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Abstract.

In this paper an application of the well-known matrix method to an
extension of the classical logic to many-valued logic is discussed: we con-
sider an n-valued propositional logic as a propositional logic language
with a logical matrix over n truth-values. The algebra of the logical ma-
trix has operations expanding the operations of the classical propositional
logic. Therefore we look over the Lukasiewicz, Post, Heyting and Rosser
style expansions of the operations negation, conjunction, disjunction and
with a special emphasis on implication.

In the frame of consequence operation, some notions of semantic con-
sequence are examined. Then we continue with the decision problem and
the logical calculi. We show that the cause of difficulties with the notions
of semantic consequence is the weakness of the reviewed expansions of
negation and implication. Finally, we introduce an approach to finding
implications that preserve both the modus ponens and the deduction
theorem with respect to our definitions of consequence.
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1 Introduction

The construction of propositional logics can follow several methodological
ways. The algebraic method is fundamental and also prior to any others. One
such an algebraic tool for constructing a logic is the logical matrix method.
We begin with a brief survey of related notions and notations. After defining
the notion of consequence operation, we show that the semantic consequence
for the classical propositional logic generates a consequence operation. Later,
we outline the conventional axiomatic treatment of logic for a given logic lan-
guage. Here, we prove that the usual derivation notion is also a consequence
operation.

After this, we discuss the n-valued propositional logics (n > 2). It is desir-
able to obtain an algebraic structure close to a Boolean algebra by expansion
of the classical logical matrix to n values. Here, we define two notions of se-
mantic consequence, and prove that both are consequence operations. Because
the usual expansion of conjunction is the minimum unanimously, and the ex-
pansion of disjunction is the maximum in the same way, we deal only with the
Lukasiewicz, Post, Heyting and Rosser style expansions of implication.

Finally, we look for a suitable implication for a general consequence notion
such that both the modus ponens and the deduction theorem remain valid.

2 Logical matrices

Let U be any nonempty set. A mapping o : U™ — U, defined on the Cartesian
product of m copies of U, with values in U, is called an m-argument (or an
m-ary) operation in U (for m = 0,1,...). By an algebra we mean a pair
(U, (01,02y...,0k)) (k > 1), where U is a (nonempty) set, called the universe
of the algebra, and each oj is an mj-argument operation over U. A tuple
(my, my,...,my) associated to the operations is called the signature of the
algebra.

We consider an arbitrary logic language L = (V,(cy,¢2,...,¢x), F), where
V is the set of propositional variables; c1,cy,...,cy are logical connectives; F
is the set of formulas generated by the variables and the connectives in the
standard way. At the same time, the set F of the formulas can also be regarded
as the universe of an algebra with concatenation operations induced by the
connectives. If we can connect m; formulas with the connective c;, the induced
operation has m; arguments, and the signature of the algebra freely generated
by V is (my, my,..., my). This algebra is a logic language algebra.

A logic system is semantically determined, if we have an interpretation no-
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tion in the sense that every formula has some truth-value with respect to each
such interpretation. A basic assumption in classical logics is the principle of
compositionality: the truth-value of a compound formula is a function of the
truth-values of its immediate subformulas (every formula represents a function
into the set of truth-values). Hence the most essential semantical decision is
the determination of the operations over the truth-value set which character-
izes the connectives. Later, the algebraic structure of the truth-value set will
play an important role.

Definition 1 [5] By a logical matriz M for a logic language algebra L with a
signature (Mmy, My, ..., My) we mean a triple

<u) (01)02)---)0k))U*>)

where (U, (01,02,...,0k)) is an algebra with the signature (mq,my,...,my),
and U* is a nonempty subset of U. U is the set of truth-values, the elements
of U* are called designated truth-values.

After this, we define the semantics as a correspondence between the set of
connectives and operations using the signature. This is followed by an inter-
pretation I : V — U. The interpretation I can uniquely be extended to a
homomorphism (called a valuation of formulas) from the set of formulas F to
the universe U:

(a) i =1(v) forveV;

(b) lejlaay.vvyom)li = oj(lecrlry - ..y loem;l) for every mj-ary connective c;
and for all ay,...,m; € F.

In every interpretation, a truth-value is assigned to a formula, depending
on the truth-values assigned to the variables occurring in the formula. Thus, a
formula expresses a truth-function U™ — U (an n-variable operation over U).
If we want to handle every potential truth-function with the logic language,
then the set of operations in the logical matrix should be functionally com-
plete. We say that a set of operations is functionally complete, when every
truth-function U™ — U can be expressed by a formula using only the logical
connectives corresponding to these operations.

Now, a notion of partial interpretation Ip : V/ — U (V’ C V) is convenient.
If V' =V, the partial interpretation Ip is a (total) interpretation. And, if
the domain of Ip contains all the variables occurring in a set X of formulas,
then Ip is total with respect to X. Sometimes later, it is simpler to handle an
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(partial) interpretation Ip as a relation Ip C V x U, where for all pair (v,u7)
and (v2,uy) in Ip, if u; # uy, then vi # v,. In this notation, we can formalize
an extension of the partial interpetation Ip to the variable v ¢ Dom(Ip) with
Ip U{(v,u)}, where u € U.

In order that a logic language and its matrix can become a logic system,
the consequence notion and the decision problem are inevitable. In [7], Tarski
developed an abstract theory of logical systems. He introduced a finitary clo-
sure operation on the sets of formulas, called consequence operation. Let P(F)
denote the power set of F.

Definition 2 The consequence operation Cn : P(F) — P(F) in L is an opera-
tion which satisfies the following conditions for any X,Y CF and o, 3 € F:

(1) X C Cn(X) C F;
(2) if X C Cn(Y) then Cn(X) C Cn(Y);

(3) if « € Cn(X) then there exists a finite set Y such that Y C X and
x € Cn(Y).

Note that Cn(Cn(X)) € Cn(X) holds for every consequence operation, because
Cn(X) € Cn(X) and (2).

Let o be a formula and let X be a set of formulas. The decision problem is
to decide whether o € Cn(X).

To sum it up, by a propositional logic we mean a quadruple

<L) M’ In) Pr> )

where L is a logic language algebra, M is a logical matrix for L, In is the set
of interpretations of L, Pr is a consequence operation.

Example 3 A classical two-valued propositional logic (CPL) is a quadruple
(LM, In, Pr'),
where
(a) L is a language algebra (V,(—,/\,\V),F) with signature (1,2,2).

