trees is b(j)bi zj>1 Summing over k and j gives
n-2 k-1
b(k) Zb(lx) + bj)b(/\ ) (5 18)
n—i-1 * :
i=1 j=1

For solving this recurrence equation the generating function

BP(z) = Z b®7",  wherek > 1

n=0

will be used. Multiplying both sides of equation (5.18) by z" and summing over n = 0, 1,

2,...,we get
n-2 k-1
Z b(A) no_ 22 b(k) n Z{ b”bff zj)l]

n>1 n>1 n>1 \i=1 j=1

Changing the order of summation gives

Z b,(1k>zn -2 Z bz(xk)lzn 4 Z Z [”Zi b(j)bz(zk l1>1]z

n>1 n>1 j=1 n>1
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Thus .
B(k)(z) — ZZB(k)(Z) + Z( B(j)(Z)B(kj)(Z)]
j=1
or
k=1
BY@) = (Z BY(z)B* ’)(z)] (5.19)
Step by step, we can write the following:
(2) — (1)
B?(2) = 2Z(B @) .
B3 () — (1)
BY0) = 773 )2(3 @) .

5 3
BY(g) = ﬁ ( B(1>(z))4 .

Let us try to find the solution in the form

!

(k)
B()_( 2)/\1

(B“)(z))k ,

where ¢; = 1, ¢3 = 2, ¢4 = 5. Substituting in (5.19) gives a recursion for the numbers ¢y

We solve this equation using the generating function method. If k = 2, then ¢, = ¢1¢1, and
soc; = 1.Letcy =1.If C(z) = 3,50 cu2" 1s the generating function of the numbers ¢,, then,
using the formula of multiplication of the generating functions we obtain

C)-1-z=(C-1® o CH)-3C()+z+2=0,
thus
- V1-4z
—2 .

Since C(0) = 1, only the negative sign can be chosen. After expanding the generating
function we get

Clz) =

l 172 _ 3 2n) ,
€@ B 222;1—1( )Z

Z (2n—1)( ) Z2(2 —1)( )

n>1

_ 1 2n 51
“2en-n\n) "7

I\le | W

From this
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Since b = 2%7! for n > 1, it can be proved easily that BV = z/(1 — 2z). Thus

Wy L (2K 2!
@ = s\ & a2t -

Using the formula

1 n+m-—1\ ,
UﬁW:Z( n %’

n>0
therefore
2k+n-2
B(k) — on 2k+n-1
® m%ﬂx) ( )Z
— 2k n-1 211—2k+lzn
2(2k—1) k n—2k+1 '

Thus
or

2k
(k) _ n—2k
b= 5= 1(k)(2k 2)2
b(k) — )

12k n— 2A
()l
5.2.3. The Z4ransform method

When solving linear nonhomogeneous equations using generating functions, the solution is
usually done by the expansion of a rational fraction. The Z-transform method can help us in
expanding such a function. Let P(z)/Q(z) be a rational fraction, where the degree of P(z) is
less than the degree of Q(z). If the roots of the denominator are known, the rational fraction
can be expanded into partial fractions using the Undetermined Coefficient Method.

n\k

Let us first consider the case when the denominator has distinct roots aq, as, ..., k.
Then PG A A A
_Z - L e 4 ! + e 4 k .
0@ z-o z—aq; -
It is easy to see that
P@2)
= lim(z — ;) —=, =1,2,...,k
Q_m,( 2 0@2)
But
A _ A _ ~ABi
- ( 1 ) 1-Biz”°
—Q; 1-—z
a;
where B; = 1/a;. Now, by expanding this partial fraction, we get
—A.B;
_’B’:_Aiﬁi(l +ﬁiZ+ ﬁﬂ n )
1 -piz

Denote the coefficient of 7" by C;(n), then C;(n) = —Ai,B’,'“, SO

P(z)

Cin) = -AB = ﬂ“mm W5



146 5. Recurrences

or
. (Z=-a)P(2)
Ci - _ r_z+1 1 Rt e

() =—f;"" lim 00

After the transformation z — 1/z and using 8; = 1/a; we obtain

Cﬂn:pg&_&wqggy

q(@)
where @ _ P(1/2)
qx) Q)2
Thus in the expansion of X(z) = % the coeflicient of 7" is

Ci(n) + Ca(n) +---+ Cr(n) .

If @ is a root of the polynomial Q(z), then 8 = 1/ is a root of ¢(z). E.g. if

P(2) 2z p2) 2
= , then —=———,
0 (1-2(-22 92 (z-D@E-2)

If the root is multiple, e.g. if 8; has multiplicity p, then its corresponding in the solution is

1&)
9@ )]

p—1

Cl(n) = (p _ 1)’ :1521 dzp—l

((z - Bz

dr
Here s f(2) is the derivative of order p of the function f(z).

All these can be summarised in the following algorithm. Let us consider that the co-
efficients of the equation are in array A, and the constants of the solution are in array C.

LINEAR-NONHOMOGENEOUS(A, k, f)

1 letapx, + a1 Xu41 + - -+ + arxpex = f(n) be the equation, where f(n) is a rational fraction;
multiply both sides by z”, and sum over all n
2 transform the equation into the form X(z) = P(2)/Q(z), where X(2) = 3,50 xn2",
P(z) and Q(z) are polynomials
3 use the transformation z — 1/z, and let the result be
P(2)/q(z), where p(z) are g(z) are polynomials
4 denote the roots of g(z) by
B1, with multiplicity p1, p1 > 1,
B2, with multiplicity p;, p» > 1,

Br, with multiplicity pg, pr > 1;
then the general solution of the original equation is
X, = Ci(n) + Co(n) + - - - + Cr(n), where
. p;—1 . n— .
Cin) = 1/((pi = DY lim, 2= (2 = B2 (pQ@)/9()) »  i= 1,2,k
5 returnC
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If we substitute z by 1/z in the generating function, the result is the so-called Z-
transform, for which similar operations can be defined as for the generating functions. The
residue theorem for the Z-transform gives the same result. The name of the method is deri-
ved from this observation.

Example 5.12 Solve the recurrence equation
Xn+l — 2)(,1 = 2"+1 - 2, ha n> 0, Xo = 0.

Multiplying both sides by z” and summing we obtain

Z X,1+1Zn _ 22 xn\’n — Z 2n+lzn _ Z 2Zn ,

n>0 n>0 n=0 n>0
or

1 2 2 .
SX@-2X@) = 725 7o WhereX(@) = Z 2"

n>0

Thus
272

XO=aoa-2p

After the transformation z — 1/z we get

o _ 2w
q@  (-D@E-2?*"’

where the roots of the denominator are 1 with multiplicity 1 and 2 with multiplicity 2. Thus

27"

C]—lgrf(z_z)2=2 and

d (27" . n ' z-D -7
Co=lim— = | =21im =" 2 7% — o4 -2) .
2 zg]%dz(z—l) le}% (Z_l)z (I’l )

Therefore the general solution is

X, =2"n-2)+2, n>0.

Example 5.13 Solve the recurrence equation
Xppo = 2Xpp1 — 2%, if n>0, xo=0, x =1

Multiplying by 7" and summing gives

ey Z xn+2Z"+2 = - Z Xn ]Zn+l 2 Z XnZ >

z n=>0 z n>0 n=>0
SO
1 2
5(F@~-2)=ZF@) - 2F @) ,
z z
that is . 2
F(z)(—2 - - +2) =——
Z b4
Then

-z

FOR= g
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The roots of the denominator are 1 + 7 and 1 — i. Let us compute C,(n) and Cy(n):
T ()
Cl(n)_zlimiz—(l—i) = > and
) _Zn+] _1(1 _ l-)n
C =1 = .
2 = I =055 2
Since

1+i= \/i(cos;—r+isin;r—r), 1-i= \/i(cos;—r—ising) s
raising to the nth power gives

(140" =(\/§)"(cos’t1—” +isinr;—”), (1=9)" =(\/§)"(cos%r —isin%r) ,

xn = Ci(n) + Con) = (V2)' sin % .

Exercises
5.2-1 How many binary trees are there with n vertices and no empty left and right subtrees?

5.2-2 How many binary trees are there with n vertices, in which each vertex which is not a
leaf, has exactly two descendants?

5.2-3 Solve the following recurrent equation using generating functions.
H,=2H,1+1, Hy=0.

(H, is the number of moves in the problem of the Towers of Hanoi.)

5.2-4 Solve the following recurrent equation using the Z-transform method.

Foo=F,y1+F,+1,han>0, és Fy=0,F=1.

5.2-5 Solve the following system of recurrence equations:

U, = Vp1tUy—2,

Vn Uy + Up-1

where ug = 1,u1 = 2,v9 = 1.

5.3. Numerical solution

Using the following function we can solve the linear recurrent equations numerically. The
equation is given in the form

AoXy + A1 Xps1 + 00+ QXpg = f(1)
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where ag, a; # 0,k > 1. The coeflicients ag, ay, ..., a; are kept in array A, the initial values
X0, X1, - - ., X¢—1 in array X. To find x,, we will compute step by step the values xi, Xpi1,. .., X,
keeping in the previous k values of the sequence in the first k positions of X (i.e. in the
positions with indices 0, 1,...,k — 1).

RECURRENCE(A, X, k, 1, f)

1l forj—kton

2 do v « A[0] - X[0]

3 fori— 1tok-1

4 dov « v+ A[i]- X[i]

5 v e (f(j = k) = v)/A[K]

6 if j£n

7 thenfori —Otok -2

8 do X[i] « X[i + 1]
9 Xlk-1] «v

10 returnv

Lines 2-5 compute the values x; (j = k,k + 1,...,n) (using the previous k values),
denoted by v in the algorithm. In lines 7-9, if n is not yet reached, we copy the last k values
in the first £ positions of X. In line 10 x, is obtained. It is easy to see that the computation
time is ®(kn), if we do not count the time to compute the value of the function.

Exercises
5.3-1 How many additions, subtractions, multiplications and divisions are required using
the algorithm RecURRENCE, while it computes xjg00 using the data given in Example 5.4?

Problems

5-1. Existence of a solution of homogeneous equation using generating function
Prove that a linear homogeneous equation cannot be solved using generating functions (be-
cause X(z) = O is obtained) if and only if x,, = O for all n.

5-2. Complex roots in the case of Z-transform
What happens if the roots of the denominator are complex when applying the Z-transform
method? The solution of the recurrence equation must be real. Does the method ensure this?

Chapter notes

The recurrence equations are discussed in detail by Elaydi [13], Flajolet and Sedgewick
[55], Greene and Knuth [23], Mickens [43].

Knuth [30] and Graham, Knuth and Patashnik [22] deal with generating functions. In
the book of Vilenkin [68] there are a lot of simple and interesting problems about recurren-
ces and generating functions.
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In [39] Lovész also presents problems on generating function.
Counting the binary trees is from Knuth [30], counting the leaves in the set of all binary
trees and counting the binary trees with n vertices and & leaves are from Z. Kdsa [32].
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Any planned computation will be subject to different kinds of unpredictable influences du-
ring execution. Here are some examples:

1. Loss or change of stored data during execution.

2. Random, physical errors in the computer.

3. Unexpected interactions between different parts of the system working simultaneously,
or loss of connections in a network.

4. Bugs in the program.

5. Malicious attacks.

Up to now, it does not seem that the problem of bugs can be solved just with the help
of appropriate algorithms. The discipline of software engineering addresses this problem by
studying and improving the structure of programs and the process of their creation.

Malicious attacks are addressed by the discipline of computer security. A large part of
the recommended solutions involves cryptography.

Problems of kind (3) are very important and a whole discipline, distributed computing
has been created to deal with them.

The problem of storage errors is similar to the problems of reliable communication,
studied in information theory: it can be viewed as communication from the present to the
future. In both cases, we can protect against noise with the help of error-correcting codes
(you will see some examples below).

In this chapter, we will discuss some sample problems, mainly from category (2). In
this category, distinction should also be made between permanent and transient errors. An
error is permanent when a part of the computing device is damaged physically and remains
faulty for a long time, until some outside intervention by repairmen to it. It is transient if it
happens only in a single step: the part of the device in which it happened is not damaged,
in the next step it operates correctly again. For example, if a position in memory turns from
0 to 1 by accident, but a subsequent write operation can write a 0 again then a transient
error happened. If the bit turned to 1 and the computer cannot change it to 0 again, this is a
permanent error.

Some of these problems, especially the ones for transient errors, are as old as compu-
ting. The details of any physical errors depend on the kind of computer it is implemented
on (and, of course, on the kind of computation we want to carry out). But after abstracting
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away from a lot of distracting details, we are left with some clean but challenging theoretical
formulations, and some rather pleasing solutions. There are also interesting connections to
other disciplines, like statistical physics and biology.

