Bachelor Thesis

Proof Systems for Regular Expressions

Manuel Schweigler

12108342

Supervised by
Associate Prof. Dipl.-Ing. Dr.techn. Stefan Hetzl

TU Wien
March 5, 2025



Abstract

We are interested in proving equations between regular expressions by applying
substitutions defined by a set of axioms. The key insight of this thesis is that there
exists no finite axiom system that can be used to prove all valid equations. To show
this, we assume there exists such a finite proof system. By generalizing this system
to a certain axiomatization, we can construct an equation that cannot be derived by
this system.

Furthermore, we introduce two alternative proof systems that implement a finite
axiomatization by introducing special transformations. Lastly, we analyze the com-
plexity of proving the equality of regular expressions.
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1 Introduction

In this thesis we analyze axiom systems which consist of equations between regular
expressions. These axioms can be combined to generate new equations. In the first
chapter, we derive some identities that are useful for describing valid equations [6], i.e.
equations where both sides correspond to the same language. This begs the question
whether there exists a system of finitely many axioms that can be used to derive
any valid equation. Chapter 2 answers this question negatively [8]. In Chapter 3, we
present two alternative proof systems [5, 7] that implement a finite axiomatization
by introducing special transformations. Lastly, Chapter 4 analyzes the complexity of
proving the equality of regular expressions |1, 4].



2 Identities of Regular Expressions

The proofs in this chapter are taken from [6].

Definition 2.1. Let A be an alphabet. A regular expression is a string of symbols
and letters in A. Each regular expression X corresponds to a regular language in A*,
which we notate as |X|. The set of all regular expressions can be defined recursively:

1. Each letter a € A is a regular expression and describes the singleton {a}.

2. The symbol 0 matches the empty set @ and 1 corresponds to the set {¢}, where
€ is the empty word in A*.

3. If X and Y are regular expressions, then so are X +Y and X - Y. We define
| X+Y| = |X|U|Y]and | X-Y| = {zy | z € | X|,y € |Y|}, i.e. the concatenation
of all words in |X| and |Y|. The dot in X - Y can be omitted.

4. If X is a regular expression, then so is X*. The unary operation * is called
the Kleene-star. Additionally, X* corresponds to the set {e} U(J;; X", where
X':=X and X" := XX 1

An equation X =Y of regular expressions is valid if |X| = |Y|. Our key goal is to
construct a proof for a given valid equation X =Y. Hence, we first need to define a
set D of axioms, i.e. D consists of some valid equations that can be combined in order
to derive X =Y. Each step of the proof substitutes X for an equal expression by
applying an axiom from D, until we eventually reach an expression that is identical
to Y.

Example 2.2. We want to prove the equation
1+ (a+ p)a" = (14 p)a*

using the following axioms:
L (a+B)y=ay+ By
2. 1+ aa*=a"
3.a=1-«
The proof consists of transforming the left side until it matches the right side.

L+ (o + ) ="
1—i—oza*—|—ﬁa*:2'

ot —|—,BC¥* _3.
1. Oé* —|—,80£* :1.
1+ B)a*

Different choices of D allow us to prove different sets of equations. This begs the
question whether there exists a finite set of axioms that can be used to prove any
valid equation. Chapter 3 addresses this question and proves that this is not the case.
In the remainder of this chapter, we derive various identities that appear in later
proofs.



2.1 Classical Identities

Regular expressions that do not contain the Kleene star operator satisfy all the
properties of a semiring;:

a+(B+7)=(a+8)+y (A+)
a(By) = (aB)y (A)
a+pB=0+a« (C+)
a+0=0+a=« (U1)
a-l=1-a=« (U2)
a-0=0-a=0 (U3)
a(f+7) =af+ay (DL)
(a+ B)y =ay+ By (DR)

Furthermore, the operator 4+, which corresponds to the union of regular sets, satisfies
the idempotent identity
a+a=ao. (I)

These axioms suffice to prove equations that only use unions and concatenations.
Note that such regular expressions always describe finite languages.

The following identities can be derived directly from Definition 2.1:

a* =1+ aa®
a*=1+a"a

0" =1

In order to prove the remaining identities, we need to establish Arden’s Lemma, which
can be used to show that an equation is valid.

Lemma 2.3 (Arden). Let K and L be two sets of words over the alphabet A* such
that K does not contain the word €. Then X = K*L is the unique solution of the
equation

X=KX+1L (1)

Proof. Firstly, we verify that K*L is a valid solution by using the identities defined
so far:
K'L=(1+KK")L=(KK*"+1)L=K(K*L)+ L

In order to show uniqueness, let P be an arbitrary solution. From P = KP + L,
we infer both L € P and KP C P. By combining these two, we also see that
KL C P. This principle can be continued inductively to prove K*L C P. For the
other direction, we verify P C K*L by contradictorily assuming that P\ K*L is not
empty. Let w be a word in P\ K*L of minimal length. Since K*L C L, w is not
contained in L and thus w € KP. Hence, there exist £k € K and p € P such that
w = kp. Furthermore, K does per definition not contain the empty word, so k # ¢.
Finally, p is strictly shorter than w and thus lies in K*L, which implies that w is also
in K*L. O



2.2 Aperiodic Identities
Theorem 2.4. The following equations are valid:
(a+p)" =a"(Ba”)" (S1)

(a+ )" = (a"B) " (Sr)
(@B)" =1+ a(fa)"s

Proof. According to Arden’s Lemma, the equation
X=(a+p)X+1

has the unique solution (o + 3)*. Thus, the identity (S;) holds if and only if o (Ba*)*
solves this equation:

(a+B)(@(Ba’)") + 1 = aa*(Ba”)" + Ba’ (Ba”)" + 1
= aa®(Ba”)* + (Ba”)* = (aa® + 1)(Ba”)* = a*(Ba")*

Note that the proof for S, is analogous. The third identity is the unique solution of
the equation

X=(af)X+1

and can be proven in a similar manner. O

2.3 Cyclic Identities

The cyclic identities are a collection of infinitely many equations. These identities
play an important part in Chapter 3, as axiom systems that contain the identities
(Zy) for all k > 1 are consequently infinite in size.