(b) M is a logical matriz ({0,1}, (=', /N ;V') ,{1}), where the values 0 and 1
are truth-values, 1 stands for true, 0 stands for false. The operation /\'
is the classical conjunction (minimum), \/' is the classical disjunction
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(mazimum), and —' is the classical negation. This operation set is func-
tionally complete. (We remark, if we use the definition x D'y = —'xV'y
in M, the set {—', D'} is also functionally complete.)

The structure
<{Oa ]}a {_'/>/\/>\//} )O) ]>

yields a Boolean algebra. The set {0,1} is the universe of the Boolean
algebra, the operations /\' and /' are lattice operations, the unary oper-
ation —' is the complementation, and 1 is the unit, 0 is the zero element.

(c) In={1|1:V —{0,1} is an interpretation of L}.

(d) Pr’ is the usual semantic consequence: & € Pr'(X) if and only if |x|; =1,
whenever |Bl; =1 for every formula B in X.

Next, we verify that Pr’ is a consequence operation.
Proposition 4 Pr’ satisfies the conditions (1)-(3) in Definition 2.
Proof.

(1) is obvious.

(2) Let Inx be the set of interpretations, where [3|; = 1 for every formula 3
in X. If elements of X are consequences of Y, then Iny C Inyx. Whereas
ITIX c Inprx(x), thus ITIY - InPr’(X)~

(3) If o € Pr/(X), then Inx N In-, = (). Because of compactness theorem in
CPL, if Inx N In—-y = (), then there exists a finite set Y such that Y C X
and Iny N In_, = 0 also. Thus, Y is a finite subset of X and o € Pr/(Y).

O

3 Axiomatic treatment of logics

Another method to construct logics is the axiomatic (syntax-based) way. Let
L be a logic language with the set F of formulas.

Definition 5 A finite subset A of formulas is called an axiom system.
Definition 6 A rule over F is a nonempty relation

T {01y eny Cmy &) | X1ynny O, & € F}.
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Definition 7 Let A be an axiom system, R a set of rules and X any set of
formulas. A formula o is derived from X if there is a finite sequence of formulas
K1y ...y &k Such that

(1) ax = &, and
(2) for each i (1 <1i< k), either &; € XU A, or there exist indices iy,...,1

smaller than i such that (o, ..., 04, %) € 1 for some rule v € R.

Proposition 8 Pr* : X — {« | « is derived from X} satisfies conditions (1)-
(3) in Definition 2.

Proof.
(1) is obvious.

(8) can be seen easily. If o« € Pr*(X), the derivation of « is a finite sequence
of formulas. Let Y be the set of formulas of X occuring in this derivation.
Clearly, o« can be derived from Y, as well.

(2) If « can be derived from X, because of (%), there is a finite Z C X such
that o can be derived from Z. But every element of Z can be derived
from Y, i.e. from some finite subset of Y. If we concatenate the derivations
of the elements of Z from Y and furthermore, we add the derivation of
« from Z to it, then the result is a derivation of & from Y. Herewith,
condition (2) holds. 0

Informally, a propositional logic is axiomatically given by
<L) A) R) Pr*> )

if its language algebra L is specified, an axiom system A is fixed, a finite set
R of derivation rules is specified and Pr* is the consequence operation.

An axiomatically given propositional logic (calculus) (L, A, R, Pr*) is said to
be (strongly) adequate for a propositional logic (L, M, In, Pr) if their conse-
quence operations are the same.

Example 9 By a classical propositional calculus we mean a quadruple
<L*) A’ R’ PT*> )

where



Many-valued logics 151

(a) L* is the free language algebra (V,(—, D), F) with signature (1,2);

(b) the axiom system A consists of the axioms

{aD(BDa), («xD(BDY))D(xDB)D(xDv)),
(D B)D((~xD—B) D)}

(c) the set R contains the single derivation rule
DB
B
(d) and Pr* : X — {«| o is derived from X} is the consequence operation.

The classical propositional calculus (L*, A, R, Pr*) is adequate for the classical
propositional logic (L*, M*, In, Pr’), where M* is a logical matriz for L*.

4 Propositional many-valued logics

By the literature [1], [2] and [3], a non-classical logic may be an extended logic
and/or a deviant logic. ”Extended logics expand classical logic by additional
logical constructs. For example, in modal logic modal operators are added to
classical logic to express modal notions. In contrast, deviant logics are rivals
to classical logic that give up some classical principles. In many-valued logics,
we allow for many truth-values instead of two truth-values (we give up the
principle of bivalence)”. This deviation leads to the extension of the operations
of the classical two-valued logic. An operation is extended if, whenever the
arguments are classical truth-values, the result has the same truth-value as
it does in classical logic. ”In this sense, classical logic can be thought of as a
special case of many-valued logic.”

Let Uy be a set of truth-values {0,1,2,...,n—1} (n > 2). Formally, we can
define a propositional many-valued logic (MVPL) as a quadruple

<L) M’ In) Prn> )
where
(a) L =(V,Con,F) is a language algebra with a signature o.

(b) M = (Uy, Op, U}) is a logical matrix for L, where (U,, Op) is an algebra
over U, with the signature o, as well. Moreover, let S € U,. Then
W = {S+1,...,n—1} is the set of the designated truth-values, and
0,1,...,S are called non-designated ones.
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(¢c) In={I]1:V — U, is an interpretation of L}.
(d) Pr™:P(F) — P(F) should be a consequence operation.

Now, we look for a consequence operation.
Let L = (V,Con,F) be a language algebra and let M = (U, Op, U}) be a
logical matrix for the language L.

Definition 10 A formula « is a weak semantic consequence of a set X of
formulas, denoted as

X’:S %)

if for any interpretation in which the truth-value of every formula B € X is
designated, the truth-value of o is also designated. If X is the empty set, we
have no constraint for the interpretations. Thus, & is said to be an S-tautology
(0 s «) if the truth-value of « is designated for every interpretation.

We can give a more rigorous notion of the consequence relation if we also
take the extent of truth-values of formulas into consideration.

Definition 11 A formula « is a strong semantic consequence of a set X of
formulas, denoted as

X 'ZS* X,

if for any interpretation in which the truth-value of every formula € X is
designated, the truth-value of o« is also designated with at least the same truth-
value as the minimum of the truth-values of formulas in X in the underlying
interpretation.

We need some further notions and a lemma to discuss simply the character-
istic of the consequence relation.

Definition 12 Let a partial interpretation Ip be a total interpretation with
respect to the set XU{a} of formulas. X is appropriate for o in Ip if the truth-
value of « is not less than the minimum of the truth-values of formulas in X,
whenever this minimum is designated.