The computer industry has been amazingly successful over the last five decades in ma-
king the computer components smaller, faster, and at the same time more reliable. Among
the daily computer horror stories seen in the press, the one conspicuously missing is where
the processor wrote a 1 in place of a 0, just out of caprice. (It indisputably happens, but too
rarely to become the identifiable source of some visible malfunction.) On the other hand,
the generality of some of the results on the correction of transient errors makes them appli-
cable in several settings. Though individual physical processors are very reliable (error rate
is maybe once in every 10% executions), when considering a whole network as performing a
computation, the problems caused by unreliable network connections or possibly malicious
network participants is not unlike the problems caused by unreliable processors.

The key idea for making a computation reliable is redundancy, which might be formu-
lated as the following two procedures:

1. Store information in such a form that losing any small part of it is not fatal: it can be
restored using the rest of the data. For example, store it in multiple copies.

2. Perform the needed computations repeatedly, to make sure that the faulty results can be
outvoted.

Our chapter will only use these methods, but there are other remarkable ideas which we
cannot follow up here. For example, method (2) seems especially costly; it is desirable to
avoid a lot of repeated computation. The following ideas target this dilemma.

1. Perform the computation directly on the information in its redundant form: then maybe
recomputations can be avoided.

2. Arrange the computation into “segments” such a way that those partial results that are
to be used later, can be cheaply checked at each “milestone” between segments. If the
checking finds error, repeat the last segment.

6.1. Probability theory

The present chapter does not require great sophistication in probability theory but there are
some facts coming up repeatedly which I will review here. If you need additional informa-
tion, you will find it in any graduate probability theory text.

6.1.1. Terminology

A probability space is a triple (Q, A, P) where Q is the set of elementary events, A is a set
of subsets of Q called the set of events and P : A — [0, 1] is a function. For E € A, the
value P(F) is called the probability of event E. It is required that Q € A and that E € A
implies Q \ E € A. Further, if a (possibly infinite) sequence of sets is in A then so is their
union. Also, it is assumed that P(Q) = 1 and that if £, E», ... € A are disjoint then

P( U E;) = Z P(E).
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For P(F) > 0, the conditional probability of E given F is defined as
P(E|F)=PENF)/P(F).
Events Ey, ..., E, are independent if for any sequence 1 <i; <--- < i <n we have

P(E,'] N---N E,'k) = P(E,'l) s P(Eik)~

Example 6.1 Let Q = {1,...,n} where A is the set of all subsets of Q and P(E) = |E|/n. This is an
example of a discrete probability space: one that has a countable number of elements.

More generally, a discrete probability space is given by a countable set Q = {w;, w1, ...}, and a
sequence p1, pa2,... with p; > 0, 3., p; = 1. The set A of events is the set of all subsets of Q, and for
anevent E C Q we define P(E) = 3 ,.cx. Di-

A random variable over a probability space Q is a function f from Q to the real num-
bers, with the property that every set of the form {w : f(w) < c} is an event: it is in A.
Frequently, random variables are denoted by capital letters X, ¥, Z, possibly with indices,
and the argument w is omitted from X(w). The event { w : X(w) < ¢} is then also written as
[ X < c]. This notation is freely and informally extended to more complicated events. The
distribution of a random variable X is the function F(c) = P[ X < c¢]. We will frequently
only specify the distribution of our variables, and not mention the underlying probability
space, when it is clear from the context that it can be specified in one way or another. We
can speak about the joint distribution of two or more random variables, but only if it is
assumed that they can be defined as functions on a common probability space. Random va-

riables X, ..., X,, with a joint distribution are independent if every n-tuple of events of the
form [X) <c¢1], ..., [ X, < ¢, ]is independent.
The expected value of a random variable X taking values xi, x, ... with probabilities

P1, P2, ... 1s defined as
EX:p1x1+p2_x2+....

It is easy to see that the expected value is a linear function of the random variable:

E(aX + BY) = aEX + BEY,

even if X, Y are not independent. On the other hand, if variables X, ¥ are independent then
the expected values can also be multiplied:

EXY =EX-EY. 6.1)

There is an important simple inequality called the Markov inequality, which says that for
an arbitrary nonnegative random variable X and any value A > 0 we have

P[X > A]<EX/A (6.2)

6.1.2. Combinatorial estimates

Stirling’s formula gives an asymptotic expression of n!. It is frequently used in probability
theory since combinatorial formulas often contain n!. Rather than using Stirling’s formula
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directly, let us develop two simple inequalities which should always suffice for us.

Unless stated otherwise, log x will denote logarithm base 2 of x, and In x will denote the
natural logarithm. Notice that the function In x is an increasing function. Therefore on the
interval [n, n + 1], the constant In» is a lower bound to it, and In(n + 1) is an upper bound.
It follows that

n n+1 n
IMnD:zShn<\f mxdx<§3ma+1)=m«n+nu
i=1 1 i=1

Hence, . "
f lnxdx<ln(n!)=lnn+ln(n—1)!<lnn+f Inxdx.
1 1

Now, fln xdx = x(Inx — 1). Hence,

n(lnn-1)+1<In(r!)<n(lnn-1)+1+Inn. (6.3)

n n n n
e(—) <n!< en(—) .
e e

6.1.3. The law of large numbers (with “large deviations”)

In exponential form:

In what follows the bounds

Y <+ <x forx>—1 6.4)
X

will be useful. Of these, the well-known upper bound In(1 + x) < x holds since the graph of
the function In(1 + x) is below its tangent line drawn at the point x = 0. The lower bound is
obtained from the identity ﬁ =1- - and

1+x
=m@— x)g— X
X 1+x 1+x

Consider n independent random variables X1, . . ., X, that are identically distributed, with

1
—In(1+x) =1
n(l + x) n1+

P[Xi=1]=p, P[Xi=0]=1-p.
Let
S, =X1+---+X,.

We want to estimate the probability P[S, > fn] for any constant 0 < f < 1. The “law of
large numbers” says that if f > p then this probability converges fast to 0 as n — co while
if f < p then it converges fastto 1. Let

1_
D(f.p) = flnd +(1— pin =L 6.5)
p l-p
srmi-r=ml, 6.6)
P ep

where the inequality (useful for small f and ep < f) comesvial > 1 —-p > 1 - f and
In(1-£) > —% from (6.4). Using the concavity of logarithm, it can be shown that D(f, p)
is always nonnegative, and is O only if f = p (see Exercise 6.1-1.).
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Theorem 6.1 (ILarge deviations for coin-toss). If f > p then

P[S, > fn] <ePUP,

This theorem shows that if f > p then P[S, > fn] converges to 0 exponentially fast.
Inequality (6.6) will allow the following simplification:

nf
@) , (6.7)

P[S, > fn]<e™ ™ = ( 5

useful for small f and ep < f.
Proof. For a certain real number a@ > 1 (to be chosen later), let Y,, be the random variable
thatis ¢ if X, = land 1 if X, =0, and let P, = Y; --- Y,, = &°»: then

P[S,> fn]=P[P,>a'].
Applying the Markov inequality (6.2) and (6.1), we get
P[P, > /"] <EP,/a/" = EY /)",

where EY; = pa + (1 — p). Let us choose a = f)ﬁ—:;;, this is > 1 if p < f. Then we get

EY, = }%;, and hence

E¥ /o = =D o
! (= pi=r '

This theorem also yields some convenient estimates for binomial coefficients. Let

h(f)==fInf-(1=f)n(l - f).

This is sometimes called the entropy of the probability distribution (f, 1 — f) (measured in
logarithms over base e instead of base 2). From inequality (6.4) we obtain the estimate

—flnfsh(f)sfln; (6.8)
which is useful for small f.

Corollary 6.2 We have, for f < 1/2:

n fn
m o o€
Z(i)SE S(f) . (6.9)

i<fn

In particular, taking f = k/nwith k < n/2 gives

(Z) ) (;n) = (?)f - (%)k (6.10)
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Proof. Theorem 6.1/ says for the case f > p = 1/2:

2™ Z n =P[S, > fn] <ePUP = a1
i

i>fn

Z (”) < M)

i>fn !
Substituting g = 1 — £, and noting the symmetries (;) = (g), h(f) = h(g) and (6.8)) gives
formula (6.9). [ |

Remark 6.3 Inequality (6.7) also follows from the trivial estimate P[ S, > fn] < ( ;'ﬂ)pf "
combined with (6.10). )

Exercises

6.1-1 Prove that the statement made in the main text that D(f, p) is always nonnegative,
andis O only if f = p.

6.1-2 For f = p + 6, derive from Theorem 6.1 the useful bound

P[S, > fn]<e 2

Hint: Let F(x) = D(x, p), and use the Taylor formula: F(p + 6) = F(p) + F'(p)d + F"(p +
5)62/2, where 0 < &' < 6. ]

6.1-3 Prove that in Theorem 6.1} the assumption that X; are independent and identically
distributed can be weakened: replaced by the single inequality

PIX;=1]X,....Xi1]1<p.

6.2. Logic circuits

In a model of computation taking errors into account, the natural assumption is that errors
occur everywhere. The most familiar kind of computer, which is separated into a single pro-
cessor and memory, seems extremely vulnerable under such conditions: while the processor
is not “looking”, noise may cause irreparable damage in the memory. Let us therefore rather
consider computation models that are parallel: information is being processed everywhere
in the system, not only in some distinguished places. Then error correction can be built
into the work of every part of the system. We will concentrate on the best known parallel
computation model: Boolean circuits.

6.2.1. Boolean functions and expressions

Let us look inside a computer, (actually inside an integrated circuit, with a microscope).
Discouraged by a lot of physical detail irrelevant to abstract notions of computation, we
will decide to look at the blueprints of the circuit designer, at the stage when it shows the
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Figure 6.1. AND, OR and NOT gate.

smallest elements of the circuit still according to their computational functions. We will
see a network of lines that can be in two states (of electric potential), “high” or “low”, or in
other words “true” or “false”, or, as we will write, 1 or 0. The points connected by these lines
are the familiar logic components: at the lowest level of computation, a typical computer
processes bits. Integers, floating-point numbers, characters are all represented as strings of
bits, and the usual arithmetical operations can be composed of bit operations.

Definition 6.4 A Boolean vector function is a mapping f : {0, 1}" — {0, 1}". Most of the
time, we will take m = 1 and speak of a Boolean function.

The variables in f(xi,...,x,) are sometimes called Boolean variables, Boolean vari-
ables or bits.

Example 6.2 Given an undirected graph G with N nodes, suppose we want to study the question
whether it has a Hamiltonian cycle (a sequence (uy, ..., u,) listing all vertices of G such that (u;, u;11)
is an edge for each i < n and also (uy, u;) is an edge). This question is described by a Boolean function
f as follows. The graph can be described with (’Z) Boolean variables x;; (1 <i < j < N): x;;is Lif
and only if there is an edge between nodes i and j. We define f(x12, x13,...,xXy-1 ) = 1 if there is a
Hamiltonian cycle in G and O otherwise.

Example 6.3 [Boolean vector function] Let n = m = 2k, let the input be two integers u, v, written as
k-bit strings: x = (uy,...,ux, v1,...,v). The output of the function is their product y = u - v (written
in binary): if u =5 = (101),,v=6 = (110), theny = u - v =30 = (11110),.

There are only four one-variable Boolean functions: the identically 0, identically 1, the
identity and the negation: x — —-x = 1 — x. We mention only the following two-variable
Boolean functions: the operation of conjunction (logical AND):

1 ifx=y=1,
XAy = .
0 otherwise ,

this is the same as multiplication. The operation of disjunction, or logical OR:

0 ifx=y=0,
xVy= .
1 otherwise .
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It is easy to see that x V y = =(=x A —y): in other words, disjunction x V y can be expressed
using the functions —, A and the operation of composition. The following two-argument
Boolean functions are also frequently used:

X—>y=-xVy (implication),
xey=E->NAY-o X (equivalence),
x@y=x+ymod2=—(x oy (binary addition).

A finite number of Boolean functions is sufficient to express all others: thus, arbitrarily
complex Boolean functions can be “computed” by “elementary” operations. In some sense,
this is what happens inside computers.

Definition 6.1 A ser of Boolean functions is a complete basis if every other Boolean func-
tion can be obtained by repeated composition from its elements.

Claim 6.5 The set {A, V, =} forms a complete basis; in other words, every Boolean function
can be represented by a Boolean expression using only these connectives.

The proof can be found in all elementary introductions to propositional logic. Note that
since V can be expressed using {A, -}, this latter set is also a complete basis (and so is
{V,=}.

From now on, under a Boolean expression (formula), we mean an expression built
up from elements of some given complete basis. If we do not mention the basis then the
complete basis {A, =} will be meant.

In general, one and the same Boolean function can be expressed in many ways as a
Boolean expression. Given such an expression, it is easy to compute the value of the func-
tion. However, most Boolean functions can still be expressed only by very large Boolean
expression (see Exercise 6.2-4.).