Theorem 2.5. The equation
ot = (ak)*a<k7 (Zk)

where k> 1 and a<F := (1 + a+ - - - 4+ oF71), is valid.
Proof. As in the proof for the aperiodic identities, we show that
X=aX+1.

is solved by (a*)*a<F for each k > 1.

a(o/“)*oﬁ]C +1= (ak)*aoﬁ(k*l) + (ak)*ak +1
— (ak)*aa<(k71) + (ak)*

— (ak)*a<k



3 Equational Axiomatization

In the previous chapter, we analyzed some valid identities of regular expressions. This
chapter proves that there exists no finite set of axioms that could be used to derive
all valid equations. We give a slightly more detailed version of the proof given by
Arto Salomaa in [8].

3.1 Preliminaries
We define regular expressions over the following alphabets:

I, :={xy,...,x,}, forr > 1
Aw = {04,5,’}/,0[1,51771,0[2,...}

The alphabet I, is of size r, whereas A, has infinitely many elements. We interpret
the letters in A, as placeholders for arbitrary regular expressions.

Furthermore, V), denotes the set of all valid equations between regular expressions over
the alphabet I,.. The set S, consists of all equations X =Y such that substituting
every variable a € A, with a regular expression R(a) over I, results in an equation
X, =Y, that is contained in V.

We define S, as the intersection of all S, with r > 1. It is easy to see that the sets
S, follow a chain of inclusions:

$51282---28,

The equation a8 = Ba belongs to S, but not to Sz. Thus, &1 2 Sa.
Theorem 3.1. S5 =853 =--- =38,

Proof. It suffices to show that So C S,,. Let X =Y be an equation in Sy and assume
that X =Y ¢ S,,. Hence, there must exist > 3 such that X =Y ¢ S,. Substituting
the variables in X = Y with certain regular expressions in I, thus produces an
equation X, =Y, which is not valid. Therefore, without loss of generality, there must
exist a word w such that w € | X,| and w ¢ |Y;|.

We introduce a function f : || — |I5|, which maps each letter in a word to a block
of r letters according to the following rules:

f(pq) = f(p)f(q), for p,q € |I}|

For a regular expression Z over I, we define Z; as the regular expression obtained
by replacing each letter z; by f(z;). Since f is injective, we conclude that for every



word u € |I¥| it holds that u € |Z| if and only if f(u) € |Z¢|. Thus, we infer that
f(w) € |(Xr)f] and f(w) € |(Y;)f|. This, however, implies that (X,); = (Y¥;)s is
not a valid equation. Since this equation can be generated from X = Y using a
substitution with regular expressions over I3, X =Y is not S, which contradicts our
initial assumption. O

Definition 3.2. Let X and Y be regular expressions over the same alphabet. We
call X a well-formed part of Y if and only if one of the following conditions is met:

e Y=XorY =X"*

e There exists a regular expression Z such that Y = (X +2), Y = (Z + X),
Y=XZorY =7X.

e There exists a regular expression Z such that X is a well-formed part of Z and
Z is a well-formed part of Y.

Definition 3.3. Let D be a set of equations and U be a well-formed part of a regular
expression X [U]. Replacing U in X with an expression V' results in the new term
X[V]. £ X[U =Y e Dand U =V € D, then X[V] =Y is called a replacement.
If D is defined over the alphabet A, each letter that appears in X = Y can be
substituted by some regular expressions. The resulting equation X’ = Y” is called a
substitution.

Definition 3.4. Let D be a set of equations. An equation X =Y is generated by
D, written as Fp X =Y, if X = Y can be obtained from D by a finite number
of replacements and substitutions. An equation X =Y is transformable by D into
X' =Y’ if D generates both X = X’ and Y =Y’. A subset B C D is a basis of D if
each equation in D can be generated by B.

Definition 3.5. Let » > 1. For a word w over an alphabet A, we define the Parikh
vector p(w) as

p(w): A—=N,

a = |wlg

where |w|, is the number of occurrences of « in w. Furthermore, for a regular
expression X, we define

[ Xle = {w € A" | 3v € |X]: p(w) = p(v)}-
An equation X =Y is c-valid if | X|. = |Y]ec.

Definition 3.6. For > 1, C, denotes the set of all equations X =Y of regular
expressions over A, that are c-valid when the letters appearing in the equation are
substituted by regular expressions over I,.. We define C,, as the intersection of C, for
all » > 1.

Similarly to the set S, these sets form a chain of inclusions:

Ci2C 2 20C,

Furthermore, it can be easily inferred that S, C C, for all » > 1 and especially
S CC. (2)



In order to prove that the set V. cannot be finitely axiomatized, we use S, C C, to
show that each possible basis B of V,. would also be a basis of C,,. For that, we define

a basis T of C,, which we will use to prove that B is not a basis of V.

3.2 Basis T
This subchapter proves that the set T, as defined below, is a basis of the set C,,.

Definition 3.7. The set T consists of the following equations:

at+(B+y)=(a+p8)+y
a(By) = (aB)y

a+pf=pF+a
a(B+7)=aB +ay
a+a=«
a+ 0=«
a-l=«
a-0=0
" =(1+a)"

of =@V 1+a+---+aF ) fork>1

(06,6*)* _ 1—|—O[O[*ﬁ*
(a+p) =a'p"
(@ +B)" = (aB)"(a” + 57)

Lemma 3.8. Let n > 2 and I = {1,...,n}. Then 7 generates the equation

*

i€l jel \iel\{j}

10



Proof. We use an induction over n. For n = 2, the assertion follows from (6). If
n > 3, the equation can be generated as follows:

(Z a; + Oén+1> = (Z i) o 4

el icl

= (al"'an)*z Z a; | agnyy

Jel \iel\{j}

= (- anton) D [ Y

jel \iel\{j}

= (o1 apang)* (1) + i) > [ DD o

Jel \iel\{j}

= (a1---app)’ <Zaz> 2| 2 citann

icl jel \iel\{j}

*

*

= (oz1 .- -an+1)* Z Z a;

jeIU{n+1} \selUu{n+1}\{j}

Definition 3.9. Let n > 0. Furthermore, let Pi,..., P,+1 be words over A,,. If
Py, ..., P, are not empty, then

(Pr+...4+ Py)" Poy1

is called a mormal product. For n = 0, this expression is reduced to P;. A normal
product is linearly independent if the Parikh vectors p(Py),...,p(P,) are linearly
independent.