Definition 13 X is finitely bad for « with respect to a partial interpretation
Ip if for all finite subsets Y of X there exists an extension of Ip in which Y is
not appropriate for .
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Lemma 14 IfX is finitely bad for o with respect to a partial interpretation Ip
and the variable v has no value in Ip yet, then there is some j € Uy such that
X is also finitely bad for o with respect to the partial interpretation Ip U{(v,j)}.

Proof. Otherwise, X is not finitely bad for « with respect to any partial
interpretation Ip U{(v,1)} (i € Uy). So for all i, a finite subset Y; of X would
exist such that Y; would be appropriate for « in all of the total extensions of
IpU{(v,1)}. Thus, U{‘;O] Y; is a finite set and appropriate for « in all of the total
extensions of Ip. It means that X is not finitely bad for « with respect to a
partial interpretation Ip. It is a contradiction. Il

Proposition 15 Prg : X — {a| X s o} and Prg. : X — {«| X s« o} are
consequence operations.

Proof.
(1) is obvious.

(2) For every interpretation I’; where q = mingex |l > S, |ylir > q holds
for any v € Prg(X). Now, let I be an interpretation, where |3|; > S for
every formula {3 in Y, and let p be mingey |Bl;. According to condition
X C Prg(Y), we get ||y > p > S for every & € X. Thus, I is an inter-
pretation, where |yl > p holds for all y € Prg(X). It means, we have
Prg(X) C Prg(Y).

(3) Now, let « be a strong consequence of X. Then « is also a weak conse-
quence of X. Let us define a special kind of negation:

0 ifx e u; ,
—x =
(n—1) otherwise

Moreover, let Inx contain all the interpretations in which every formula
in X has a designated truth-value.

It is clear that X s o if and only if Inx N In—, = (. Because of the
compactness theorem in MVPL (see in [4]), if InxNIn-y = 0, then there
exists a finite set Yy such that Yo C X and Iny, N In-4 = 0.

Thus, Y, is a finite subset of X and Yy =g . It means, that for any inter-
pretation in which the truth-value of every formula in Y} is designated,
the truth-value of « is also designated. At the same time, the truth-value
of & may be less than the minimum of the truth-values of formulas in Yy
in several (however finite number of) interpretations.
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Now, let the partial interpretation Ip be total with respect to Yy U {a}
such that Yy is not appropriate for « in Ip. We prove that there is a
finite subset Y of X such that Yy U Y is appropriate for « in all of the
total extensions of Ip.

Let vi,vy,... be a list of variables not occuring in Ip. Assume that the
opposite of what we are trying to prove is true: X is finitely bad for o
with respect to Ip.

In view of Lemma 14, for all k there is some jx € U, such that X is
also finitely bad for o with respect to Ipx = Ipx_1 U {(vx,jx)}. In the
total interpretation UP2,Ipy, there is an index k for all v € X such
that Ipy is total with respect to y. Since X is finitely bad for o with
respect to Ipy, [Ylp, > |&[ip, . It means that X is not appropriate for o
in the interpretation U2 ,Ipy, so « is not a strong consequence of X, a
contradiction.

Our indirect assumption is false, so there is a finite subset Y of X such
that Yo UY is appropriate for « in all extensions of Ip.

To sum it up, if we have some interpretations, in which the truth-value
of « is less than the minimum of the truth-values of formulas in Y,
when it is designated, then we have no more than finitely many such
interpretations. For every such interpretation, there exists a finite subset
Y of X such that Yy UY is appropriate for o« in all extensions of the
interpretation. Adding the union of finite number of the finite subsets to
Yy we get a finite set and in every interpretation, if the minimum of the
truth-values of formulas in this set is designated, the minimum is not
greater than the truth-value of «. 0

5 Problems with n-valued operations

In the classical logic, the consequence notion leads to the decision problem
through the deduction theorem. The deduction theorem requires the classical
syllogism, modus ponens.

In a many-valued logic with the weak consequence relation, the modus po-
nens is valid if we have an operation D with & D 3, x s B, i.e. if « D 3 and
« have designated values, then (3 has a designated value, too.

The Lukasiewicz implication is defined by

n—1 if x1 <%y,

X] DL X) = .
1L %2 {(n—])—xri-xz if x1 > x2,
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or by Table 1. Designated values are marked by an asterisk.

HE 0 [ 1 [ [ S [S+7 [ [n=3[n=2"n-1"]
0 n—1 n—1 n—1 n—1 n—1 n—1 n—1
1 n—2 n—1 n—1 n—1 n—1 n—1 n—1
2 n—3 n—2 n—1 n—1 n—1 n—1 n—1
S—1 n—S n—-S+1 |- | n—-1 n—1 n—1 n—1 n—1
S n—S—1 n—=S n—1 n—1 n—1 n—1 n—1
S+ 1* n—-S—2 | n—-S—1 n—2| n—1 n—1 n—1 n—1
n—3* 2 3 S+2 S+3 n—1 n—1 n—1
n—2* 1 2 S+1 S+2 n—2 n—1 n—1
n—1* 0 1 S S+1 n—3 n—2 n—1

Table 1: Lukasiewicz implication

We can see that if S <n—2, then S+1 D S and S+ 1 are designated, but S is
not. The modus ponens is not valid in such many-valued logics and moreover,
it is not valid when the consequence relation is the second one.

The Post implication is defined by

n—1 ifX]SXz,
X1 Dp X2 — X2 if x; > X2, X1 > S,
n—1)—x1+x2 ifx3>x, x1 <8,

or by Table 2.
The modus ponens is valid in the case of Post implication:

Proposition 16
o Dp By o s B.

Proof. If | Dp B] > S and | > S in an interpretation, then either || > |B]
or || < |B|. In the first case, S < | Dp B| = |B| and min (|, | Dp B]) = IBI.
In the second case, | Dp Bl =1 — 1, so min (J&/, | Dp Bl) = o] < |B]. U

Now, we must verify whether the deduction theorem is valid. The deduction
theorem would state that X, « =g B if and only if X s o« Dp B. It is easy
to realize, this theorem is not valid: if X, =g B, X Es « Dp B does not
necessarily follow.