6.2.2. Circuits

A Boolean expression is sometimes large since when writing it, there is no possibility for
reusing partial results. (For example, in the expression

((xVyVD AWV (=(xVyVvz Ay,

the part x V y V z occurs twice.) This deficiency is corrected by the following more general
formalism.

A Boolean circuit is essentially an acyclic directed graph, each of whose nodes com-
putes a Boolean function (from some complete basis) of the bits coming into it on its input
edges, and sends out the result on its output edges (see Figure 6.2). Let us give a formal
definition.

Definition 6.6 Let Q be a complete basis of Boolean functions. For an integer N let V =
{1,...,N} be a set of nodes. A Boolean circuit over Q is given by the following tuple:

N=Vik :veVh{ag():veVij= ...k} {b:veV). (6.11)
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Figure 6.2. The assignment (values on nodes, configuration) gets propagated through all the gates. This is the
“computation”.

For every node v there is a natural number k, showing its number of inputs. The sources,
nodes v with k, = 0, are called input nodes: we will denote them, in increasing order, as

inp; (@=1,...,n).
To each non-input node v a Boolean function

bv()’l’ e 9yk‘-)

from the complete basis Q is assigned: it is called the gate of node v. It has as many ar-
guments as the number of entering edges. The sinks of the graph, nodes without outgoing
edges, will be called output nodes: they can be denoted by

out; (I=1,...,m).

(Our Boolean circuits will mostly have just a single output node.) To every non-input node
vand every j = 1,...,k, belongs a node arg;(v) € V (the node sending the value of input
variable y; of the gate of v). The circuit defines a graph G = (V, E) whose set of edges is

E:{(argj(v),v):veV, j=1,...,k}.

We require arg;(v) < v for each j,v (we identified the with the natural numbers 1,...,N):
this implies that the graph G is acyclic. The size |N| of the circuit N is the number of nodes.
The depth of a node v is the maximal length of directed paths leading from an input node to
v. The depth of a circuit is the maximum depth of its output nodes.

Definition 6.7 An input assignment, or input configuration to our circuit N is a vector
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Figure 6.3. Naive parallel addition.

x = (x1,...,%,) with x; € {0, 1} giving value x; to node inp;:
valy(v) = yu(x) = x;

forv =1np, i = 1,...,n. The function y,(x) can be extended to a unique configuration
v b y,(x) on all other nodes of the circuit as follows. If gate b, has k arguments then

W= bv(ya.rgl(v), cee ayarg,((\'))~ (6.12)

For example, if by(x,y) = x Ay, and u; = arg(v) (j = 1,2) are the input nodes to v then
Yv = Yu, A Yu,- The process of extending the configuration by the above equation is also
called the computation of the circuit. The vector of the values you,(x) fori = 1,...,mis the
result of the computation. We say that the Boolean circuit computes the vector function

X = ()’outl (x),... » Yout,, (x)).

The assignment procedure can be performed in stages: in stage t, all nodes of depth t receive
their values.

We assign values to the edges as well: the value assigned to an edge is the one assigned
to its start node.

6.2.3. Fast addition by a Boolean circuit

The depth of a Boolean circuit can be viewed as the shortest time it takes to compute the
output vector from the input vector by this circuit. An example application of Boolean cir-
cuits, let us develop a circuit that computes the sum of its input bits very fast. We will need
this result later in the present chapter for error-correcting purposes.

Definition 6.8 We will say that a Boolean circuit computes a near-majority if it outputs a
bit y with the following property: if 3/4 of all input bits is equal to b then'y = b.
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The depth of our circuit is clearly Q(lgn), since the output must have a path to the
majority of inputs. In order to compute the majority, we will also solve the task of summing
the input bits.

Theorem 6.9

1. Over the complete basis consisting of the set of all 3-argument Boolean functions, for
each n there is a Boolean circuit of input size n and depth < 3log(n + 1) whose output
vector represents the sum of the input bits as a binary number.

2. Over this same complete basis, for each n there is a Boolean circuit of input size n and
depth < 2log(n + 1) computing a near-majority.

Proof. First we prove (1). For simplicity, assume n = 2% — 1: if n is not of this form, we
may add some fake inputs. The naive approach would be proceed according to Figure |6.3:
to first compute y11 = X1 + X2, Y12 = X3 + X4, ..., Y1261 = Xpe_q + Xpx. Then, to compute
Y21 = Y11 T Y12, Y22 = Vi3 + Y14, and so on. Then Vi1l = X1+ o0+ Xk will indeed be
computed in k stages.

It is somewhat troublesome that y; ; here is a number, not a bit, and therefore must be
represented by a bit vector, that is by group of nodes in the circuit, not just by a single node.
However, the general addition operation

Yi+1,j = Yizj-1 T Yi2j,

when performed in the naive way, will typically take more than a constant number of steps:
the numbers y; ; have length up to i + 1 and therefore the addition may add i to the depth,
bringing the total depth to 1 +2 + - + k = Q(k?).

The following observation helps to decrease the depth. Let a, b, ¢ be three numbers in
binary notation: for example, a = Zf:o a;2!. There are simple parallel formulas to represent
the sum of these three numbers as the sum of two others, that is to compute a +b+c =d +e
where d, e are numbers also in binary notation:

d; = a; + b; + ¢; mod 2,

6.13)
eir1 = L(ai + bi + ¢))/2].

Since both formulas are computed by a single 3-argument gate, 3 numbers can be reduced
to 2 (while preserving the sum) in a single parallel computation step. Two such steps reduce
4 numbers to 2. In 2(k — 1) steps therefore they reduce a sum of 2% terms to a sum of 2
numbers of length < k. Adding these two numbers in the regular way increases the depth by
k: we found that 2¥ bits can be be added in 3k — 2 steps.

To prove (2)), construct the circuit as in the proof of (1)), but without the last addition:
the output is two k-bit numbers whose sum we are interested in. The highest-order nonzero
bit of these numbers is at some position < k. If the sum is more than 2¢! then one these
numbers has a nonzero bit at position (k — 1) or (k — 2). We can determine this in two
applications of 3-input gates. [ ]

Exercises
6.2-1 Show that {1,®, A} is a complete basis.
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Figure 6.4. Failure at a gate.

6.2-2 Show that the function x NOR y = —(x V y) forms a complete basis by itself.
6.2-3 Let us fix the complete basis {A, —}. Prove Claim 6.5/ (or look up its proof in a text-
book). Use it to give an upper bound for an arbitrary Boolean function f of n variables, on:

1. the smallest size of a Boolean expression for f;
2. the smallest size of a Boolean circuit for f;

3. the smallest depth of a Boolean circuit for f;

6.2-4 Show that for every n there is a Boolean function f of n variables such that every
Boolean circuit in the complete basis {A, =} computing f contains €(2"/n) nodes. Hint: for
a constant ¢ > 0, upperbound the number of Boolean circuits with at most ¢2"/n nodes and
compare it with the number of Boolean functions over n variables.

6.2-5 Consider a circuit M} with 3" inputs, whose single output bit is computed from the
inputs by r levels of 3-input majority gates. Show that there is an input vector x which is 1
in only n!/!83 positions but with which M outputs 1. Thus a small minority of the inputs,
when cleverly arranged, can command the result of this circuit.

6.3. Expensive faulttolerance in Boolean circuits
Let N be a Boolean circuit as given in Definition|6.6. When noise is allowed then the values

vy = vale(v)

will not be determined by the formula (6.12) anymore. Instead, they will be random variab-
les Y,. The random assignment (Y, : v € V) will be called a random configuration.

Definition 6.10 Af vertex v, let
Z, = bv(Yargl(v)a Ce, Yargk(v)) DY,. (6.14)

In other words, Z, = 1 if gate Y, is not equal to the value computed by the noise-free gate
b, from its inputs Yarg],(v). (See Figurel6.4.) The set of vertices where Z, is non-zero is the set
of faults.

Let us call the difference val,(v) @ Y, the deviation at node v.
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Let us impose conditions on the kind of noise that will be allowed. Each fault should
occur only with probability at most €, two specific faults should only occur with probability
at most €2, and so on.

Definition 6.11 For an € > O, let us say that the random configuration (Y, : v € V) is
e-admissible if

1. Yipopy=xifori=1,...,n

2. For every set C of non-input nodes, we have

P(Z, =1forallve C] <€l (6.15)

In other words, in an e-admissible random configuration, the probability of having faults
at k different specific gates is at most €. This is how we require that not only is the fault
probability low but also, faults do not “conspire”. The admissibility condition is satisfied if
faults occur independently with probability < e.

Our goal is to build a circuit that will work correctly, with high probability, despite
the ever-present noise: in other words, in which errors do not accumulate. This concept is
formalized below.

Definition 6.12 We say that the circuit N with output node w is (€, 6)-resilient if for all
inputs x, all e-admissible configurations Y, we have P[ Y,, # val,(w)] < 0.

Let us explore this concept. There is no (e, 6)-resilient circuit with é < €, since even
the last gate can fail with probability €. So, let us, a little more generously, allow 6 > 2e.
Clearly, for each circuit N and for each 6 > 0 we can choose € small enough so that N is
(e, 6)-resilient. But this is not what we are after: hopefully, one does not need more reliable
gates every time one builds a larger circuit. So, we hope to find a function

F(N, )

and an g > 0 with the property that for all € < &, d > 2¢, every Boolean circuit N of size
N there is some (€, §)-resilient circuit N’ of size F(N, §) computing the same function as N.
If we achieve this then we can say that we prevented the accumulation of errors. Of course,
we want to make F (N, 0) relatively small, and & large (allowing more noise). The function
F(N,0)/N can be called the redundancy: the factor by which we need to increase the size
of the circuit to make it resilient. Note that the problem is nontrivial even with, say, 6 = 1/3.
Unless the accumulation of errors is prevented we will lose gradually all information about
the desired output, and no § < 1/2 could be guaranteed.

How can we correct errors? A simple idea is this: do “everything” 3 times and then
continue with the result obtained by majority vote.

Definition 6.13 For odd natural number d, a d-input majority gate is a Boolean function
that outputs the value equal to the majority of its inputs.

Note that a d-input majority can be computed using O(d) gates of type AND and NOT.
Why should majority voting help? The following informal discussion helps understan-
ding the benefits and pitfalls. Suppose for a moment that the output is a single bit. If the
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probability of each of the three independently computed results failing is ¢ then the proba-
bility that at least 2 of them fails is bounded by 362. Since the majority vote itself can fail
with some probability € the total probability of failure is bounded by 352 + €. We decrease
the probability & of failure, provided the condition 36> + € < & holds.

We found that if § is small, then repetition and majority vote can “make it” smaller. Of
course, in order to keep the error probability from accumulating, we would have to perform
this majority operation repeatedly. Suppose, for example, that our computation has ¢ stages.
Our bound on the probability of faulty output after stage i is §;. We plan to perform the
majority operation after each stage i. Let us perform stage i three times. The probability of
failure is now bounded by

Sis1 =6+ 38 + €. (6.16)

Here, the error probabilities of the different stages accumulate, and even if 36> + € < &
we only get a bound ¢, < (¢ — 1)d. So, this strategy will not work for arbitrarily large
computations.

Here is a somewhat mad idea to avoid accumulation: repeat everything before the end
of stage i three times, not only stage i itself. In this case, the growing bound (6.16) would
be replaced with

Siv1 = 3(6; + 6)* + €.

Now if §; < 6 and 1262 + € < & then also 6,47 < 8, so errors do not accumulate. But we
paid an enormous price: the fault-tolerant version of the computation reaching stage (i + 1)
is 3 times larger than the one reaching stage i. To make ¢ stages fault-tolerant this way will
cost a factor of 3’ in size. This way, the function F(N,6) introduced above may become
exponential in N.

The theorem below formalises the above discussion.

Theorem 6.14 Let R be a finite and complete basis for Boolean functions. If 2e < 6 < 0.01
then every function can be computed by an (€, 8)-resilient circuit over R.

Proof. For simplicity, we will prove the result for a complete basis that contains the three-
argument majority function and contains not functions with more than three arguments. We
also assume that faults occur independently.

Let N be a noise-free circuit of depth ¢ computing function f. We will prove that there
is an (€, §)-resilient circuit N” of depth 27 computing f. The proof is by induction on z. The
sufficient conditions on € and ¢ will emerge from the proof.

The statement is certainly true for ¢t = 1, so suppose ¢ > 1. Let g be the output gate of
the circuit N, then f(x) = g(f1(x), f2(x), f3(x)). The subcircuits N; computing the functions
fi have depth < 1 — 1. By the inductive assumption, there exist (e, §)-resilient circuits N7 of
depth < 2¢ — 2 that compute f;. Let M be a new circuit containing copies of the circuits N]
(with the corresponding input nodes merged), with a new node in which f(x) is computed
as g is applied to the outputs of N7. Then the probability of error of M is at most 36 + € < 46
if € < ¢ since each circuit N can err with probability ¢ and the node with gate g can fail
with probability €.