Lemma 3.10. Let P be a normal product. There exists a sum S of linearly
independent normal products such that P = S is generated by 7.

Proof. Let P = (P1 + ...+ P,)*Py41. If P is linearly independent, we can choose
P = S. Otherwise, P is linearly dependent and we can infer without loss of generality
that

7 AU _ i’U+1 ‘n
PPy =P By (7)
holds for some v < n, i1,...,4, > 0 and @y41,...,4, > 0.

Combining Lemma 3.8 with (7) yields the following equation:
(P A PR = (PSP >0 (> B
JE{L, v} kel o\ {5}
Furthermore, 7 generates the following equation using identities (3) and (5):

(P Py (P 4.+ Pi) = (P + ...+ Pir)*

n v v

11



Finally, we can transform our normal product P. Using W; = (PJQ +...+ P;J 71) and
W =Wy.. - W,P,t1, we can rewrite P as
(P1 + ...+ Pn)*PnJrl = Pl* cee P,:PnJrl
=ZK) (P - (P W, Py
= (Pl'+ ...+ Pl (PR + ...+ P )W
= > > PH(PH ...+ PYW
G€{1,..v} ke{1,..v\{j}

-y Y mw

je{1,...,0} ke{l,..,n}\{j}

The final term forms a sum of normal products. Each product has strictly less than
n summands. Since a normal product of the form PP, is linearly independent, we
can reapply this procedure until we are left with a linearly independent sum S. [

We define:
a<fB < at+pB=p

Lemma 3.11. Let P and @ be linearly independent normal products. If |P|. C |Q],
then the equation P < () is derivable in T .

Proof. Let P = (Pr+ ...+ P,)*Pyy1 and Q@ = (Q1 + ... + Qm)*Qm+1. We derive
P < @ by extending P to a normal product R such that |P|. C |R|. and show
that P < R is derivable in 7. Because the relation < is transitive, we repeat this
procedure for R and @ until we eventually reach the equation Q) < Q.

Since |Pp11le € |Q|c, we infer that
Pn+1 = (sz e Q%) Qm+1

for some i1,...,%,,. Furthermore, for every k& < n we can define indices ji.1,..., jrm
such that

Py =QF Q.

Let
Rlz(Pl+-.-+Pn+Q1+-~-+Qm)*Pn+1'

Then

P+R=P+(Q1+...+Qun+Pi+...+P) P,
=P+ (@Q1+...+Qn)'P=1+(Q1+...+Qn)")P
=@ +...+Qn)"P=R

and thus P < R.

Next, we remove the factors P, ..., P, from R. Choose k < n and [ < m such that
P, # € and ji; # 0. Let

R = (P1—|——|—P]g—|——|-Pn+Q1++Qm)*Pn+l

12



such that P, = Q;P]. Then

R+R = (P +(P)) Q1+ 4+ Qm) (- + Poo1 + Pry1 + ... )" Poya]
= (QuP)" + (Pr)")Q7 [---]
= ((leé)* + () QD[]
= ((QUP)* Qi+ (Qu+F)") [ -]
=© ((cm) Q, + QP (QF + PD) L]
= ((@QP)"(@Q + FY) [---]
=(Qi+Pp)"[..]
= (P)Qr[...]
— R

We apply this procedure repeatedly until we get a product R” of the form
= (Ql +...+ Qm) n+1-

In order to correct the last factor, we rewrite it using the form P, = < ’f ‘e Qm) Qm+1-
Choose k < n such that ¢ # 0 and let

R" = (Qi+4...+Qm)*Py 1,

where P}/ Q. = Pny1. Hence,

R'+R" = (1 -+ Qm) (P11 Qr + Prya)
(Q 4 Q)" (Qr + 1) Py iy
(Ql + .+ Q) (QK)*(Qr + 1) Py
(Q1 o+ Qu) Qe+ 1) Py

= (Q1 + ...+ Qm)*QZP#Z—H
— R/”.

After repeated application, we can show F7 R” < Q. Since < is transitive, we have
thus proven that - P < Q. O

Definition 3.12. For linearly independent normal products P = (P1+...+P,)*Pyy1
and Q@ = (Q1+ ...+ Qm)*Qm+1, we say that Q spans over P if for each j < n, there
exists t; > 1 such that

(P})"]c € [(Q1 + .. + Q)" (8)

Lemma 3.13. Let P and Q. ..., Q"™ be linearly independent normal products. If
|P|. C \Q(l) +...+ Q(k)lc, then the equation P < QW + ...+ Q" is derivable in T

Proof. Let P = (P 4 ...+ P,)*Pny1 and Q == (QW,...,Q®). We prove this
statement inductively over n. For n = 0, P consists of a single word. Hence, there
exists i < k such that |P|, C |Q®|. and by Lemma 3.11 7 generates P < Q) <
QW 4+ ... +QW,

13



Next, let n > 1. Let Q' be the set of all products in Q that span over P. We claim
that there exists a string S € [(P1 + ...+ P,)*| such that [PS]c C [} gco Qe To
prove this, suppose there exist a set Qg C Q and i < k such that Q® does not span
over P, Q) € Qg, Qg covers PS and Qg \ QY does not cover PS. Additionally,
choose j < n such that (P;)% ¢ |(Q§l) +...+ QS@))*L: for all t; > 1. From this we
conclude |Q®|. N |Q® P;|. = @. Moreover, this implies |Q®|. N |PSP;|. = @. Thus,
we can define S’ = SP; and Qg = Qg \ {Q™}, resulting in |PS’|. C ‘ZQEQS/ Qe