Actually, let n — 1 < 2S and v, =g . There is no constraint for the
truth-value of  in the interpretations where « is not designated. So |y| =
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EE [ S [S+1T [ [n=3[n-2[n-T
0 n—1 n—1| n—1 n—1 n—1 n—1
1 n—1 n—1| n—1 n—1 n—1 n—1
2 n—2 n—1|[ n-—1 n—1 n—1 n—1
S—1 n—S n—S+1 n—1| n-—1 n—1 n—1 n—1
S n n—S n—1| n—1 n—1 n—1 n—1
S+1* S n—1 n—1 n—1 n—1
n—3* S S+1 n—1 n-— n—1
n—2* S S+1 n—3 n-— n—1
n—1° S S+1 n—3 n-— n—1

Table 2: Post implication

n—1, |/ =S and |B] = 0 might hold in an interpretation. In this case y is
designated, but | Dp | = (n—1) — S < S is not. Thus, vy s o« Dp B is not
valid.

[ ou [ 0 [ 1 [--] S [S+1 [ [n=3[n—-2"[n—1"]
0 n—1[n-—1 n—1| n—1 n—1 n—1 n—1
1 n—1 n—1| n—1 n—1 n—1 n—1
2 1 n—1| n—1 n—1 n—1 n—1
S—1 1 n—1]| n—1 n—1 n—1 n—1
S 1 n—1| n—1 n—1 n—1 n—1
S+1* 1 S n—1 n—1 n—1 n—1
n—3* 1 S S+1 n—1 n—1 n—1
n—2* 1 S S+1 n—-3 | n-—-1 n—1
n—1* 1 S S+1 n—3 n— n—1

Table 3: Heyting implication

The Heyting implication is often used in a many-valued logic: x1 Dy X is
the greatest element in U, such that x; A (x1 Dy x2) < x3, that is for every
X1,X2 € una
n—1 if x; <xy,

X1 DOH X2 = .
1 oHR2 {Xz le1>X2,
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or see Table 3.

Proposition 17
& DH B, =5+ B.

Proof. If |x Dy B| > S and || > S hold in an interpretation, then by the
definition of the Heyting implication

(1) if [ > |B, lx Dy Bl =[], thus |B] > S and min (jx Dy B, |«]) = |B], and

(2) if lof < |B[, thus |B] > S and, because | Dy PB| = n — 1, thus
min (| Dy By leef) = x| < |B].

0

It is easy to see, the deduction theorem is not valid: if X, « =g B, it does
not necessarily follow that X =g o« Dy B.

Actually, let v, =g B. There is no constraint for the truth-value of 3
in the interpretations where « is not designated. So it can happen that |y| =
n—1, |a| = S and |B| = 0 hold in an interpretation. In this case y is designated,
but |« Dy B = 0 is not. So, v s &« Dy P is not valid.

o [ O [ 1T ] S [S+1T"]- - [n=3[n=-2"]n—1"]
0 n-1|n-1|- [n=1T|n-1/1{--- n—1 n—1 n—1
1 n-1{n-1}-|n-=-1T|n-—-1]--- n—1 n—1 n—1
2 n-1|n-1|- [ n=1T|n-—-1/1{--- n—1 n—1 n—1
S—1 n-1{n-1}-|n=-1T|n-—-1]--- n—1 n—1 n—1
S n-1|n-1|- [n=1T|n-1/1{--- n—1 n—1 n—1
S+1* 0 1 S S+1 |-+ | n—=3 | n—-2 | n—1
n—3* 0 1 S S+1 |-+ | n=3 | n—-2 | n-1
n—2* 0 1 S S+1 |- n—3 n—2 n—1
n—1* 0 1 S S+1 |-+ | n=3 | n—-2 | n-1

Table 4: Rosser implication

In [6], another implication has been used by Rosser:

n—1 ifx; <8,

X1 DR X2 = .
1R {Xz 1fX1>S.
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Table 4 shows the truth-table of this implication. In this paper we name this
implication after Rosser.

Proposition 18

x DR B) x IZS* p.
Proof. If |[x Dgr B] > S and || > S hold in an interpretation, then by
the definition of the Rosser implication |« Dg B| = |B|, thus || > S and
min (o Dg B, lel) < (B O

Proposition 19 If X, x Es B, then X Es o Dg B.

Proof. Suppose X, «x =g . In every interpretation where every formula from
X is designated, either « is also deignated or not. In the first case, according
to the condition, 3 is designated, and because |x Dr B| = |Bl, &« Dr P is
designated, too. In the second case, according to the definition of the Rosser
implication, we have |& Dg f| = n — 1. This is a designated value. Therefore,
XE aDrB. O

We can not prove that if v, o =g+ B, then vy =g+ o« Dr B. If || = |B| =S+ 1
and |y| =n—1 in an interpretation, then | Dg B| = || =S + 1, thus & Dg B
is designated, but if S+ 1 <n —1, then |y| > | Dg Bl

Proposition 20 If X Es« « Dg B, then X, o =g+ B.

Proof. Let I be an interpretation in which every formula from X and o are
designated. According to the condition, o« Dg f is designated with truth-value
at least minyex {|y[}. If ot is designated, |B| = [ox Dgr B[, thus f is also designated
with truth-value at least minyex {lyl} > min,ex {lvl, |e[}. O

Finally, let f: U x U — U such that f(x7,%x) < S for all x7,x, € U, when
x7 > S and xp < S. Then the implication defined below admits the modus
ponens and the deduction theorem:

n—1 if x1 < S orx; <xy,
X1 Di X2 — X2 if x; >X2>S,
f(x1,%2) otherwise.

Proposition 21
o DL By f=s+ B
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o o [ 1 [ S S+ [ [n=3[n-2"[n—1"]
0 n-1{n-1}-|n=-1T|n-—-1]--- n—1 n—1 n—1
1 n-1|n-1|- [ n=1T|n-—-1/{--- n—1 n—1 n—1
2 n-1{n-1}-|n=-1T|n-—-1]--- n—1 n—1 n—1
S—1 n—-1|n-1|- [ n=1T|n-—-1/1{--- n—1 n—1 n—1
S n-1{n-1}-|n=-1T|n-—-1]--- n—1 n—1 n—1
S+ 1% 0 1 S n—-11]--- | n-—1 n—1 n—1
n—3* 0 1 S S+1 | --- n—1 n—1 n—1
n—2* 0 1 S S+1 |-+ | n=3 | n-—1 n—1
n—1* 0 1 S S+1 n—3 n—2 n—1

Table 5: The implication with f(x1,x2) = x2

Proof. If |x Df 3| > S and || > S in an interpretation, then by the definition
of the new implication either |« Df Bl =n —1, or |& D! B| =|B|. In the first
case |B| > || > S and min (Jc OF B, |«|) < |BI. In the second case || > |B| > S
and min (jo > B, o) = [Bl. 0

Proposition 22 If X, « =s- B, then X Es- o Df B.