Let us now form N’ by taking three copies of M (with the inputs merged) and adding a
new node computing the majority of the outputs of these three copies. The error probability
of N’ is at most 3(46)%> + € = 4852 + €. Indeed, error will be due to either a fault at the
majority gate or an error in at least two of the three independent copies of M. So under
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condition
486% + € < 6, 6.17)

the circuit N’ is (e, §)-resilient. This condition will be satisfied by 2e < § < 0.01. [
The circuit N’ constructed in the proof above is at least 3/ times larger than N. So, the

redundancy is enormous. Fortunately, we will see a much more economical solution. But

there are interesting circuits with small depth, for which the 3’ factor is not extravagant.

Theorem 6.15 Over the complete basis consisting of all 3-argument Boolean functions,
for all sufficiently small € > 0, if 2€ < 6 < 0.01 then for each n there is an (€, d)-resilient
Boolean circuit of input size n, depth < 41g(n+1) and size (n+1)" outputting a near-majority
(as given in Definition|6.8)).

Proof. Apply Theorem 6.14/ to the circuit from part (1) of Theorem 6.9: it gives a new,
41g(n+1)-deep (€, 0)-resilient circuit computing a near-majority. The size of any such circuit
with 3-input gates is at most 3*18*D = (5 + 1)He3 < (n + 1)7. [ |

Exercises

6.3-1 Exercise/6.2-5./suggests that the iterated majority vote M}, is not safe against manipu-
lation. However, it works very well under some circumstances. Let the input to M} be a vec-
tor X = (Xy,...,X,) of independent Boolean random variables with P[X; = 1] = p < 1/6.
Denote the (random) output bit of the circuit by Z. Assuming that our majority gates can
fail with probability < € < p/2 independently, prove

P[Z = 1] < max{10e, 0.3(p/0.3)*}.

Hint: Define g(p) = €+3p?, go(p) = p, &i+1(p) = 8(gi(p)), and prove P[Z = 1] < g,(p). |

6.3-2 We say that a circuit N computes the function f(x,..., x,) in an (€, 0)-input-robust
way, if the following holds: For any input vector x = (xi,...,x,), for any vector X =
(Xi,...,X,) of independent Boolean random variables “perturbing it” in the sense P[ X; #

x; ] < ¢, for the output Y of circuit N on input X we have P[Y = f(x)] > 1 — §. Show that
if the function x; @ - - - ® x,, is computable on an (e, 1/4)-input-robust circuit then € < 1/n.

6.4. Safeguarding intermediate results

In this section, we will see ways to introduce fault-tolerance that scale up better. Namely,
we will show:

Theorem 6.16 There are constants Ry, €y such that for
F(n,0) = Nlg(n/o),

forall e < €, 6 > 3e€, for every deterministic computation of size N there is an (€, §)-resilient
computation of size RyF (N, 8) with the same result.

Let us introduce a concept that will simplify the error analysis of our circuits, making
it independent of the input vector x.
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Figure 6.5. An executive organ.

Definition 6.17 In a Boolean circuit N, let us call a majority gate at a node v a correcting
majority gate if for every input vector x of N, all input wires of node v have the same value.
Consider a computation of such a circuit N. This computation will make some nodes and
wires of N tainted. We define taintedness by the following rules:

1. The input nodes are untainted.
2. Ifanode is tainted then all of its output wires are tainted.

3. A correcting majority gate is tainted if cither it fails or a majority of its inputs are
tainted.

4. Any other gate is tainted if either it fails or one of its inputs is tainted.

Clearly, if for all e-admissible random configurations the output is tainted with proba-
bility < ¢ then the circuit is (€, )-resilient.

6.4.1. Cables

So far, we have only made use of redundancy idea (2) of the introduction to the present
chapter: repeating computation steps. Let us now try to use idea (1) (keeping information in
redundant form) in Boolean circuits. To protect information travelling from gate to gate, we
replace each wire of the noiseless circuit by a “cable” of k wires (where k£ will be chosen
appropriately). Each wire within the cable is supposed to carry the same bit of information,
and we hope that a majority will carry this bit even if some of the wires fail.

Definition 6.18 In a Boolean circuit N’, a certain set of edges is allowed to be called a
cable if in a noise-free computation of this circuit, each edge carries the same Boolean
value. The width of the cable is its number of elements. Let us fix an appropriate constant
threshold 9. Consider any possible computation of the noisy version of the circuit N’, and a
cable of width k in N’. This cable will be called 9-safe if at most 9k of its wires are tainted.

Let us take a Boolean circuit N that we want to make resilient. As we replace wires of
N with cables of N’ containing k wires each, we will replace each noiseless 2-argument gate
at a node v by a module called the executive organ of k gates, which for eachi = 1,...,k,
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Figure 6.6. A restoring organ.

passes the ith wire both incoming cables into the ith node of the organ. Each of these nodes
contains a gate of one and the same type b,. The wires emerging from these nodes form the
output cable of the executive organ.

The number of tainted wires in this output cable may become too high: indeed, if there
were Uk tainted wires in the x cable and also in the y cable then there could be as many
as 2k such wires in the g(x,y) cable (not even counting the possible new taints added by
faults in the executive organ). The crucial part of the construction is to attach to the executive
organ a so-called restoring organ: a module intended to decrease the taint in a cable.

6.4.2. Compressors

How to build a restoring organ? Keeping in mind that this organ itself must also work in
noise, one solution is to build (for an appropriate §”) a special (e, ¢')-resilient circuit that
computes the near-majority of its k inputs in k independent copies. Theorem 6. 15/ provides
a circuit of size k(k + 1)” to do this.

It turns out that, at least asymptotically, there is a better solution. We will look for a very
simple restoring organ: one whose own noise we can analyse easily. What could be simpler
than a circuit having only one level of gates? We fix an odd positive integer constant d (for
example, d = 3). Each gate of our organ will be a d-input majority gate.

Definition 6.19 A multigraph is a graph in which between any two vertices there may be
several edges, not just 0 or 1. Let us call a bipartite multigraph with k inputs and k outputs,
d-half-regular, if each output node has degree d. Such a graph is a (d, «,y, k)-compressor
if it has the following property: for every set E of at most < ak inputs, the number of those
output points connected to at least d |2 elements of E (with multiplicity) is at most yak.

The compressor property is interesting generally when ¥y < 1. For example, in an
(5,0.1, 0.5, k)-compressor the outputs have degree 5, and the majority operation in these
nodes decreases every error set confined to 10% of all input to just 5% of all outputs. A
compressor with the right parameters could serve as our restoring organ: it decreases a mi-
nority to a smaller minority and may in this way restore the safety of a cable. But, are there
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compressors?
Theorem 6.20 Forall y < 1, all integers d with

1 <yld-1)/2, (6.18)
there is an « such that for all integer k > O there is a (d, «, y, k)-compressor.

Note that for d = 3, the theorem does not guarantee a compressor with y < 1.
Proof. We will not give an explicit construction for the multigraph, we will just show that it
exists. We will select a d-half-regular multigraph randomly (each such multigraph with the
same probability), and show that it will be a (d, a, v, k)-compressor with positive probability.
This proof method is called the probabilistic method. 1 et

s =|d/2].

Our construction will be somewhat more general, allowing kK’ # k outputs. Let us generate
a random bipartite d-half-regular multigraph with k inputs and £’ outputs in the following
way. To each output, we draw edges from d random input nodes chosen independently and
with uniform distribution over all inputs. Let A be an input set of size ak, let v be an output
node and let E, be the event that v has s + 1 or more edges from A. Then we have

d d
)< s+l _ s+1 = p.
P(E) < (s . l)a (s)oz p

On the average (in expected value), the event E, will occur for pk” different output nodes v.
For an input set A, let F4 be the event that the set of nodes v for which E, holds has size
> yak’. By inequality (6.7) we have

e kK ya
P(Fy) < (—p) .
ya

The number M of sets A of inputs with < ak elements is, using inequality (6.8),
k e \@k
we (< (e)"
2lo)=(6

The probability that our random graph is not a compressor is at most as large as the proba-
bility that there is at least one input set A for which event F4 holds. This can be bounded
by

M-P(Fy) < e

where
D=—(ys—k/k)Ina—y(In() —Iny+ 1) —k/k'.

As we decrease « the first term of this expression dominates. Its coefficient is positive
according to the assumption (6.18). We will have D > 0 if

y(In(9) —Iny + 1)+k/k')
vs —k/k

a < expl—
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Example 6.4 Choosing y = 0.4, d = 7, the value @ = 1077 will work.

We turn a (d, @, v, k)-compressor into a restoring organ R, by placing d-input majority
gates into its outputs. If the majority elements sometimes fail then the output of R is random.
Assume that at most ak inputs of R are tainted. Then (y + p)ak outputs can only be tainted
if @pk majority gates fail. Let

PR

be the probability of this event. Assuming that the gates of R fail independently with pro-
bability < €, inequality (6.7) gives

ee

apk
px < (a—p) . (6.19)

Example 6.5 Choose y = 0.4, d = 7, @ = 1077 as in Example 6.4.] further p = 0.14 (this will satisfy
the inequality (6.20) needed later). With € = 1072, we get pr < ¢ 107k,

The attractively small degree d = 7 led to an extremely unattractive probability bound on the
failure of the whole compressor. This bound does decrease exponentially with cable width &, but only
an extremely large & would make it small.

Example 6.6 Choosing again y = 0.4, but d = 41 (voting in each gate of the compressor over 41 wires
instead of 7), leads to somewhat more realistic results. This choice allows a = 0.15. With p = 0.14,
€ = 107 again, we get pr < e 3%,

These numbers look less frightening, but we will still need many scores of wires in the cable to
drive down the probability of compression failure. And although in practice our computing compo-
nents fail with frequency much less than 10™, we may want to look at the largest € that still can be
tolerated.

6.4.3. Propagating safety

Compressors allow us to construct a reliable Boolean circuit all of whose cables are safe.

Definition 6.21 Given a Boolean circuit N with a single bit of output (for simplicity), a
cable width k and a Boolean circuit R with k inputs and k outputs, let

N’ = Cab(N, R)

be the Boolean circuit that we obtain as follows. The input nodes of N’ are the same as
those of N. We replace each wire of N with a cable of width k, and each gate of N with an
executive organ followed by a restoring organ that is a copy of the circuit R. The new circuit
has k outputs: the outputs of the restoring organ of N’ belonging to the last gate of N.

In noise-free computations, on every input, the output of N’ is the same as the output of
N, but in £ identical copies.



170 6. Reliable computation

\/
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R

0.4(2.140m) + 0.140m < 9m (counting failures)

Figure 6.7. An executive organ followed by a restoring organ.

Lemma 6.22 There are constants d, €y, 9, p > 0 and for every cable width k a circuit R of
size 2k and gate size < d with the following property. For every Boolean circuit N of gate
size < 2 and number of nodes N, for every € < €, for every e-admissible configuration of
N’ = Cab(N, R), the probability that not every cable of N’ is ¥-safe is < 2N(§—;)ﬁf”".

Proof. We know that there are d, @ and y < 1/2 with the property that for all k a (d, @, y, k)-
compressor exists. Let p be chosen to satisfy

Y2 +p)+p <1, (6.20)

and define
P =a/2+p). (6.21)

Let R be a restoring organ built from a (d, @, y, k)-compressor. Consider a gate v of circuit
N, and the corresponding executive organ and restoring organ in N’. Let us estimate the
probability of the event E|, that the input cables of this combined organ are ¥-safe but its
output cable is not. Assume that the two incoming cables are safe: then at most 29k of
the outputs of the executive organ are tainted due to the incoming cables: new taint can
still occur due to failures. et E,; be the event that the executive organ taints at least pdk
more of these outputs. Then P(E,;) < ( ;—;)’”9"', using the estimate (6.19). The outputs of the
executive organ are the inputs of the restoring organ. If no more than (2 + p)ttk = ak of
these are tainted then, in case the organ operates perfectly, it would decrease the number of
tainted wires to y(2 + p)Jk. Let E,; be the event that the restoring organ taints an additional
pvk of these wires. Then again, P(E,;) < (;—5)’“9"'. If neither E,; nor E,, occur then at most
v(2 + p)ik + pitk < Uk (see (6.20)) tainted wires emerge from the restoring organ, so the
outgoing cable is safe. Therefore E, C E,; U E,; and hence P(E,) < 2(;—;)‘”{’\" )
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Figure 6.8. Reliable circuit from a fault-free circuit.