For each i < k that satisfies Q) € @', we define the linearly independent normal

product
4
1

R(i) — (Pl @

£\ uf?) u
+...+ P ) Py S(Pt - P,
where tg.i) is obtained by applying Definition 3.12 to P and Q¥ and 0 < ugi) < tgi).
This expression satisfies |R?|. = |Q®|. N |PS|.. Furthermore, for each j < n, define
7; as the least common multiple of {ty) | i < k,Q® € Q}. Using the notation
X<"=14+ X +...4+ X" we can rewrite R as

. n O\N* O
() 7 s
=1

J J J

—O 1] <p?§'i)><<t§> P (P.Tj>*Pn+1S

J=1

Thus, define

n
T(or,....v0) = [[ P (P]Tf) PpitS.
j=1

Each product R®) can be transformed into a sum of terms 7(...). For all v =
(v1,...,vn)such that 0 < v; < 75 and Q € Q’, this definition satisfies |T'(v1, ..., v,)|c C
|Q|e. By Lemma 3.11 follows 7 T'(v1, ..., v,) < (QM + ... + Q™). Note that PS
is equal to the sum of all possible expressions T'(...). Hence, we can split PSS into
terms 7T'(...) using the identity (Z), resulting in

FrPS = T(vi,...,v0) < (@ +...+ QW)

v<T

In order to generate the words in |P|. \ |PS|., we use our induction hypothesis. For
S = P,;S;, the set |PS;|. \ |PS|. can be described by the linearly independent normal
product

*

n
U= > P| PaSs
=L

14



which uses one less element than P. Thus, by induction U; < QW + ... + QW).
Furthermore, since U; < PS;, we get

PS; = ZPJ Ppi1S;
= E:F} Pry1Si P}

n
=D (N P | PenSi(1+ PP
j=1,j#i
=PS+U;.

Applying this method repeatedly produces

Fr P<PS+U<QV+.. + QW
where U is the sum of the products U; that are used. O
Definition 3.14. For a regular expression, its star height is a non-negative integer

that is defined recursively according to the following rules:

1. An expression that consists of a single letter or is the empty term € has star
height 0.

2. If X and Y are regular expressions with star heights 7 and j respectively, the
terms X +Y and XY both have star height max(i, j).

3. If X has star height ¢, then X™* has star height ¢ + 1.

Lemma 3.15. Let X =Y be an equation in C,,. Then there exist regular expressions
X1 and Y; that consist of finite sums of normal products and satisfy

X =X,
Y = Y5,

Hence, X =Y can be transformed into the form X; = Y3.

Proof. We want to transform both sides of this equation to a regular expression with
star height 1, which is always possible using the axioms in 7. To prove this, it suffices
to show that any regular expression Z* of star height 2 can be transformed into an
equivalent form Z’ with star height 1. By applying this method recursively, it can
be used on expressions of any star height, especially on X and Y. Note that an
expression of star height 1 can be easily converted using (DL) and (C-) into a finite
sum of normal products.

Let Z* be a regular expression of star height 2. By expanding Z, we can convert Z*
to the form .
m
7% — (Z Zi,l ce Z’LJLZ) :(5) H(Zial ... ZZ,nl)*
i=1 i

15



Each element Z; ; is either a word or an expression of the form W;,.

Now, we analyze this expression for each ¢ < m. If there exists no j < n; such that
X ; forms an expression with a Kleene star, the expression (Z;1--- Z; )" already
has star height 1. Otherwise, Z; ; is of the form I/Vl*j and we can apply the following
transformation:
(Zig - Wi Zin,)" = (Zin - Zij-1Zijyr - Zin, Wi5)"

=W 14 Ziv o ZijaZijor o Zin(Zin - Zig1Zijir - Zin) WS

If there exists more than one possible index j, we can simply perform this method as
many times as required. O

Definition 3.16. For a regular expression X, we define 1~\(X ) as the set of all linearly
independent normal products P such that |P|. C |X|.. Furthermore, define the
regular expression A(X) as

=Y {PeAX)|3Q e AX): [Pl S Q)

Theorem 3.17. The set T is a basis of C,,.

Proof. Let X =Y be an equation in C,. Using Lemma 3.15, this equation can be
converted into a form X7 = Y7, where both sides are sums of finitely many normal
products. Lemma 3.10 allows us to transform this equation further into a form
X9 = Y5 such that all normal products are linearly independent.

Let Xo = QW + ... + Q™. For each product P in A(Xs), |P|. is a subset of
]Q(l) +...+ Q(k)|c. Hence, by Lemma 3.13 we can generate the equation

Xo = Xo + A(X2),

and, by symmetry,
Yo =Y + A(Y3).
Additionally, Lemma 3.11 proves
Fr Xo + A(XQ) = A(XQ),
Fr Yo + A(Yz) = A(Y2).

Lastly, note that the expressions A(X3) and A(Y2) are identical, since |Xs|. =
1Y) O

3.3 Finite Axiomatizability

Definition 3.18. Let p > 2. A regular expression X over the alphabet {a} has the
p-property if whenever Y* is a well-formed part of X, then every word in |Y| is of
length divisible by p. We call an equation X =Y p-preserving if either both X and
Y or neither X nor Y satisfy the p-property.

For a prime p, the set 7, is constructed by removing the equation (Zj) from 7 for all
k> p.

16



Lemma 3.19. The equation
of = (@) A4+a+...+aP™) (Zp)
is not generated by the set 7,,.

Proof. We show that 7, only generates p-preserving equations. Firstly, this property
can be easily verified for each substitution instance of any identity in 7,. Additionally,
let X[U] =Y and U =V be p-preserving equations generated by 7, such that U is a
well-formed part of X. Then X[V] =Y is also p-preserving. Since the equation Z, is
not p-preserving, it thus cannot be generated by 7,. O

Theorem 3.20. The set V5 is not finitely generated. Hence, none of the sets V), for
r > 2 are finitely generated.