Proof. Suppose X, « =g B. In every interpretation where every formula from
X is designated, either « is also deignated or not. In the first case, according
to the condition, 3 is designated, and

(1) either S < o < [B] and o 5f Bl =n— 1, s0 minyex (Y[} < lac OF Bl;

(2) or |&f > |B| > S and | Df B| = |B|, thus o« Df B is also designated
moreover, minyex {[y]} < Bl = o D} | because minyex {Iyl, l«l} < [B| <
|oxl.

In the second case, |« Df B| =n — 1, which is a designated value. Therefore,
X s+ o OF B. O

Proposition 23 If X =5« « DL B, then X, o =g+ B.

Proof. Let I be an interpretation in which every formula from X and o are
designated. According to the condition, o« Df B is designated with truth-value
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at least min,ex {lv[}. Because « is designated, if || < [B], then |B] is designated
with truth-value at least minyex {[vl, |«/}. In the case |«| > |Bl, & Df Bl = |Bl,
thus (3 is designated with truth-value at least

min {}y[} > min {y|, e[},
yEX yex

as well. O

Finally, all what was proved about the examined implications at this section
we summarized in the following table:

modus ponens - + + + [ +
deduction theorem with s - - - [
deduction theorem with f=g- - - - - T

6 Suitable implication for a given consequence

It is desirable that both the modus ponens and the deduction theorem hold
with respect to the underlying consequence. Now, we look for a suitable im-
plication for a generally given consequence notion such that both the modus
ponens and the deduction theorem are valid.

Now, let P : U x U — {0, 1} be an arbitrary classical truth-valued function
with the following properties:

(a) P(x,x) =1 for all x € U,
(b) if Y(x,y) Ab(y,z) =1, then P(x,z) =1 for all x,y,z € U.
Then, define the consequence as below:

Definition 24 A formula « is a formal semantic consequence of a set X of
formulas, denoted as X = «, if

\/ V([vl, ) =1 for any interpretation 1,
veX

where \/,ex W(IYl1, [&l1) denotes the supremum of {W(lyl, ladi) [y € X}
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Proposition 25 Pr: X — {«| X & o} satisfies conditions (1)-(3) in Defini-
tion 2.

Proof.

(1) Now to prove the condition (1), let & € X. Since in any interpretation
P(led,|x|) = 1, therefore \/yexll’(|Y|»|CX|) =1, so X E «. It means that
X C Pr(X).

(2) Next, let X C Pr(Y) for some X,Y C F. We show that Pr(X) C Pr(Y).

— For any « € Pr(X), since

\V byl lad) =1, so - \/ Wiyl o) = 1.

veX YEPT(Y)
It means Pr(X) C Pr(Pr(Y)).

— Now, we show that Pr(Pr(Y)) = Pr(Y). Since Pr(Y) C Pr(Pr(Y))

by the property (1), it is enough to prove, that o € Pr(Y) for all
« € Pr(Pr(Y)).
Obviously Y C Pr(Y). Let Y’ denote the set Pr(Y)\ Y and let o €
Pr(Pr(Y)). Then

Vbl =\ iy led) = 1.

YEPT(Y) YEY'UY
If
\/ Wiyl ledy) = 0, then \/ (vl loly) = 1.
YeEY’ YeY
And if
\ Wiyl ledn) =1,
ey’

then there exists a vy’ € Y’ for which P([y'l,,|xl) = 1. But vy’ €
Pr(Y) also holds, thus

\ bl ') =1

YEY
must hold, i.e. there exists a y” € Y for which V¥ (ly”|, ly'l1) = 1.
Using the property (b) of ¥ we get ¥(ly”|1, |xl1) =1, that is

\ (vl ) = 1.

YeY
Thus in both cases, we get o € Pr(Y).
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— Since X C Pr(Y), thus Pr(X) C Pr(Pr(Y)), and thereby Pr(X) C
Pr(Y) must hold.

(83) We prove compactness by reducing the problem to the compactness of

first-order logic with equality. First, let us define the language of our
encoding:
— We have a single binary predicate symbol 1T)

— For each many-valued operation o, we have a corresponding func-
tion symbol 6 with the same arity.

— For each variable v, we have a corresponding constant c,,.

— For each truth-value u, we have an additional constant {i.

Given this language, we might fix the interpretation of our symbols by
defining a set ¥ of the following axioms:

(i) Vx(x=1 Vx=W V- - Vx=14,) if U={u,uy...,un}

(ii) ﬁ;’éﬁ’ for each u,u’ € U with u # u’

(i) P, ) if P(u,u') =1 and u,u’ € U
) =P, ) if pu,u’) =0 and u,u’ € U

(v) 6(dy,dy,...,dx) = 1t if o is an operator with arity k, aj, ay,...,

a,u e U, and o(ar,az,...,ax) =u

(iv

Since U is finite, X is a finite set of first-order formulas as well. It is easy
to see that if T is a first-order model of £, then there is a corresponding
many-valued interpretation I which assigns the same values to variables
as did T to the corresponding constants.

Let & denote the encoding of a formula o« in this language, i.e. the
first-order formula we get from o« by substituting each symbol with the
corresponding first-order symbol. By our definitions, if I and T are cor-
responding many-valued and first-order interpretations, |«|; = u if and
only if |&» = {t. Thus, for each «, p, we have P (|«li, |Bl1) holds if and
only if P(&, B) holds in T.

Now, by our assumptions, X |= « if and only if \/yexll)(h/ll, |ar) holds
for all interpretation I. This, on the other hand, holds if and only if the
set T ={—=U(lyl, ) | v € X} is not satisfied under any interpretation
I. Consider the first-order set

F=rzu{-d@,&)veXx]
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From our considerations it follows that I is unsatisfiable if and only if
the original T" is unsatisfiable.

Then, by the compactness of first-order logic, we know that there is a
finite T C 1" such that [ is unsatisfiable. Since L is finite, we might
assume £ C . Now, let X’ the finite set {y € X | ={(9,&) € 1.

We know that the corresponding set I'" = {—=U(lyl,ladr) | v € X'} is
not satisfied by any I either. Therefore, X’ = & must hold where X’ is a
finite subset of X. O

Proposition 26 Let O be an implication operation over U. If

P(x1,%x2) V(y,x2) =P(y,x1 D x2)

for all x1,x2,y € U, then D admits the modus ponens and the deduction theo-
rem.