Let V = {1,..., N} be the nodes of the circuit N. Since the incoming cables of the
whole circuit N’ are safe, the event that there is some cable that is not safe is contained in
E1 UE, U ---U Ey; hence the probability is bounded by 2N(;’—;)f”9k. [

6.4.4. Endgame

Proof. of Theorem 6.16 We will prove the theorem only for the case when our computation
is a Boolean circuit with a single bit of output. The generalisation with more bits of output
is straightforward. The proof of Lemma [6.22 gives us a circuit N’ whose output cable is
safe except for an event of probability < 2N( ;—;)’JW". Let us choose & in such a way that this
becomes < §/3:

_ 1g(6N/®)
~ pdlog Ui

eey

k (6.22)

It remains to add a little circuit to this output cable to extract from it the majority reliably.
This can be done using Theorem [6.15) adding a small extra circuit of size (k + 1)” that can
be called the coda to N’. Let us call the resulting circuit N”'.

The probability that the output cable is unsafe is < §/3. The probability that the output
cable is safe but the “coda” circuit fails is bounded by 2e. So, the probability that N’ fails
is < 2e + §/3 < 6, by the assumption § > 3e.

Let us estimate the size of N”’. By (6.22), we can choose cable width & = O(log(N/0)).
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We have |N’| < 2kN, hence
IN”| < 2kN + (k + 1) = O(N 1g(N/6)).
|

Example 6.7 Take the constants of Example [6.6., with ¢ defined in equation (6.21): then & = 1079,
d=41,y=04,p=0.14, @ = 0.15, 9 = 0.07, giving
1
p91n 22

e€)

~ 6.75,

so making k as small as possible (ignoring that it must be integer), we get k ~ 6.75In(N/d). With
6 = 1078, N = 10" this allows k = 323. In addition to this truly unpleasant cable size, the size of the
“coda” circuit is (k + 1)’ ~ 4 - 10"7, which dominates the size of the rest of N’ (though as N — oo it
becomes asymptotically negligible).

As Example 6.7. shows, the actual price in redundancy computable from the proof is
unacceptable in practice. The redundancy O(1g(N/6)) sounds good, since it is only logarith-
mic in the size of the computation, and by choosing a rather large majority gate (41 inputs),
the factor 6.75 in the O(-) here also does not look bad; still, we do not expect the final price
of reliability to be this high. How much can this redundancy improved by optimisation or
other methods? Problem |6-6. shows that in a slightly more restricted error model (all faults
are independent and have the same probability), with more randomisation, better constants
can be achieved. Exercises 6.4-1.,16.4-2./and 6.4-6. are concerned with an improved const-
ruction for the “coda” circuit. Exercise 6.5-2./ shows that the coda circuit can be omitted
completely. But none of these improvements bring redundancy to acceptable level. Even
aside from the discomfort caused by their random choice (this can be helped), concentrators
themselves are rather large and unwieldy. The problem is probably with using circuits as a
model for computation. There is no natural way to break up a general circuit into subunits
of non-constant size in order to deal with the reliability problem in modular style.

6.4.5. The construction of compressors

This subsection is sketchier than the preceding ones, and assumes some knowledge of linear
algebra.

We have shown that compressors exist. How expensive is it to find a (d, @, vy, k)-
compressor, say, with d = 41, @ = 0.15, y = 0.4, as in Example [6.6.7 In a deterministic
algorithm, we could search through all the approximately d* d-half-regular bipartite graphs.
For each of these, we could check all possible input sets of size < ak: as we know, their
number is < (e/a)®* < 2%, The cost of checking each subset is O(k), so the total number
of operations is O(k(2d)*). Though this number is exponential in k, recall that in our error-
correcting construction, k = O(Ig(N/0)) for the size N of the noiseless circuit: therefore the
total number of operations needed to find a compressor is polynomial in N.

The proof of Theorem 6.20 shows that a randomly chosen d-half-regular bipartite graph
is a compressor with large probability. Therefore there is a faster, randomised algorithm for
finding a compressor. Pick a random d-half-regular bipartite graph, check if it is a compres-
sor: if it is not, repeat. We will be done in a constant expected number of repetitions. This
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is a faster algorithm, but is still exponential in k, since each checking takes Q(k(e/a)**)
operations.

Is it possible to construct a compressor explicitly, avoiding any search that takes expo-
nential time in k? The answer is yes. We will show here only, however, that the compressor
property is implied by a certain property involving linear algebra, which can be checked
in polynomial time. Certain explicitly constructed graphs are known that possess this pro-
perty. These are generally sought after not so much for their compressor property as for their
expander property (see Exercise 6.4-3.).

For vectors v, w, let (v,w) denote their inner product. A d-half-regular bipartite mul-
tigraph with 2k nodes can be defined by an incidence matrix M = (m;;), where m;; is the

number of edges connecting input j to output i. Let e be the vector (1,1,...,1)?. Then
Me = de, so e is an eigenvector of M with eigenvalue d. Moreover, d is the largest eigen-
value of M. Indeed, denoting by |x|; = }; |x;| for any row vector x = (x1,..., X), we have
lxMl; < |xly.

Theorem 6.23 Let G be a multigraph defined by the matrix M. For all y > 0, and

< dy/2, (6.23)

there is an @ > 0 such that if the second largest eigenvalue of the matrix M' M is y* then G
is a (d,a,vy, k)-compressor.

Proof. The matrix M M has largest eigenvalue 4. Since it is symmetric, it has a basis of
orthogonal eigenvectors ey, ..., e, of unit length with corresponding nonnegative eigenva-
lues
2 2
Az 24

where 1; = dand e; = ¢/ Vk. Recall that in the orthonormal basis {e;}, any vector f can be
written as f = Y;(f, e;)e;. For an arbitrary vector f, we can estimate |M f]? as follows.

IMf = (Mf,Mf) = (f, M" Mf) = Z A(f,e)
Sd(fe i ) (fre)’ < d’;(f,eoz + 12 f)
=d*(f,e)’ [k +u"‘lz}, h.
Letnow A C {1,...,k} be aset of size ek and f = (fi, ..., fi)" where f; = 1 for j € A and

0 otherwise. Then, coordinate i of M f counts the number d; of edges coming from the set
A to the node i. Also, (f,e) = (f, f) = |A], the number of elements of A. We get

ST = IMJP < (e Ik + ) = Pk + ok,
i
k! Z(d,-/d)2 <+ (ud) e
Suppose that there are cak nodes i with d; > d/2, then this says

ca < 4u/d)’a + 4a?.
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Since (6.23) implies 4(,u/d)2 < v, it follows that M is a (d, a, v, k, k)-compressor for small
enough a. [ ]

It is actually sufficient to look for graphs with large k and u/d < ¢ < 1 where d, ¢ are
constants. To see this, let us define the product of two bipartite multigraphs with 2k vertices
by the multigraph belonging to the product of the corresponding matrices.

Suppose that M is symmetric: then its second largest eigenvalue is p and the ratio of the
two largest eigenvalues of M" is (u/d)". Therefore using M" for a sufficiently large r as our
matrix, the condition (6.23) can be satisfied. Unfortunately, taking the power will increase
the degree d, taking us probably even farther away from practical realisability.

We found that there is a construction of a compressor with the desired parameters as
soon as we find multigraphs with arbitrarily large sizes 2k, with symmetric matrices M and
with a ratio of the two largest eigenvalues of M bounded by a constant ¢ < 1 independent
of k. There are various constructions of such multigraphs (see the references in the historical
overview). The estimation of the desired eigenvalue quotient is never very simple.

Exercises

6.4-1 The proof of Theorem 6,16 uses a “coda” circuit of size (k + 1)7. Once we proved
this theorem we could, of course, apply it to the computation of the final majority itself: this
would reduce the size of the coda circuit to O(k1g k). Try out this approach on the numerical
examples considered above to see whether it results in a significant improvement.

6.4-2 The proof of Theorem 6.20 provided also bipartite graphs with the compressor pro-
perty, with k inputs and k¥’ < 0.8k outputs. An idea to build a smaller “coda” circuit in the
proof of Theorem 6.16/is to concatenate several such compressors, decreasing the number
of cables in a geometric series. Explore this idea, keeping in mind, however, that as k dec-
reases, the “exponential” error estimate in inequality (6.19) becomes weaker.

6.4-3 Let us call a d-halfregular bipartite multigraph with a set A of k inputs and a set B
of k outputs a (d, a, A, k)-expander if it has the following property: for every set £ C A
with |E| < ak, the number of those elements of B connected to E is at least Aak. Prove the
following theorem analogous to Theorem 16.20: For all 1 < d, there is an @ such that for
all k > O there is a (d, a, 4, k)-expander. [Hint: Analogously to the proof of Theorem 6.20,
show that a random d-half-regular multigraph is an expander with large probability. ]

6.4-4 In a noisy Boolean circuit, let F, = 1 if the gate at vertex v fails and O otherwise.
Further, let T, = 1 if v is tainted, and 0 otherwise. Suppose that the distribution of the ran-
dom variables F, does not depend on the Boolean input vector. Show that then the joint
distribution of the random variables T, is also independent of the input vector.

6.4-5 This exercise extends the result of Exercise 6.3-1./to random input vectors: it shows
that if a random input vector has only a small number of errors, then the iterated majority
vote M of Exercise 6.2-5./ may still work for it, if we rearrange the input wires randomly.
Let k = 3", and let j = (ji,..., ji) be a vector of integers j; € {1,...,k}. We define a Bo-
olean circuit C(j) as follows. This circuit takes input vector x = (x, ..., x;), computes the
vector y = (y1,...,¥) where y; = x;, (in other words, just leads a wire from input node j;
to an “intermediate node” i) and then inputs y into the circuit Mj.

Denote the (possibly random) output bit of C(j) by Z. For any fixed input vector x,
assuming that our majority gates can fail with probability < € < /2 independently, denote
q(j,x) :=P[Z = 1]. Assume that the input is a vector X = (X, ..., X;) of (not necessarily
independent) Boolean random variables, with p(x) := P[ X = x]. Denoting |X| = }; X;,
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Figure 6.9. A shift register.

trigger

assume P[|X| > ak] < p < 1. Prove that there is a choice of the vector j for which

Z p(x)g(j, x) < p + max{10e, 0.3(a/0.3)2k}.

The choice may depend on the distribution of the random vector X. [Hint: Choose the vector
J (and hence the circuit C(j)) randomly, as a random vector J = (Ji,...,J;) where the
variables J; are independent and uniformly distributed over {1, ..., k}, and denote s(j) :=
P[J = j]. Then prove

Z s(j) Z p(x)q(j, x) < p + max{10e, 0.3(a/0.3)}.

J

For this, interchange the averaging over x and j. Then note that 3’ ; s(j)q(J, x) is the proba-
bility of Z = 1 when the “wires” J; are chosen randomly “on the fly” during the computation
of the circuit. ]

6.4-6 Taking the notation of Exercise [6.4-4. suppose, like there, that the random variables
F, are independent of each other, and their distribution does not depend on the Boolean
input vector. Take the Boolean circuit Cab(N, R) introduced in Definition 6.21} and define
the random Boolean vector T = (T, ..., Ty) where T; = 1 if and only if the ith output node
is tainted. Apply Exercise 6.4-5./to show that there is a circuit C(j) that can be attached to
the output nodes to play the role of the “coda” circuit in the proof of Theorem 16.16. The
size of C(j) is only linear in k, not (k + 1)7 as for the coda circuit in the proof there. But,
we assumed a little more about the fault distribution, and also the choice of the “wiring” j
depends on the circuit Cab(N, R).

6.5. The reliable storage problem
6.5.1. Clocked circuits

An obvious element of ordinary computations is missing from the above described Boolean
circuit model: repetition. If we want to repeat some computation steps, then we need to
introduce timing into the work of computing elements and to srore the partial results between
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Figure 6.10. Part of a circuit which computes the sum of two binary numbers x,y. We feed the digits of x and y
beginning with the lowest-order ones, at the input nodes. The digits of the sum come out on the output edge. A
shift register holds the carry.

consecutive steps. Let us look at the drawings of the circuit designer again. We will see
components like in Figure [6.9, with one ingoing edge and no operation associated with
them; these will be called shift registers. The shift registers are controlled by one central
clock (invisible on the drawing). At each clock pulse, the assignment value on the incoming
edge jumps onto the outgoing edges and “stays in” the register. Figure 6.10 shows how shift
registers may be used inside a circuit.

Definition 6.24 A clocked circuit over a complete basis Q is given by a tuple just like a
Boolean circuit in (6.11). Also, the circuit defines a graph G = (V, E) similarly. Recall that
we identified nodes with the natural numbers 1,...,N. To each non-input node v either a
gate b, is assigned as before, or a shift register: in this case k, = 1 (there is only one
argument). We do not require the graph to be acyclic, but we do require every directed cycle
(if there is any) to pass through at least one shift register.