Proof. Assume V5 has a finite basis B C S;. From S, = S, and S, C C,,, we infer
B C C,. By Theorem 3.17, the set T generates C,. Since B is finite, there must exist
a finite subset 77 C T that generates every equation in B. Thus, the set 77 forms a
finite basis of V5.

Additionally, there exists a prime p such that 7’ C 7,. However, the axiom (Z,) lies
in V5 but cannot be generated by 7, O T, as proven in Lemma 3.19. Thus, there
exists no finite basis for V.

Finally, the second part of the theorem follows from Theorem 3.1 and the fact that
Vo CV, for all r > 2. [

Corollary 3.21. There exists no finite axiomatization for valid equations of regular
expressions.

17



4 Alternative Proof Systems

Theorem 3.20 proves that there exists no finite set of axioms such that every correct
equation of regular expressions can be proven using replacements and substitutions.
However, there are systems that achieve a finite axiomatization by introducing special
transformations. In this chapter, we introduce two such systems.

4.1 Axiom System F)

The system F} was introduced by Arto Salomaa in [7]. It contains the following
axioms:

at+(f+7)=(a+p8)+v (A+)
a(By) = (aB)y (A)
a+ =0+« (C+)
a(B+7) =af +ay DL)
(a+B)y=ay+py (DR)
ata=a«a (I
a+ 0=« (U1)
a-l=a (U2)
a-0=0 (U3)

" =(1+a)" 9)
af=1+a"«a (10)

We say that a regular expression X satisfies the empty word property, or e.w.p. for
short, if ¢ € | X|. This property can also be defined recursively. A regular expression
« possesses e.w.p. if one of the following conditions is met:

e a=1

e o = (* for some [

e o= [+, where 8 e.w.p. Vv e.w.p.
e o = (B, where 8 e.w.p. Ay e.w.p.

The system F introduces a special transformation S, which yields the unique solution
of the equation a = aff + v as stated in Lemma 2.3.

o =6 (S)
Notably, this operation cannot be expressed using replacements and substitutions.

A proof in I} is a finite list of equations, where each step is either an axiom in F} or
the application of a replacement, a substitution or the transformation S on one of the
previous equations. An equation X =Y is deriwable in F}, denoted by Fp, X =Y,
if there exists a proof that ends in X =Y. The axiom system F} is sound if each
derivable equation is valid, and complete if each valid equation is derivable.
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Theorem 4.1. The axiom system F} is sound.

Proof. The axioms in F} are valid, as they are already proven in Chapter 2. Moreover,
the validity of substitutions and replacements is obvious. Substituting a for v8* in
a = aff + v produces the equation v(5*) = v(8*5 + 1), which is valid because of
identity (10). O

We write
Fr (o, B) = (77 5)
to note that Fp, a =~y and Fp, B = 4.

Lemma 4.2. If

n

Vi<n: bp (0 8) =Y (g B)vi + (i %)
j=1

and none of the regular expressions v;; possesses the empty word property, then

Vi Sn: (67 :51

Proof. We use an induction over n. For n = 1, the expression has the form

Fr (a1, B1) = (o, B)v1 + (1, m)-
Applying the transformation (S) yields

Fr (a1, B1) = (1) 71 (11)")
and thus Fp, a1 = f;.

For n > 2, the equation for the case ¢ = n can be transformed to

n—1
|_F1 (Oén, Bn) = (ana Bn)'Ynn + Z(aj’ﬁj)’}/nj + ('an'Yn)
j=1
n—1
=) Z(ajv Bj)'Ynj + (Yns ) | (Van)™
j=1

Substituting (c,, 8,) in the original equation thus yields

n—1

Vi<n—1: bp (0 8) = Y (05,8)) (i + Yng (an) Yin) + (Gis ¥2)s
j=1

where ;== v; + Y (Vnn)*Vin. Since each coefficient does not possesses e.w.p., we can
apply the induction case for n — 1. O

Definition 4.3. A regular expression « over the alphabet I, is equationally charac-
terized if there exist regular expressions aq, ..., a, such that o = a; and

.,
Vi<n: Fp o= Zaij%’ + d(ai),
j=1

where 0(c;) € {0,1} and for each i and j, there exists k£ < n such that a;; = oy,
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Lemma 4.4. Let o = 8 be a valid equation. If

T

P (00 B) =Y (0, ) + (5(), 6(8)) (11)

J=1

such that 6(a),d(5) € {0,1}, then §(o) = 6(5) and the equation o = 3; is valid for
all j <r.

Proof. By Theorem 4.1, equation (11) must be valid. As the terms («;, 8;j)x; for
j < r do not satisfy the e.w.p., §(a) = 1 if and only if o possesses the empty word
property. Additionally, since o = f3 is valid, §(«) and 6(3) must have the same value.
Furthermore, the sets |a;z;| for j < r are disjoint. Hence, the equations o = f3;
must be valid. O

Lemma 4.5. Every regular expression is equationally characterized.

Proof. Firstly, each one-symbol expression is equationally characterized:

Fr 0= 0z;+0
j=1

.
Fr 1= 0z +1
j=1

Vi<r: Fpaxi=0z1+...+1z;+...+2,4+0

Let «, 8 be regular expressions that are equationally characterized. We want to show
that the terms a + 3, a8 and o* are also equationally characterized.

For u < n and v < m, we define {(u,v) = a, + 5,. Since

Fr 0+0=0
Fp 0+1=140=1
Fe 1+1=1,

we can expand «y and (3, in order to derive

T

Fr €(u,v) = Z(auj + ij)xj +0(u, v),

J=1

where 6(u,v) € {0,1}. There exist £ < n and I < m such that o,; = o and 5,5 = f.
Because o, + v = ai + B = £(k,1) and £(1,1) = a + 3, we know that o + 3 is
equationally characterized.