Proof. First, we prove the modus ponens, i.e. we show, that {a,x D B} E B
holds for any formulas «, 3. For all &, 3 € F and for all [ € In we get

Y(lar, [Bl) Vb (lae D By, [Blr).
For all x1,x2 € U, by applying the proposed equality
P(x1,%2) V(x1 D x2,%x2) =P(x1 Dx2,%1 Dx2) = 1.
To prove the deduction theorem, we have to show for any «, 3, X
X, = B if and only if X = o D B.

Again, applying our assumptions to both sides, we get for all [ € In

\/ Wiyl 1BI) V (leds, 1Bl = \/ (W(hyl, 1B V W (letds, IBI1)
vyeX vyeX
if and only if for all I € In
\/ Wyl Il > 1Bl).

yeX

From our assumption with y = |y|r, x1 = ||, x2 = |Bl1, we get

W ([l 1Bl Vb (el [Blr) =Wyl I« 1B,

from which the desired equivalence immediately follows. O

In the remaining part of the section we apply this proposition to the earlier
defined semantic consequences.
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Example 27 By Definition 10,
X s « if and only if mi)r(1{|y|1} <SVS <laly for all T € In.
ve

Thus, for this case we get V(x,y) = (x < SV S < y). To find a suitable
implication, it is enough to satisfy

(x1 <SVS<x)V(y<SVS<x)ifand only if (y <SVS<x; Dx2)

for all x1,x2,y € U. Let f,h: U x U — U such that for all x; > S and x; < S
f(x1,%2) < S and if x; < S or x; > S, then h(x1,x2) > S. Then, as we have
seen above, the implication defined below admits the modus ponens and the
deduction theorem:

h(x1,x2) ifx1 <S orxy > S,

f,h
X1 D) X = )
T { f(x1,%x2) otherwise.

Example 28 By Definition 11,

X Es+ o if and only if min{ly|i} < SV min{lyli} < |« for all T € In.
yeX yeX

For this case we get Pp(x,y) =x < SV x <y. Thus to find a suitable implica-
tion, it is enough to satisfy

(x1 <SVx1 <x2)V(y<SVy<x) ifand only if (y <x1 Dx2Vy<8S)

for all x1,x2,y € WU. The possible values for x;1 D x2 might be deduced as
follows:

o X1 < SVx1 < x: since the right side must also hold, even fory =n—1,
we get x1 D xp =n — 1, which is indeed a good choice.

e X1 > x2 > S: fory = x2 we get x < X1 D X2, and fory = x3 + 1
X1 D X2 < x2+ 1. Thus only x1 D X3 = X2 is possible, and it indeed
satisfies the equality in this case.

e x1 >SS >xp: fory > S we get x1 D xp < S. In this case any value
smaller than S satisfies the equality.

Let f: U x U — U be such that for all x; > S and x; < S f(xq,%x2) <S. Then,
as we have seen above, the implication defined below admits the modus ponens
and the deduction theorem:

n—1 if x1 < S orx; <xy,
X1 Di Xy = X2 if x1 >x2 > S,
f(x1,x2) otherwise.
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7 Summary

In this paper we demonstrated that both semantic and syntactic consequences
of classical logic generate consequence operators. We proved similar proposi-
tions about the weak and strong semantic consequences in the many-valued
logic. After this, we investigated the Lukasiewicz, Post, Heyting and Rosser
style many-valued implications whether the modus ponens rule and the de-
duction theorem are valid beside of our consequence relations. By the strong
consequence, the deduction theorem is not valid with none of them. How-
ever, the implication family Df defined in our paper found to comply with the
modus ponens and the deduction theorem by the strong consequence as well.

In the last section, we introduced a general formal consequence relation and
showed, that it also leads to a consequence operator. The weak and strong
consequence definitions are realizations of this general consequence notion. It
would be profitable to consider what additional realizations are possible. By
this general consequence, we also gave a suitable implication which admits the
modus ponens and the deduction theorem as well.

The problem of a syntactic treatment of logical consequences in the many-
valued logic could be an exciting topic of future research.
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Abstract. Compilers generate from the procedure or function call in-
struction a code that builds up an ”activation record” into the stack
memory in run time. At execution of this code the formal parameters,
local variables, data of visibility and the scope are pushed into the acti-
vation record, and in this record there are fields for the return address
and the return value as well. In case of intensive recursive calls this is
the reason of the frequent occurrences of the stack-overflow error mes-
sages. The classical technique for fixing such stack-overflows is to write
programs in stackless programming style using tail recursive calls; the
method is usually realised by Continuation Passing Style. This paper de-
scribes this style and gives an introduction to the new, special purpose
stackless programming language Miller, which provides methods to avoid
stack-overflow errors.

1 Introduction

”The modern operating systems we have operate with what I call the ’big
stack model’. And that model is wrong, sometimes, and motivates the need
for ’stackless’ languages.” (Ira Baxter, 2009 [1])
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Using the big stack model in case of intensive recursive calls stack-overflow
error messages may occur frequently. The classical method to fix such stack-
overflows is to write programs in stackless programming style, when tail recur-
sive procedures are used to eliminate the cases of running out of the available
stack memory. This method is usually realised by Continuation Passing Style

(CPS).

2 Stackless programming

2.1 Recursion and iteration

Hereinafter the usual definition of the factorial function is given. It is obvious
that at all recursive call fac 1 it is needed to save information for the next
operation, namely what operation has to be executed when the fac i is finished
and its value is available.

fac = Ax.if (zero x)
1

(x x(fac (— x 1)))
For example, the action of calculating the value of fac 3 as follows.

fac 3 —

x 3 (fac 2) —

* 3 (% 2(fac 1)) —

* 3 (x 2(x 1(fac 0))) —
* 3 (

x2(x11)) —
*x3(x21)—
x32—
6

It is obvious that if the value of the call fac i is calculated then it is needed
to return to the caller process to execute multiplications. It means that acti-
vation records have to be used and thus a stack memory has to be applied for
registration the calculating processes.

This is a so called ” recursive-controlled behaviour”, and it is obvious that
using this method the stack-overflow error may appear in the case of intensive,
multiple recursive calls.

There is a simple method to avoid stack-overflow errors, it has the name
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7 iterative-controlled behaviour”. 1t is a simple iteration, where there is no
need to preserve long series of operations, the size of occupied memory is not
increased in the course of execution of recursive calls, and the most important
property is that all of the calls are on the same level. This method uses an
accumulator for storing intermediate results [4].