The circuit works in a sequence t = 0,1,2,... of clock cycles. Let us denote the input
vector at clock cycle t by x' = (x{,...,x}), the shift register states by s' = (s{,..., s;), and
the output vector by y' = (y|,...,yy,). The part of the circuit going from the inputs and
the shift registers to the outputs and the shift registers defines two Boolean vector functions
A:{0, I x {0, 1} = {0, 1) and 7 : {0, 1}¥ x {0, 1}* — {0, 1}X. The operation of the clocked
circuit is described by the following equations (see Figure 6.11, which does not show any
inputs and outputs).

y = A, x), s =15, x). (6.24)

Frequently, we have no inputs or outputs during the work of the circuit, so the equati-
ons (6.24) can be simplified to

s = 1(s"). (6.25)
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Figure 6.11. A “computer” consists of some memory (shift registers) and a Boolean circuit operating on it. We can
define the size of computation as the size of the computer times the number of steps.

How to use a clocked circuit described by this equation for computation? We write some
initial values into the shift registers, and propagate the assignment using the gates, for the
given clock cycle. Now we send a clock pulse to the register, causing it to write new values
to their output edges (which are identical to the input edges of the circuit). After this, the
new assignment is computed, and so on.

How to compute a function f(x) with the help of such a circuit? Here is a possible
convention. We enter the input x (only in the first step), and then run the circuit, until it
signals at an extra output edge when desired result f(x) can be received from the other
output nodes.

Example 6.8 This example uses a convention different from the above described one: new input
bits are supplied in every step, and the output is also delivered continuously. For the binary adder of
Figure 6.10, let u' and V' be the two input bits in cycle ¢, let ¢’ be the content of the carry, and w' be
the output in the same cycle. Then the equations (6.24) now have the form

w=uevecd, =Maju, V),

where Maj is the majority operation.

6.5.2. Storage

A clocked circuit is an interesting parallel computer but let us pose now a task for it that
is trivial in the absence of failures: information storage. We would like to store a certain
amount of information in such a way that it can be recovered after some time, despite failures
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in the circuit. For this, the transition function 7 introduced in (6.25) cannot be just the
identity: it will have to perform some error-correcting operations. The restoring organs
discussed earlier are natural candidates. Indeed, suppose that we use & memory cells to
store a bit of information. We can call the content of this k-tuple safe when the number of
memory cells that dissent from the correct value is under some threshold Jk. Let the rest
of the circuit be a restoring organ built on a (d, a, v, k)-compressor with @ = 0.9¢. Suppose
that the input cable is safe. Then the probability that after the transition, the new output
cable (and therefore the new state) is not safe is O(e~%) for some constant ¢. Suppose we
keep the circuit running for ¢ steps. Then the probability that the state is not safe in some
of these steps is O(te~°*) which is small as long as ¢ is significantly smaller than e*. When
storing m bits of information, the probability that any of the bits loses its safety in some step
is O(mte™ ™).

To make this discussion rigorous, an error model must be introduced for clocked circu-
its. Since we will only consider simple transition functions 7 like the majority vote above,
with a single computation step between times 7 and ¢ + 1, we will make the model also very
simple.

Definition 6.25 Consider a clocked circuit described by equation (6.25), where at each
time instant t = 0,1,2,..., the configuration is described by the bit vector s' = (s, ..., sp).
Consider a sequence of random bit vectors Y' = (Y!,. .., Y)) fort =0,1,2,.... Similarly
to (6.14) we define

Zy=1¥YHev. (6.26)

Thus, Z;, = 1 says that a failure occurs at the space-time point (i, t). The sequence {Y'} will
be called e-admissible if (6.15) holds for every set C of space-time points with t > 0.

By the just described construction, it is possible to keep m bits of information for T
steps in

O(mlg(mT)) (6.27)

memory cells. More precisely, the cable ¥7 will be safe with large probability in any admis-
sible evolution Y (r =0, ..., T).

Cannot we do better? The reliable information storage problem is related to the problem
of information transmission: given a message x, a sender wants to transmit it to a receiver
through a noisy channel. Only now sender and receiver are the same person, and the noisy
channel is just the passing of time. Below, we develop some basic concepts of reliable
information transmission, and then we will apply them to the construction of a reliable data
storage scheme that is more economical than the above seen naive, repetition-based solution.

6.5.3. Error-correcting codes

Error detection

To protect information, we can use redundancy in a way more efficient than repetition. We
might even add only a single redundant bit to our message. Let x = (x1, ..., x¢), (x; € {0, 1})
be the word we want to protect. Let us create the error check bit

X7 =X1D- D Xx¢.
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For example, x = 110010, x” = 1100101. Our codeword x’ = (x1, ..., x7) will be subject to
noise and it turns into a new word, y. If y differs from x’ in a single changed (not deleted or
added) bit then we will detect this, since then y violates the error check relation

@0y =0.
We will not be able to correct the error, since we do not know which bit was corrupted.
Correcting a single error

To also correct corrupted bits, we need to add more error check bits. We may try to add two
more bits:

Xg = X1 D X3 @ X5,
X9 = X1 D X2 D X5 D X¢.
Then an uncorrupted word y must satisfy the error check relations
neé---@y; =0,
V1@y;®ys@ys =0,
V1O©Y28Y5 Y6 @Yo =0,

or, in matrix notation Hy mod 2 = 0, where

111111100
H=[1 01 01 0 0 1 0|l=,...,h).
11001 100 1

Note h, = hs. The matrix H is called the error check matrix, or parity check matrix.
Another way to write the error check relations is

Vihi @ - ®Dyshs®--- ®yvohg = 0.

Now if y is corrupted, even if only in a single position, unfortunately we still cannot correct
it: since k; = hs, the error could be in position 1 or 5 and we could not tell the difference.
If we choose our error-check matrix H in such a way that the column vectors k1, ks, ... are
all different (of course also from 0), then we can always correct an error, provided there is
only one. Indeed, if the error was in position 3 then

Hy mod 2 = h;.

Since all vectors k1, ks, ... are different, if we see the vector h3 we can imply that the bit
y3 is corrupted. This code is called the Hamming code. For example, the following error
check matrix defines the Hamming code of size 7:

1110100
H=|1 0 1 1 0 1 0|=(hy,... k. (6.28)
1101001

In general, if we have s error check bits then our code can have size 2° — 1, hence the number
of bits left to store information, the information bits is k = 2* — s — 1. So, to protect m bits
of information from a single error, the Hamming code adds ~ log m error check bits. This is
much better than repeating every bit 3 times.
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Figure 6.12. Transmission through a noisy channel.

Codes

Let us summarise the error-correction scenario in general terms. In order to fight noise, the
sender encodes the message x by an encoding function ¢, into a longer string ¢.(x) which,
for simplicity, we also assume to be binary. This codeword will be changed by noise into a
string y. The receiver gets y and applies to it a decoding function ¢*.

Definition 6.26 The pair of functions ¢. : {0, 1}" — {0, 1}* and ¢* : {0, 1}* — {0, 1}" is
called a code if ¢*(¢.(x)) = x holds for all x € {0, 1}, The strings x € {0, 1}" are called
messages, words of the form'y = ¢.(x) € {0,1}" are called codewords. (Sometimes the
set of all codewords by itself is also called a code.) For every message x, the set of words
Cy ={y:¢*(y) = x} is called the decoding set of x. (Of course, different decoding sets are
disjoint.) The number

R=m/n

is called the rate of the code.
We say that our code that corrects t errors if for all possible messages x € {0, 1}, if
the received word y € {0, 1}"* differs from the codeword ¢.(x) in at most t positions, then

¢*(y) = x.

If the rate is R then the n-bit codewords carry Rn bits of useful information. In terms of
decoding sets, a code corrects ¢ errors if each decoding set C, contains all words that differ
from ¢.(x) in at most # symbols (the set of these words is a kind of “ball” of radius 7).

The Hamming code corrects a single error, and its rate is close to 1. One of the important
questions connected with error-correcting codes is how much do we have to lower the rate
in order to correct more errors.

Having a notion of codes, we can formulate the main result of this section about infor-
mation storage.

Theorem 6.27 (Network information storage). There are constants €,c1,¢3, R > 0 with
the following property. For all sufficiently large m, there is a code (p., ") with message
length m and codeword length n < m/R, and a Boolean clocked circuit N of size O(n) with n
inputs and n outputs, such that the following holds. Suppose that at time 0, the memory cells
of the circuit contain string Yo = ¢.(x). Suppose further that the evolution Y1,Y,,..., Y, of
the circuit has e-admissible failures. Then we have

Plo*(Y,) # x] < t(cie)™".

This theorem shows that it is possible to store m bits information for time #, in a clocked
circuit of size
O(max(lgt, m)).
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As long as the storage time ¢ is below the exponential bound ¢™ for a certain constant c, this
circuit size is only a constant times larger than the amount m of information it stores. (In
contrast, in (6.27) we needed an extra factor lg m when we used a separate restoring organ
for each bit.)

The theorem says nothing about how difficult it is to compute the codeword ¢.(x) at the
beginning and how difficult it is to carry out the decoding ¢*(Y,) at the end. Moreover, it is
desirable to perform these two operations also in a noise-tolerant fashion. We will return to
the problem of decoding later.

Linear algebra
Since we will be dealing more with bit matrices, it is convenient to introduce the algebraic
structure

Fp = ({0, 1}, +,),

which is a two-element field. Addition and multiplication in [F, are defined modulo 2 (of
course, for multiplication this is no change). It is also convenient to vest the set {0, 1}" of
binary strings with the structure IF; of an n-dimensional vector space over the field F». Most
theorems and algorithms of basic linear algebra apply to arbitrary fields: in particular, one
can define the row rank of a matrix as the maximum number of linearly independent rows,
and similarly the column rank. Then it is a theorem that the row rank is equal to the column
rank. From now on, in algebraic operations over bits or bit vectors, we will write + in place
of @ unless this leads to confusion. To save space, we will frequently write column vectors
horizontally: we write
X1
= (X1, LR xrz)Ts

'xll

where AT denotes the transpose of matrix A. We will write
I,
for the identity matrix over the vector space F,.

Linear codes
Let us generalise the idea of the Hamming code.

Definition 6.28 A code (¢., ¢*) with message length m and codeword length n is linear
if, when viewing the message and code vectors as vectors over the field F,, the encoding
function can be computed according to the formula

¢.(x) = Gx,

with an m X n matrix G called the generator matrix of the code. The number m is called the
the number of information bits in the code, the number

k=n-m

the number of error-check bits.
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Example 6.9 The matrix H in (6.28) can be written as H = (K, I5), with

1 1 1 0
K=|1 0 1 1}{.
1 1 0 1
Then the error check relation can be written as
I i
(14 .
=[]
Ya.

This shows that the bits y;,...,y, can be taken to be the message bits, or “information bits”, of the
code, making the Hamming code a linear code with the generator matrix (I4, —K)”. (Of course, —K =
K over the field F».)

The following statement is proved using standard linear algebra, and it generalises the
relation between error check matrix and generator matrix seen in Example 6.9..

Claim 6.29 Let k,m > 0 be given withn = m + k.

1. For every n X m matrix G of rank m over I there is a k X n matrix H of rank k with the

property
{Gx:xeF)})={yeF,:Hy=0}. (6.29)

2. For every k X n matrix H of rank k over F, there is an n X m matrix G of rank m with
property (6.29).

Definition 6.30 For a vector x, let |x| denote the number of its nonzero elements: we will
also call it the weight of x.

In what follows it will be convenient to define a code starting from an error-check matrix
H. If the matrix has rank k then the code has rate

R=1-k/n.

We can fix any subset S of k linearly independent columns, and call the indices i € §
error check bits and the indices i ¢ S the information bits. (In Example 6.9., we chose
S = {5, 6,7}.) Important operations can performed over a code, however, without fixing any
separation into error-check bits and information bits.

6.5.4. Refreshers

Correcting a single error was not too difficult; finding a similar scheme to correct 2 errors
is much harder. However, in storing n bits, typically en (much more than 2) of those bits
will be corrupted in every step. There are ingenious and quite efficient codes of positive rate
(independent of n) correcting even this many errors. When applied to information storage,
however, the error-correction mechanism itself must also work in noise, so we are looking
for a particularly simple one. It works in our favour, however, that not all errors need to be
corrected: it is sufficient to cut down their number, similarly to the restoring organ in reliable
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Boolean circuits above.

For simplicity, as gates of our circuit we will allow certain Boolean functions with a
large, but constant, number of arguments. On the other hand, our Boolean circuit will have
just depth 1, similarly to a restoring organ of Section 6.4, The output of each gate is the
input of a memory cell (shift register). For simplicity, we identify the gate and the memory
cell and call it a cell. At each clock tick, a cell reads its inputs from other cells, computes
a Boolean function on them, and stores the result (till the next clock tick). But now, instead
of majority vote among the input values cells, the Boolean function computed by each cell
will be slightly more complicated.