Next, we define
n(u, (vi,...,0p)) =By + oy, + ...+,
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where u < m, h > 0and 1 < v < v9 < -+ < vp < n. This expression can be
transformed to

r

Fron(u, (v, ... o)) = Z (aBuj + apyj+ ...+ i) x5 + ad(By) + 6(u, (vi,...,v8))
j=1

= (aBuj + a130(Bu) + oy + -+ oyg) 35 + 6w, (v, .. o)),
j=1

where d(u, (vi,...,vp)) € {0,1}. Since the coefficients in the last equation are outputs
of n and n(1,()) = af, we have shown that af is equationally characterized.

Lastly, denote

¢()=a,
C(v1,...,0n) =a" (, + ...+ ay,).

forh>1land 1 <v; <wvg <---<vp<n Askp (a+1)" =a* we conclude

T
Fp o= Zaljxj + (1)
j=1
s

— l_Fl o = Zaljxj
j=1

Applying o* = 1 + oa*« yields

T T T
PR CO =1+ | D ayay | Y ayry =) ataye + 1.
j=1 j=1 j=1

Furthermore, we get
-
Fry C(ony e vn) = D (@1i6(v1, ) + oy F e Gy )T (V1 vn)
j=1

Again, the coefficients in the last expression are possible values of (. Thus, a* is
equationally characterized. O

Theorem 4.6 (Completeness). The axiom system F is complete.

Proof. Let a = 8 be a valid equation. By Lemma 4.5, a and S are equationally
characterized by ay,...,a, and 51,..., Bm. Using Lemma 4.4, we obtain the equation

T

Fry (@, B8) = (a1, 1) = Y (g, Bry)ws + (8(a), 8(a))

j=1
and define the set My = {(«, 8)} U {(1j, B1;) | 7 < r}. We apply this equation on
each pair in M, resulting in

T

Yo/, 8) € My: Fp (o, 8) = (dh;, B1))x; + (3(a), 6(c)).

Jj=1
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Next, we define My = My U {(};,B1;) | j < r}. This procedure can be reapplied
until we have constructed a set that adds no additional pairs, which we call M’. Note
that M’ can have at most nm elements.

Finally, the equations

T

Vo, 8') € M bp (o, 8) = (af, B))x; + (5(c),6(c))

J=1

can be rewritten as

V(o' B) e M Fp (o 8) = Y (o, 8"(a") + (3(e), 6(a)),

(Oé”,ﬁ”)eM/

where v(a) is either 0 or z,, +...4+ @y, for A >1and 1 <wv; <--- < v, <r. Thus,
~v(a") never possesses empty word property. By Lemma 4.2, we infer

V(d,8Ye M Fp o =p

and especially Fp, o = S. O

4.2 Kleene Algebra

In this section we discuss Kleene algebras, whose properties were studied by Dexter
Kozen in [5].

For regular expressions « and 3, we recall the notation o < 3 as
a<f <<= a+p8=0.

Moreover, if a < (3 is a valid equation, it is easy to see that |a| C |S].

Definition 4.7. A Kleene algebra is an algebraic structure K = (K, +,-,*,0,1) that
satisfies the following identities:

at(B+7)=(a+p)+y (A+)
a(fy) = (aB)y (A-)
a+B=p8+a (C+)
a(f+7) =ab+ay (DL)
(a+B)y = ay+ By (DR)
ata=ao (1)
a+0=ao (U1)
a-l=1l-a=«a (U2)
a-0=0-a=0 (U3)
l+aa* <a* (12)
l+a*a<a” (13)
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In addition to the aforementioned axioms, the Kleene algebra satisfies the following
transformations:

af <
a*B<B (K1)
Ba < B
pa* < 3 (Kr)

Theorem 4.8. The theory of Kleene algebras is sound.

Proof. The axioms (A+) to (U3) are among the identities proven in chapter 2.
Equations (12) and (13) can be proven by combining the valid identities 1+ aa* = o,
14+ a*a =a* and o + a = «a. In order to verify Kj, note that if a8 < § is valid,
then |a| C |8|. Through induction, we can prove |o*3| C || and thus K; and, by
symmetry, K, are valid. O

Unlike the system Fi, Kleene algebras are not limited to regular expressions. One
important type of Kleene algebras, and one which we need in order to prove the
completeness of Kleene algebras, is defined over matrices.

Theorem 4.9. Let K be a Kleene algebra and ) be a finite set of indices. Furthermore,
let Zg be the zero matrix and Ig be the identity matrix in K@*Q. Then the structure

(ICQXQa +, '7* ) ZQ7 IQ)
is a Kleene algebra.

Proof. See [5]. O

Definition 4.10. A finite automaton over K with states @ is a triple
U = (a,U,b),

where a,b € {0,1}9 and U € K¥*?. The vector a determines the start states, i.e.
g € @ is a start state if and only if a, = 1. Likewise, b defines the final states.
Moreover, the @) x @Q matrix U is called the transition matriz. The language accepted
by U is defined as

a'U*b.

Definition 4.11. Let U := (a,U,b) be a finite automaton over a Kleene algebra K.
Then U is simple if there exist matrices J, U; € {0,1}9*@ for all € A such that
U=J+> i-Us
€A

If J =0, then U is called e-free. Additionally, U is deterministic if it is simple, e-free
and the vector a as well as each row in A; have exactly one 1.

Lemma 4.12. Let X be a regular expression over the alphabet A. Then there exists
a simple automaton U := (a, U, b) such that

X =a'U"
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Proof. Firstly, each one-symbol expression z € AU {0, 1} can be expressed as the

automaton
Lol Lo 5L

o380 ] ]

Let (a,U,b) and (¢, V,d) be simple automata such that
a=a'U*b

B=c V.

since

The expression a + ( is accepted by the automaton
ol | Uo b
c |’ 0 1 d ’
ulol [b Ul o b
T e ] = L) o] ]

—a' Ub+c'V*d
=a-+ 0.

as

Furthermore, o is accepted by
a U |bec" 0
o('"fo| VvV |"|d
Ulbe™ 17 [0 U* | Ube"V* 0
[0 ] - ] =Lt e [

=a'U*be'V*d
= af.

since

In order to construct an automaton for a*, note that the following equations can be
derived from the Kleene axioms, as proven in [5]:

o =1+ aa” (14)
(af)"a = a(fa)” (15)
(a+B)" =a"(Ba")" (S1)
The automaton
(a,U +ba',b)

accepts aa™, since
a' (U +ba")*b=5) aTU*(ba"U*)*b
_(15) aTU*b(aTU*b)*

= aa .