The factorial function in the iterative-controlled style is as follows. In this
definition variable r is the accumulator.

fac= M . fac'n1
fac’ = Axr .if (zero x)
T
(fac’ (—x 1) (xx 1))

It seems that in the calculating process there is only one level for recursive
calls, for example the value of fac 3

fac 3 —
fac’ 31—
fac’ 23—
fac’ 16 —
fac’ 06 —
6

There is no need to large stack memory for activation records, only two vari-
ables are required, one for the value n and another variable for the accumulator
r. The calculating process is described and controlled by these variables.

It is important to observe that the called process does not return to the caller
process to execute any operation, since there is no operation to be executed.

Iterative behaviour seems to be a very nice method, but it is applicable for
cases where the size of the accumulator is constant during the calculation,
and what is more, unfortunately there are procedures for which there is no
possibility to convert them into iterative-controlled behaviour forms. But the
continuation passing style solves this problem.

2.2 Tail position and tail call

In the previous example it was shown that the called process does not return

to the caller process, and for this case we say that a tail call was executed.
More precisely, the procedure E is in tail position of the enclosing procedure

F if F does not have any action to performed after E is returned. This means
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that the return value of E is the result of F. Tail call means a call to expression
in tail position, and the recursion is said to be tail recursion if the recursive
calls are tail calls.

Thus in the case of tail calls there is no need for extra memory to the
control information, the result of the procedure E is the result of F. Namely,
after executing E, the control of execution is passed to the process which is
the continuation of F.

There is a general method to convert procedures into this form, we have to
write procedures in continuation passing style where the continuation repre-
sents what is left to do.

3 CPS—~Continuation Passing Style

Continuation is a function and the result of the procedure is applied to it. A
new variable is introduced, this variable represents the continuation. It usually
has the name k.

There are many methods to convert an expression into continuation passing
style [2, 8]. For example, a formal method published by Plotkin is as follows.

x] k = kx
Mk = kn
Ax.Elk = k (Axv.[E]V)
[EFl k = [E] (Av. [F] (Aw.vwk))

where the expression [.] is due to convert, x is a variable and 1 is a constant.
For example, if the continuation is k = print, then using the second rule to
form [6] print, it results print 6 as it was expected.
For reductions it is not too hard to prove that E — F &< [E] k — [F] k.
It is known that (Axy . y) 1 — Ay . y = Id. The next example shows that
(xy . y) 1Tk — Dy .yl k

[(Axy . y) 11k

Axy .yl (7\v.[1] Aw . vkw)) =

Axy .yl Av. Aw.vkw)l)=

.Aw . vkw) 1) Apx. Ay .ylp)
AW vkw) 1) (Apx.p (Aqy.qy)) —
Aw. (Apx.p(Aqy.qy)) kw)1)—
Apx.p (Aqy.qy)) k1 —
k(Aqy.qy) =

v
v

(A
(A
(
(
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k(Aqy . [yl q) =
Ay .yl k

There is a simple method to convert the expression to a tail call form, the
method is presented by the calculation of fac 3 [10]. We see an intermediate
state:

* 3(x 2 (fac 1)) .

Replace the call to fac 1 with a new variable x,

* 3 (x2x),

and create a A-abstraction with this new variable:

Ax.*x 3 (% 2x),

this is a continuation k of the expression fac 1, that is

k (fac 1) =

(Ax.* 3(x 2x)) (fac 1) —

* 3 (x2 (fac 1)) .

This means that the steps of calculation have form k (fac i). Now we create
a new version of fac that takes an additional argument k for continuation and
calls that function as the original body of fac, that is

fac-cps n k — k (fac n) .

The function fac-cps has the form as follows.

fac-cps = Ank .if (= n0)
(k1)
(faccps (—m 1) (Av. (k (x nv))))

For example the value of fac-cps 3 k:

fac-cps 3k =

fac-cps 2 (Av ( (x3v))) =

fac-cps 1 (Av' . (Av. (k (% 3Vv))) (x2V'))) —

faccps T (AV' . (k (* 3 (x 2V")))) =

fac-cps 0 (7\v” (AW . (k(x*3(x2V))))(x1v")) —
fac-cps O (A" . (k (*3 (x 2 (x 1v"))))) =

W' (k=3 2HTVYI)IN 1T —
(k(*3(x2(x11)))—

k6

If k = print , then fac-cps 3 print = print 6 , as it was expected.
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We remark that continuations can be used to implement for example branch-
ing, loops, goto, return, and give possibility to write such types of control flow
that coroutines, exceptions and threads.

4 Tail Call Optimisation in various languages

Tail Call Optimisation (TCO) is a common technique for transforming some
execution units of the program to operate in constant stack space. The func-
tion with the recursive call is transformed into a loop, while preserving the
semantics with the appropriate condition.

We chose Scala, a functional language running on JVM and the purely func-
tional language Haskell. We did so because the problem is most relevant to
functional languages where recursive calls are the only source of iterative be-
haviour. We also wanted to compare the different approaches to this problem.

4.1 TCO in Scala

The Scala compiler implements a limited form of the TCO.

The problem with the recursive approach is that calls to non-static functions
in the JVM are dynamically dispatched. There is a direct and an indirect cost
of this, mostly studied in C++ programs [3]. However extensive research had
been done on the resolution of virtual calls in Java programs [11].

The system only handles self-recursion, so two functions mutually calling
each other will not be transformed into a single cycle. The designers of the
compiler introduced this constraint because they didn’t want to cause dupli-
cations in the generated code, that could cause the program to slow down.

TCO can only be used on non-overrideable functions, because the dynamic
method invocation of the JVM prevents further optimisations [9].

With the @tailrec annotation, the programmer can ensure that the TCO
can be performed by the compiler, otherwise the compilation fails.

Example

def factorialAcc(acc: Int, n: Int): Int = {
if (n<=1) acc
else factorialAcc(n*acc, n-1)

}

The program is compiled to the same bytecode as:
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def factorialAcc(acc: Int, n: Int): Int = {
while(n <= 1) {
acc = n*acc
n = n-1

acc

So in this example we can get the elegant functional solution with no addi-
tional costs.

4.2 TCO in Haskell

Tail call elimination in Haskell is a little different than in languages with strict
execution. It allows not only tail call functions to be executed in constant stack
space, but a wider class of functions, that are called productive functions [7].
Every function is productive if only contains recursive calls in a data con-
structor.
For example take the three function definitions below:

infinite_list = 1 : infinite_list

infinite_number = go O
where go n = (let n’ = n+l in n’ ‘seq‘ go n’)

infinite number’ = 1 + infinite_number’

The infinite_list function is productive, because the recursive call is a
parameter of the : data constructor, therefore the execution will not result in
a stack overflow. And it will generate an infinite list of 1’s.