Our particular restoring operations will be defined, with the help of a certain k X n parity
check matrix H = (h;;). Let x = (x1,. .., x,)" be a vector of bits. For some j = 1,...,n, let
V; (from “vertical”) be the set of those indices i with h;; = 1. For integer i = 1, ..., k, let H;
(from “horizontal”) be the set of those indices j with /;; = 1. Then the condition Hx = 0
can also be expressed by saying that for all i, we have 3y, x; = 0 (mod 2). The sets H;
are called the parity check sets belonging to the matrix H. From now on, the indices i will
be called checks, and the indices j locations.

Definition 6.31 A linear code H is a low-density parity-check code with bounds K, N > 0
if the following conditions are satisfied:

1. Foreach jwe have |V;| < K;
2. Foreachiwe have |H;| < N.

In other words, the weight of each row is at most N and the weight of each column is at
most K.

In our constructions, we will keep the bounds K, N constant while the length n of co-
dewords grows. Consider a situation when x is a codeword corrupted by some errors. To
check whether bit x; is incorrect we may check all the sums

for all i € V;. If all these sums are O then we would not suspect x; to be in error. If only one
of these is nonzero, we will know that x has some errors but we may still think that the error
is not in bit x;. But if a significant number of these sums is nonzero then we may suspect
that x; is a culprit and may want to change it. This idea suggests the following definition.

Definition 6.32 For a low-density parity-check code H with bounds K, N, the refreshing
operation associated with the code is the following, to be performed simultaneously for all
locations j:

Find out whether more than | K/2] of the sums s; are nonzero among the
ones fori € V. If this is the case, flip x;.

Let x¥ denote the vector obtained from x by this operation. For parameters 0 < 9,y < 1, let
us call H a (9,7, K, N, k, n)-refresher if for each vector x of length n with weight |x| < 9n
the weight of the resulting vector decreases thus: |x"| < y9n.
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Figure 6.13. Using a refresher.

Notice the similarity of refreshers to compressors. The following lemma shows the use
of refreshers, and is an example of the advantages of linear codes.

Lemma 6.33 For an (¢, v, K, N, k,n)-refresher H, let x be an n-vector and y a codeword
of length n with |x — y| < 9n. Then |x" — y| < yIn.

Proof. Since y is a codeword, Hy = 0, implying H(x — y) = Hx. Therefore the error
correction flips the same bits in x — y as in x: (x — ) — (x —y) = x¥ — x, giving x? —y =
(x —y)H. So, if |x — y| < ¥n, then |x — y| = |(x — y)H| < yIn. [ ]

Theorem 6.34 There is a parameter ¢ > 0 and integers K > N > 0 such that for all
sufficiently large code length n and k = Nn/K there is a (9,1/2, K, N, k, n)-refresher with at
leastn — k = 1 — N/K information bits.

In particular, we can choose N = 100, K = 120, 9 = 1.31 - 1074

We postpone the proof of this theorem, and apply it first.
Proof. of Theorem 6.27 Theorem 16.34] provides us with a device for information storage.
Indeed, we can implement the operation x — x using a single gate g; of at most KN inputs
for each bit j of x. Now as long as the inequality |x —y| < ¥ holds for some codeword y, the
inequality [x# —y| < y9n follows with y = 1/2. Of course, some gates will fail and introduce
new deviations resulting in some x’ rather than xf. Let ee < #/2 and p = 1 — y(= 1/2).
Then just as earlier, the probability that there are more than pdn failures is bounded by the
exponentially decreasing expression (ee/p?)*"". With fewer than pn new deviations, we
will still have [x" — y| < (y + p)¥n < 9In. The probability that at any time < ¢ the number of
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failures is more than pi¥n is bounded by
t(ee/pty"" < 1(6€/) 1P,
]

Example 6.10 Lete = 107°. Using the sample values in Theorem6.34/we can take N = 100, K = 120,
so the information rate is 1 — N/K = 1/6. With the corresponding values of #, and y = p = 1/2, we
have p®# = 6.57 - 1073 The probability that there are more than p¥n failures is bounded by

(e€/pdy™ = (10_46/6.57)("57'1075” A

This is exponentially decreasing with n, albeit initially very slowly: it is not really small until n = 10*.
Still, for n = 10°, it gives e™ ~ 1.16 - 10728,

Decoding?

In order to use a refresher for information storage, first we need to enter the encoded in-
formation into it, and at the end, we need to decode the information from it. How can this
be done in a noisy environment? We have nothing particularly smart to say here about en-
coding besides the reference to the general reliable computation scheme discussed earlier.
On the other hand, it turns out that if € is sufficiently small then decoding can be avoided
altogether.

Recall that in our codes, it is possible to designate certain symbols as information sym-
bols. So, in principle it is sufficient to read out these symbols. The question is only how
likely it is that any one of these symbols will be corrupted. The following theorem upper-
bounds the probability for any symbol to be corrupted, at any time.

Theorem 6.35 For parameters ¢,y > O, integers K > N > 0, code length n, with k =
Nn/K, consider a (9,1/2,K, N, k, n)-refresher. Build a Boolean clocked circuit N of size
O(n) with n inputs and n outputs based on this refresher, just as in the proof of Theorem|6.27.
Suppose that at time 0, the memory cells of the circuit contain string Yo = ¢.(x). Suppose
further that the evolution Y1,Y,,...,Y, of the circuit has e-admissible failures. Let Y, =
(Y,(1),..., Y, (n)) be the bits stored at time t. Then € < (2.1KN)7'° implies

PLY,(j) # Yo(j)] < ce+ t(66/19)(1/2)19n
for some ¢ depending on N, K.

Remark 6.36 What we are bounding is only the probability of a corrupt symbol in the
particular position j. Some of the symbols will certainly be corrupt, but any one symbol one
points to will be corrupt only with probability < ce.

The upper bound on € required in the condition of the theorem is very severe, unders-
coring the theoretical character of this result.

Proof. As usual, it is sufficient to assume Yo = 0. Let D, = {j : Y,(j) = 1}, and let E, be
the set of circuit elements j which fail at time 7. Let us define the following sequence of
integers:

bo=1, by =[(4/3)b,1, cu=T[(1/3)by].
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It is easy to see from here by induction
bo+---+by_1 <3b, <9c,. (6.30)

The first members of the sequence b, are 1,2,3,4,6,8,11,15,18,24,32, and for ¢, they are
1,1,1,2,2,3,4,5,6,8,11.

Claim 6.37 Suppose that Y,(jo) # 0. Then either there is a time t' < t at which > (1/2)9n
circuit elements failed, or there is a sequence of sets B, C D,_, forO0 <u <vand C CE,_,
with the following properties.

1. Foru> 0, every element of B, shares some error-check with some element of B,_1. Also
every element of C shares some error-check with some element of B,_1.

We have |E,_, N B,| < |B,|/3 for u < v, on the other hand C C E,_,.
We have By = {jo}, |Bul = by, for all u < v, and |C| = c¢,.

Proof. We will define the sequence B, recursively, and will say when to stop. If jy € E, then
we set v = 0, C = {0}, and stop. Suppose that B, is already defined. Let us define B, (or C
ifv=u+1).Let B, be the set of those j which share some error-check with an element of
By, andlet B/, = B/ .| N D,_,_1. The refresher property implies that either |B! || > ¥n or

1By \ Ep-ul < (1/2)1B) 4.

In the former case, there must have been some time ¢’ < r—u with |E,| > (1/2)9n, otherwise
D,_,—1 could never become larger than ¢n. In the latter case, the property |E,—, N B,| <
(1/3)|B,| implies

(2/3)IBul < [Bu \ Eiul < (1/2)|B, 4],
(4/3)by < |B, ]

u+1

Now if |Ej—-1 N B),| < (1/3)IB],,| then let B,y be any subset of B, with size b1
(there is one), else letv = u+ 1 and C C E,_,.1 N B, a set of size ¢, (there is one). This
construction has the required properties. [ ]

For a given B, the number of different choices for B, is bounded by

/ bu+l
B KNb,\ _(eKNb,
(' ““') < ( ) < (e ) < ((3/4)eKN)"t < 21KN),
b,,,+1 bu+1 bu+1

where we used (6.10). Similarly, the number of different choices for C is bounded by

(KNbH

) < p® with u = 2.1KN.
¢y

It follows that the number of choices for the whole sequence By, ..., B,_1, C is bounded by

bi+-+by_1+cy

u

On the other hand, the probability for a fixed C to have C C E, is < €“. This way, we can
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bound the probability that the sequence ends exactly at v by

bi+--+by_1+cy < €% 10c¢,

py <€ T

where we used (6.30). For small v this gives

Po<€ p1 <€, pr2=< ey3, 3 < 62;16, Pa < 62/110, D5 < 53;11(’
Therefore
o0 5 o0 Eule
DS ) et ) WO el +pt )+ EW + ') + :
v=0 v=0 v=6 - E’ulo

where we used eu'® < 1 and the property ¢,p1 > ¢, for v > 5. We can bound the last
expression by ce with an appropriate constant c.

We found that the event Y;(j) # Yo(/j) happens either if there is a time ¢’ < ¢ at which
> (1/2)9n circuit elements failed (this has probability bound #(2e€/9)/?"") or an event of
probability < ce occurs. [ ]

Expanders
We will construct our refreshers from bipartite multigraphs with a property similar to comp-
ressors: expanders (see Exercise6.4-3.).

Definition 6.38 Here, we will distinguish the two parts of the bipartite (multi) graphs not
as inputs and outputs but as left nodes and right nodes. A bipartite multigraph B is (N, K)-
regular if the points of the left set have degree N and the points in the right set have degree
K. Consider such a graph, with the left set having n nodes (then the right set has nN/K
nodes). For a subset E of the left set of B, let Nb(E) consist of the points connected by some
edge to some element of E. We say that the graph B expands E by a factor A if we have
IND(E)| = A|E|. For a, A > 0, our graph B is an (N, K, a, A, n)-expander if B expands every
subset E of size < an of the left set by a factor A.

Definition 6.39 Given an (N, K)-regular bipartite multigraph B, with left set {1, ..., u,}
and right set {vy, ..., v}, we assign to it a low-density parity-check code H(B) as follows:
hij = 1if v; is connected to u;, and 0 otherwise.

We will create our low-density parity-check code H(B) with the help of an expander
graph B. Now for every possible error set E, the set Nb(E) describes the set of parity check
that the elements of E participate in. Under some conditions, the lower bound on the size of
Nb(E) guarantees that a sufficient number of errors will be corrected.

Theorem 6.40 Let B be an (N, K, a, (7/8)N, n)-expander with integer an. Let k = Nn/K.
Then H(B) is a ((3/4)a, 1/2, K, N, k, n)-refresher.

Proof. More generally, for any € > 0, let B be an (N, K, @, (3/4 + €)N, n)-expander with
integer an. We will prove that H(B) is a (a(1 + 4€)/2, (1 — 4¢€), K, N, k, n)-refresher. For an
n-dimensional bit vector x withA ={j: x; = 1}, a = |A| = |x|, assume

a < na(l + 4e)/2. (6.31)
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degree N degree K

Figure 6.14. A regular expander.

Our goal is to show IxH| < a(1 — 4e): in other words, that in the corrected vector the number
of 1’s decreases at least by a factor of (1 — 4¢).

Let F be the set of bits in A that the error correction operation fails to flip, with f = |F|,
and G the set of of bits that were O but the operation turns them to 1, with g = |G|. Our goal
is to bound |F U G| = f + g. The key observation is that each element of G shares at least
half of its neighbours with elements of A, and similarly, each element of F shares at least
half of its neighbours with other elements of A. Therefore both F and G contribute relatively
weakly to the expansion of AUG. Since this expansion is assumed strong, the size of |F UG]|
must be limited.

Let

6 = INbA)|/(Na).

By expansion, 6 > 3/4 + €.

First we show |A U G| < an. Assume namely that, on the contrary, |A U G| > an, and let
G’ be a subset of G such that |[A U G’| = an =: p (an integer, according to the assumptions
of the theorem). By expansion,

(3/4+e)Np < Nb(AUG").
Each bit in G has at most N/2 neighbours that are not neighbours of A; so,
INb(AUG')| < 6Na+ N(p —a)/2.
Combining these:

oa+(p—a)2=>@B/4+e€p,
a>p(l +4e)/(46 -2) > an(l + 4e)/2,
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since ¢ < 1. This contradiction with (6.31) shows |A U G| < an.
Now |A U G| < an implies (recalling that each element of G contributes at most N/2
new neighbours):

(3/4+e)N(a+ g) <INb(AUG)| <5Na + (N/2)g,
(B/d+e)a+g) <da+g/2,
(B/4+ea+(1/4+¢€)g < da. (6.32)

Each j € F must share at least half of its neighbours with others in A. Therefore j contri-
butes at most N/2 neighbours on its own; the contribution of the other N/2 must be divided
by 2, so the the total contribution of j to the neighbours of A is at most (3/4)N:

O6Na = Nb(A) < N(a— f) + (3/4)Nf = N(a — f/4),
da<a- f/4.