Finally, we can use the constructions for o + 8 and 1 to define an automaton for
1+ aa* =a*. O
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Lemma 4.13. Let U = (a,U,b) be a simple automaton. Then there exists a
deterministic automaton V = (¢, V,d) such that

a'U*b=c"V*d.
Proof. First, we transform U into an e-free automaton that accepts the same language.
According to Definition 4.11, the matrix U of a simple automaton can be written as
J+U’, where U' =3, ,i-U;. Then
a'Ub=a (J+U)b=5) o (U J*)*D,
which allows us to define an e-free variant U’ of U as
U = ((aTJ*)T,U’J*,b).
For the remaining proof, assume that U is e-free.

Let @ be the set of states used in U. Using the notation P(Q) for the power set of @,
we define the canonical vector e, for s € P(Q), i.e. es € {0,1}7(@) such that e, has
the term 1 in position s and 0 otherwise. Define the matrix ® € {0, 1}7(@*@ such
that

el—@ =s'

for each s € P(Q). Furthermore, for each i € A let V; € {0,1}P(@*P(@) such that
e;r‘/; = e(STUi)

for each s € P(Q). Then

c=eq
V:Za-v,
€A
d=®b

The matrix ® satisfies the equation
U =V,
as

eloU =s"U
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It can be shown that Kleene algebras satisfy the transformation

Ta = Br
rat = [*x

and that this relation can be extended to matrices [5]. Thus, we conclude
U =V*P
and consequently
V¥d=e ] V*Ob=e! ®U*b =0 U"D.
O

Definition 4.14. Let U := (a, U, b) be a deterministic automaton with states Q). For
q € Q, we define ¢, € {0, 1}9 as the canonical vector of g, i.e. the vector with 1 in
position ¢ and 0 otherwise. A state g € Q) is reachable if and only if

a'U*ey # 0.

Furthermore, assuming that each state in @) is reachable, we define the relation ~
over () such that p ~ ¢ implies the conditions

Vi e A: 0(p,i) = 0(q,1)

Ty T
epb—eqb.

We also define
Pl={¢cQlq=p}
Q/~={lpl Ip € Q}.
Lemma 4.15. Let U := (a,U,b) be a deterministic automaton with states Q). Then

there exists a deterministic automaton V := (¢, V, d) with states Q/ ~ such that every
state is reachable and

a'U*h=c'V*d.

We call V a minimal deterministic automaton.

Proof. First, we want to remove all unreachable states from /. The matrix U can be
written as
U=> iU

Furthermore, for each ¢ € Q and i € A, §(q,7) denotes a state that satisfies
T T
ep Ui = €5(4,0)

The state §(q, ) exists and is unique because U is deterministic. Define R C @ as the
set of all reachable states and S = @ \ R. Using this partition, we split the elements
in (a,U,b) into subvectors and submatrices:

a:[CLR] U:[URR URS] b:[bR]
as |’ Usr | Uss |’ bs
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The submatrix Ugg is 0, as unreachable states cannot be reached from states in R.
Likewise, ag = 0. Hence,

aTU*b:[a;o].[URR 0 T.[bR]

Usr | Uss bs
U; | 0 bR]

=lall0O]- RR .
0] || [

Assume that each state in @ is reachable. We define the relation ~ as in Definition
4.14 and e as the canonical vector for [p] € Q/N. Let W € {0,1}9*%~ such that

e;\I/ = e[;]

for each p € Q. Furthermore, for each i € A, define V; € {0,1}¥~*%~ and d €
{0,1}%~ such that

Ty, T
€ Vi = €l5(p,i)
T T
e[p}d = ep b,
which implies
Ud =b.
Lastly, let
¢l =a'VU
V=> iV
€A

Similarly to the matrix ® in Lemma 4.13, it can be shown that U satisfies the equation
UV =9V

and subsequently
UV =9oV*,

Therefore,

cVd=a"UV*d=0a'UWUd = a' U*D.
O

Theorem 4.16 (Completeness). Let a = 8 be a valid equation of regular expressions.
Then o = [ is a theorem of the theory of Kleene algebras.

Proof. By Lemma 4.12, 4.13 and 4.15, there exist minimal deterministic automata
U = (a,U,b) and V := (¢, V,d) such that

a=a' U

B=c'V*d.
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Since minimal automata that accept the same language are isomorphic, there exists
a permutation matrix P such that

U=P'VP
a=Ple
b=P'd.
Hence,
a=a'U*b
= (PTe)"(PTVP)*(P"d)
=c'P(PTVP)*P"d
=c¢'PP'V*PP"d
=c'V*d
= 5
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5 Proof Complexity

In the previous chapters, we construct axiom systems that generate proofs for
equations of regular expressions. However, the problem of proving that an equation is
valid can also be examined from a complexity perspective. An important idea in this
regard is Cook’s program, which links the equivalence of NP and coNP to polynomially
bounded propositional proof systems [2]. We will define a similar statement that
is based on regular expressions instead of propositional logic. Furthermore, we will
show a link between regular expressions and the equivalence of NP and PSPACE. In
this chapter, we follow the proofs given by Simon Beier and Markus Holzer in [1]| as
well as the proof by Dexter Kozen in [4].

We define the problem EQUIV as

EQUIV = {(X,Y) | X and Y are regular expressions such that | X| = |Y|}.

Definition 5.1. The class NP consists of all languages that can be decided by a
nondeterministic Turing machine in polynomial time. Furthermore, PSPACE is the
set of all problems that can be decided by a deterministic Turing machine on a tape
of polynomial length. By Savitch’s Theorem [9], the definition of PSPACE can be
extended to nondeterministic Turing machines as well. Additionally, the class coNP
consists of the complements of all elements in NP.

Definition 5.2. Let A be an alphabet and L C A*. A proof system for L is a
function f : A* — L that is surjective and computable in deterministic polynomial
time. For x,y € L, we call z a proof of y if y = f(x). Furthermore, f is polynomially
bounded if there exists a polynomial function p such that each y has a proof x that
satisfies |z| < p(|y|), where |.| denotes the length of a given word.

Lemma 5.3. Let L C A* and L # (0. Then L € NP if and only if L has a
polynomially bounded proof system.

Proof. If L € NP, there exists a nondeterministic Turing machine U that accepts L
in polynomial time. Hence, if x encodes a computation that accepts y we can simply
define f(z) =y. Otherwise, we set f(z) = yo for some yo € L.

Conversely, if L has a polynomially bounded proof system, then y has a polynomially
bounded proof . Thus, a nondeterministic algorithm can compute x in polynomial
time by simply guessing. O

Theorem 5.4. EQUIV is PSPACE-complete.

Proof. First, we show that EQUIV is in PSPACE. Let X =Y be a valid equation of
regular expressions. As shown in Lemma 4.12, we can construct nondeterministic
finite automata U and V that accept the sets |X| and |Y| respectively. We construct
a nondeterministic Turing machine to check whether the sets accepted by U4 and V
are identical. To do this, the algorithm rejects if it finds a word w that is in | X]|
but not in |Y| or vice versa. It follows from Savitch’s Theorem [9] that the classes
PSPACE and NPSPACE are identical, which allows the algorithm to choose a word
w nondeterministically. The procedure starts by marking each start state of U and V.
It then iterates through the word w symbol by symbol and moves the marks to all
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states that are currently accessible by the string read so far. The algorithm rejects if
there is a marked accept state on one automaton but no marked accept state on the
other. This whole process can be achieved within polynomial space, so EQUIV is in
PSPACE.

In order to show that EQUIV is PSPACE-hard, we take a fixed arbitrary problem
in PSPACE. There exists a one-tape polynomial-space-bound deterministic Turing
machine M over the alphabet A := {0, 1, _, >} that decides this problem. Furthermore,
let @ be the finite set of states used in M. For an input string z, let n := |z| and
c > 1 be a constant such that n¢ is the space bound of M. We are interested in
the computation history of M, which we encode as a string containing a list of
configurations «; of length n®:
Qo - - Qo

Each configuration «; = (q,u,v) is encoded as the string quldv, where [J is an
additional symbol used to mark the position of the cursor. We construct a regular
expression Y that contains all strings which are not valid computation histories for
an input z. Let A := AU Q U {O}, which is the set of all symbols that can appear in
a computation history. If M accepts z, then there exists a valid computation and
Y| # A*. Otherwise, all computations are invalid and Y describes the whole set A*.
Thus, the construction of Y proves that EQUIV is PSPACE-hard.

A computation history is invalid if it satisfies at least one of the following properties:
1. There exists i < m such that |a;| # n® or the history contains no states at all.
2. A configuration contains more than one cursor or no cursor at all.
3. «p is not the start configuration.
4. oy, is not an accept configuration.
5. There exists 7 < (m — 1) such that the transition from a; to a(;41) is not valid.

The regular expression Y can be defined as Y := Y] 4+ Y5 + Y5 + Yy + Y5, where each
Y; encodes one of the properties above that invalidate a given computation history.
Each term «; starts with a symbol in @, so Y7 just has to check for occurrences of
q € Q followed by more or less than n¢ non-state symbols. Y works in a similar
manner. As there are only finitely many possible configurations of length n¢ the
expressions Y3 and Y, check whether ag or «y, consist of a string that does not satisfy
the respective condition.

In order to encode the fifth rule, recall that the transition function § of M can be
defined as
0:QxA—-QXAX{+,—, -}

Thus, we can divide Y5 into regular expressions Z,, for each state ¢ € ) and symbol
a € A. Each term Z, is satisfied if a configuration in the state ¢ and a symbol a next
to a cursor is followed by an incorrect configuration. The term Y5 is then defined as
the sum of all Z, for each ¢ € Q and a € A. O

Theorem 5.5. NP = PSPACE if and only if EQUIV admits a polynomially bounded
proof system.
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Proof. If NP = PSPACE, then EQUIV € NP. By Lemma 5.3, EQUIV must have
a polynomially bounded proof system. Conversely, EQUIV having a polynomially
bounded proof system implies EQUIV € NP. Since EQUIV is PSPACE-complete, we
conclude that PSPACE C NP and thus NP = PSPACE. O

The set EQUIVg, is a modification of EQUIV that contains pairs of regular expressions
that only use unions and concatenations. Regular expressions in EQUIVjg, always
describe finite languages, which is why we use the subscript "fin" as in finite.

Theorem 5.6. NP = coNP if and only if EQUIVg, admits a polynomially bounded
proof system.

Proof. Observe that EQUIVygy, is in coNP. In order to prove that an equation is not in
EQUIVg,, we can verify that a given assignment refutes the equality in deterministic
polynomial time. If NP = coNP, then EQUIVyg, € NP. By Lemma 5.3, EQUIVg,
thus has a polynomially bounded proof system.

Conversely, EQUIVg, having a polynomially bounded proof system implies EQUIVg, €
NP. It can be shown that EQUIVyg, is coNP-complete [3], which means that each
problem in coNP can be reduced to EQUIVg,. Thus, we infer coNP C NP.

Furthermore, the complementary set EQUIVE, , i.e. the set of all equations of finitary
regular expressions that are not valid, is NP-complete. As EQUIVg, € NP, it follows
that EQUIVE, € coNP. Thus, each problem in NP can be reduced to EQUIVE ,
which implies NP C coNP. O
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