Combining with (6.32):

B/d+ea+1/d+e)g<a- [f/4,
(l1-de)a>f+(1+4deg=>f+g.

Random expanders

Are there expanders good enough for Theorem 6.40? The maximum expansion factor is the
degree N and we require a factor of (7/8)N. It turns out that random choice works here, too,
similarly to the one used in the construction of compressors.

The choice has to be done in a way that the result is an (N, K)-regular bipartite mul-
tigraph of left size n. We will start with Nn left nodes uy,...,uy, and Nn right nodes
Vi,...,VNn. Now we choose a random matching, that is a set of Nn edges with the pro-
perty that every left node is connected by an edge to exactly one right node. Let us call the
resulting graph M. We obtain B now as follows: we collapse each group of N left nodes
into a single node: u1,...,uy into one node, uy+1,..., Uy into another node, and so on.
Similarly, we collapse each group of K right nodes into a single node: vy, ..., vk into one
node, vi41, ..., vox into another node, and so on. The edges between any pair of nodes in B
are inherited from the ancestors of these nodes in M. This results in a graph B with n left
nodes of degree N and n/N/K right nodes of degree K. The process may give multiple edges
between nodes of B, this is why B is called a multigraph. Two nodes of M will be called
cluster neighbours if they are collapsed to the same node of B.

Theorem 6.41 Suppose
0<a< eV T . (22K)THm,

Then the above random choice gives an (N, K, «, (7/8)N, n)-expander with positive proba-
bility.
Example 6.11 If N = 48, K = 60 then the inequality in the condition of the theorem becomes

a < 1/6785.
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Proof. Let E be a set of size an in the left set of B. We will estimate the probability that
E has too few neighbours. In the above choice of the graph B we might as well start with
assigning edges to the nodes of E, in some fixed order of the N|E| nodes of the preimage of
E in M. There are N|E| edges to assign. Let us call a node of the right set of M occupied if
it has a cluster neighbour already reached by an earlier edge. Let X; be a random variable
that is 1 if the ith edge goes to an occupied node and 0 otherwise. There are

Nn—-i+1>Nn—-Nan=Nn(l —a)

choices for the ith edge and at most KN|E| of these are occupied. Therefore

KN|E| Ka
PIX;=1|X1,....X;.1]1 < = =:p.
[X; | X i1] Nn(l-a) 1-a p

Using the large deviations theorem in the generalisation given in Exercise |6.1-3., we have,
for f > O:

Nan e fNan
P ZXi > fNan| < e NPUP) < (7p) :
i=1

Now, the number of different neighbours of E is Nan — Y ; X;, hence

fNan fNan
ep 3 eKa
P[N(E)SNan(l_f)]S(T) _(f(l—a))

Let us now multiply this with the number

Z(n ) < (e/a/)(m
an

i<an

of sets E of size < an:

e\ eKa SNan (v eK fN\On v oK NN
(5) (f(l—w)) _[a e(f(l—a)) = 6(0.99f) :

where in the last step we assumed @ < 0.01. This is < 1 if

[ eK \TTm
< pTN-I .
= (0.99 f)

Substituting f = 1/8 gives the formula of the theorem. [ ]
Proof. of Theorem [6.34/ Theorem 6.40/shows how to get a refresher from an expander, and
Theorem 16.41 shows the existence of expanders. Example 6.11./ shows that expander with
the needed sample parameters exists. [ ]

Exercises

6.5-1 Prove Proposition [6.29.

6.5-2 Apply the ideas of the proof of Theorem 6.35 to the proof of Theorem 6.16, showing
that the “coda” circuit is not needed: each wire of the output cable carries the correct value
with high probability.
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Chapter notes

The large deviation theorem (Theorem 6.1), or theorems similar to it, are sometimes attribu-
ted to Chernoff or Bernstein. One of its frequently used variants is given in Exercise 6.1-2.l

The problem of reliable computation with unreliable components was addressed by
John von Neumann in [46] on the model of logic circuits. A complete proof of the result of
that paper (with a different restoring organ) appear first in the paper [11] of R. .. Dobrushin
and S. I. Ortyukov. Our presentation relied on parts of the paper [50] of N. Pippenger.

The lower-bound result of Dobrushin and Ortyukov in the paper [10] (corrected in [48],
[51] and [19]), shows that redundancy of log n is unavoidable for a general reliable computa-
tion whose complexity is n. However, this lower bound only shows the necessity of putting
the input into a redundantly encoded form (otherwise critical information may be lost in
the first step). As shown in [50], for many important function classes, linear redundancy is
achievable.

It seems natural to separate the cost of the initial encoding: it might be possible to
perform the rest of the computation with much less redundancy. An important step in this
direction has been made by D. Spielman in the paper [63] in (essentially) the clocked-
circuit model. Spielman takes a parallel computation with time ¢ running on w elementary
components and makes it reliable using only (logw)“ times more processors and running
it (logw)¢ times longer. The failure probability will be fexp(—w'/4). This is small as long
as ¢ is not much larger than exp(w'/4). So, the redundancy is bounded by some power of
the logarithm of the space requirement; the time requirement does not enter explicitly. In
Boolean circuits no time- and space- complexity is defined separately. The size of the circuit
is analogous to the quantity obtained in other models by taking the product of space and time
complexity.

Questions more complex than Problem 6-/.| have been studied in [49]. The method of
Problem |6-2., for generating random d-regular multigraphs is analysed for example in [6].
It is much harder to generate simple regular graphs (not multigraphs) uniformly. See for
example [29].

The result of Exercise [6.2-4./ is due to C. Shannon, see [56]. The asymptotically best
circuit size for the worst functions was found by Lupanov in [40]. Exercise 6.3-1./is based
on [11], and Exercise 6.3-2. is based on [10] (and its corrections).

Problem [6-7./is based on the starting idea of the 1g n depth sorting networks in [4].

For storage in Boolean circuits we partly relied on A. V. Kuznietsov’s paper [33] (the
main theorem, on the existence of refreshers is from M. Pinsker). Low density parity check
codes were introduced by R. G. Gallager in the book [15], and their use in reliable storage
was first suggested by M. G. Taylor in the paper [67]. New, constructive versions of these
codes were developed by M. Sipser and D. Spielman in the paper [64], with superfast coding
and decoding.

Expanders, invented by Pinsker in [47] and introduced here in Exercise [6.4-3. have
been used extensively in theoretical computer science: see for example [45] for some more
detail. This book also gives references on the construction of graphs with large eigenvalue-
gap. Exercise 6.4-5. and Problem 6-6.] are based on [11].

The use of expanders in the role of refreshers was suggested by Pippenger (private
communication): our exposition follows Sipser and Spielman in [61]]. Random expanders
were found for example by Pinsker. The needed expansion rate (> 3/4 times the left degree)
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is larger than what can be implied from the size of the eigenvalue gap. As shown in [47]
(see the proof in Theorem 6.41) random expanders have the needed expansion rate. Lately,
constructive expanders with nearly maximal expansion rate were announced by Capalbo,
Reingold, Vadhan and Wigderson in [8].

Reliable computation is also possible in a model of parallel computation that is much
more regular than logic circuits: in cellular automata. We cannot present those results here:
see for example the papers [20] and [18].

Problems

6-1. Critical value

Consider a circuit M like in Exercise 6.2-5., assuming that each gate fails with probability
< e independently of all the others and of the input. Assume that the input vector is all 0, and
let pr(€) be the probability that the circuit outputs a 1. Show that there is a value g < 1/2
with the property that for all € < € we have lim;_ pr(€) = 0, and for g < € < 1/2, we
have have lim;_,., pr(€) = 1/2. Estimate also the speed of convergence in both cases.

6-2. Regular compressor

We defined a compressor as a d-halfregular bipartite multigraph. Let us call a compressor
regular if it is a d-regular multigraph (the input nodes also have degree d). Prove a theorem
similar to Theorem 16.20: for each y < 1 there is an integer d > 1 and an @ > 0 such that for
all integer k > O there is a regular (d, a, vy, k)-compressor. Hint: Choose a random d-regular
bipartite multigraph by the following process: (1. Replace each vertex by a group of d
vertices. 2. Choose a random complete matching between the new input and output vertices.
3. Merge each group of d vertices into one vertex again.) Prove that the probability, over
this choice, that a d-regular multigraph is a not a compressor is small. For this, express the
probability with the help of factorials and estimate the factorials using Stirling’s formula.

6-3. Two-way expander

Recall the definition of expanders from Exercise 6.4-3.l Call a (d, a, A, k)-expander regular
if it is a d-regular multigraph (the input nodes also have degree d). We will call this multig-
raph a two-way expander if it is an expander in both directions: from A to B and from B to
A. Prove a theorem similar to the one in Problem [6-2.: for all A < d there is an @ > 0 such
that for all integers k£ > O there is a two-way regular (d, a, 4, k)-expander.

6-4. Restoring organ from 3-way voting

The proof of Theorem 16.20/ did not guarantee a (d, @, y, k)-compressor with any y < 1/2,
d < 7. If we only want to use 3-way majority gates, consider the following construction.
First create a 3-halfregular bipartite graph G with inputs uy, ..., u; and outputs vq,..., v,
with a 3-input majority gate in each v;. Then create new nodes wi, ..., wy, with a 3-input
majority gate in each w;. The gate of w; computes the majority of vi,v,,v3, the gate of
wy computes the majority of v4, vs, vg, and so on. Calculate whether a random choice of the
graph G will turn the circuit with inputs (¢, . . ., 4x) and outputs (wy, . . ., W) into a restoring
organ. Then consider three stages instead of two, where G has 9k outputs and see what is
gained.

6-5. Restoring organ from NOR gates
The majority gate is not the only gate capable of strengthening the majority. Recall the
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NOR gate introduced in Exercise 6.2-2., and form NOR;(x1, x3, X3, X4) = (x; NOR x,) NOR
(x3NOR x4). Show that a construction similar to Problem 6-4./can be carried out with NOR,
used in place of 3-way majority gates.

6-6. More randomness, smaller restoring organs

Taking the notation of Exercise 6.4-4., suppose like there, that the random variables F, are
independent of each other, and their distribution does not depend on the Boolean input vec-
tor. Apply the idea of Exercise 6.4-6. to the construction of each restoring organ. Namely,
construct a different restoring organ for each position: the choice depends on the circuit
preceding this position. Show that in this case, our error estimates can be significantly imp-
roved. The improvement comes, just as in Exercise [6.4-6., since now we do not have to
multiply the error probability by the number of all possible sets of size < ak of tainted
wires. Since we know the distribution of this set, we can average over it.

6-7. Near-sorting with expanders

In this problem, we show that expanders can be used for “near-sorting”. Let G be a regular
two-way (d, @, 4, k)-expander, whose two parts of size k are A and B. According to a theorem
of Kénig, (the edge-set of) every d-regular bipartite multigraph is the disjoint union of (the
edge-sets of) d complete matchings My, ..., M. To such an expander, we assign a Boolean
circuit of depth d as follows. The circuit’s nodes are subdivide into levels i = 0, 1,...,d. On
level i we have two disjoint sets A;, B; of size k of nodes a;j, b;; (j = 1,...,k). The Boolean
value on a;;, b;; will be x;; and y;; respectively. Denote the vector of 2k values at stage i by
zi = (Xit, ..., yi)- If (p, ¢) is an edge in the matching M;, then we put an A gate into a;,, and
a VvV gate into b,

Xip = Xi-1)p N Yi-1)g>  Vig = Xi-Dp V Vii-1)g-

This network is trying to “sort” the 0’s to A; and the 1’s to B; in d stages. More generally, the
values in the vectors z; could be arbitrary numbers. Then if x A y still means min(x, y) and
xVy means max(x,y) then each vector z; is a permutation of the vector zg. Let 8 = (1 + A)a.
Prove that z, is B-sorted in the sense that for all m, at least Bm among the m smallest values
of z4 is in its left half and at least Sm among the m largest values are in its right half.

6-8. Restoring organ from near-sorters

Develop a new restoring organ using expanders, as follows. First, split each wire of the input
cable A, to get two sets A, Bj. Attach the B-sorter of Problem (6-7., getting outputs A, B),.
Now split the wires of B, into two sets A/, By. Attach the S-sorter again, getting outputs
All, B]]. Keep only B = A/] for the output cable. Show that the Boolean vector circuit leading
from A to B can be used as a restoring organ.
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