The infinite_number function has a tail call, where the result is accumu-
lated as an argument, and strictly evaluated by the seq function. If we would
allow the lazy execution of the accumulator parameter, the tail call would
be eliminated, but because the parameter is constantly growing, the ”out of
memory” error would be inevitable as seen in the case of infinite _number”’.
See also the strict folding functions foldr’ and foldl’ in [6].

Let’s see the result of the execution of the three statements above:

> infinite_list
[1,1,1,1,1... -- This goes forever, but does not result in stack overflow.
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> infinite_number

—-- Goes on forever, but also in constant stack size
> infinite_number’
<interactive>: out of memory

5 Structures for stackless programming

5.1 The Haskell Cont monad

The Cont monad can be found in the Monad transformer library [5], in the
Control.Monad.Cont module. It is a monadic structure for writing functions
with continuation passing style.

newtype Cont r a = Cont {
runCont :: (a -> r) -> r -- Returns the value after applying
-- the given (final) continuation to it.

}

instance Monad (Cont r) where
return a = Cont (Af -> f a)
-- When returning, simple supply the result to the final continuation.

m >>= k = Cont $ Ac -> runCont m (Aa -> runCont (k a) c)
-- When binding, set the continuation of the first expression to
-- the second expression (that gets the final continuation).$

After making a Monad instance for the Cont datatype, we can use it to
create a factorial calculation in a simple way. The fac function simply executes
fac_cont with an identity transformation as the final continuation.

The fac_cont n applies the final continuation with return, or executes
fac_cont (n-1) with the multiplication as a continuation.

fac :: Int -> Int
fac n = runCont (fac_cont n) id
where fac_cont :: Int -> Cont Int Int

fac_cont 0 = return 1
fac_cont n = do fprev <- fac_cont (n-1)
return (fprev * n)

For demonstrating the power of our continuation-using factorial function,
we also present a naive recursive implementation.
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fac_naive :: Int -> Int
fac_naive n = n * fac_naive (n-1)

Then we execute both for a number larger than the maximum stack size,
and inspect the results:

> fac 1000000

0  (Because of the overflow)

> fac_naive 1000000
<interactive>: out of memory

If we follow the execution of the fac_cont function we can observe that this
is identical to the previous fac-cps example in Section 3.

> fac_cont 3
runCont (fac_cps 3) id
runCont (fac_cps 2) (Aal — runCont (return (al*3)) id)
runCont (fac_cps 1) ((Aa2 — runCont (return (a2%2)))

(Aal — runCont (return (alx*3)) id))
runCont (fac_cps 0) (Aa3 — runCont (return (a3*1))

((Aa2 — runCont (return (a2*2)))

(Aal — runCont (return (a1%*3)) id)))
runCont (return (1)) ((Aa2 — runCont (return (1*2)))
(Aal — runCont (return (a1*3)) id))

runCont (return (1*2))) (Aal — runCont (return (ai1*3)) id)
runCont (return (1x2x3)) id
1%2%3
6

6 Stackless elements of the Miller programming lan-
guage

In this section of the article we present the aspects of the Miller* programming
language that are related to stackless programming.

* George Armitage Miller (February 3, 1920 — July 22, 2012) was one of the founders
of the cognitive psychology field. He also contributed to the birth of psycholinguistics and
cognitive science in general. Miller wrote several books and directed the development of
WordNet, an online word-linkage database usable by computer programs [12]. We chose his
name for our language because of his great contribution for the understanding on the usage
of human memory, while our language focuses on the usage of electronic memory.
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6.1 The Miller programming language

The Miller programming language is an industry-oriented programming lan-
guage, focused on the development of performance-critical applications for
special hardware.

The simplest execution unit of Miller is the bubble. A bubble is a separate
compilation unit. Bubbles can contain simple sequential code, but no control
structures such as branches and cycles. At the end of the bubble there is a
section where conditions decide which bubble will be executed next. These are
the exit points of the bubble.

Bubbles can also form a network, interconnected by their exit points. A
graph bubble embeds a network of bubbles into itself. The nested bubbles can
only be used by transferring the control to one of the entry points of the graph
bubble. If an exit point of an inner bubble is connected to the entry point of
another bubble inside it is called a local exit point. Otherwise if it’s connected
to an exit point of the containing graph bubble it is a far exit point.

The graph bubble creates an encapsulation for its inner bubbles, and defines
an interface through which they can be accessed. Graph bubbles can also be
nested into other graph bubbles. Nested bubbles can use any program element
defined in their graph bubbles.

It is easy to see that graph bubbles, bubbles and exit points are equiva-
lent in expressive power to the control structures of structured programming.
Branches and loops can be simulated using a network of bubbles.

7 Defining control low with bubbles

The general case of defining the transfer of control is to set exit points of
the bubbles. This also allows the programmer to create control cycles. We
experimented with this mode of control, but found that it is too cumbersome
for actual programming.

Non-sequential code (for example branches and cycles) will be transformed
into a network of bubbles. However, the language does not require the program-
mer to manually create these bubbles and their connections. An imperative
programming interface is specified from which the compiler creates the final
bubble graph. This interface contains if-then branching, if-then-else branching,
special branching operations, and a do-while loop.

Nested bubbles can be instantiated in their ancestor bubbles any number of
times.
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Example

The following example shows a typical conversion from imperative frontend to
a network of bubbles. It shows how the while cycle is transformed to bubbles
in a nalve algorithm to compute the greatest common divisor of two positive
integers.

Compile[... while (b # 0)
ifla>b){a=a—-b;b:=b—a; }

The while cycle will be transformed by a stateful transformation. The con-
dition and the loop body are separated.

Condition(b # 0)
Core (Compilefif(a >b) a:=a—b; b:=b—q;])
State( bubble previous_bubble{...}...)

Then another transformation will create bubbles from the condition and the
loop core and combine them into the state.

State(
bubble _loop_condition = _loop_core, _exit {...}

bubble _loop_core = _loop_condition{
Compilefif(a >b) { a:=a—b; b:=b—a; }]})

Using bubbles for the transfer of control does not need a stack. The pro-
grammer cannot return control to the caller from an execution module, just
pass the control to the next execution unit. If call-and-return behaviour is
expected, limited depth function calls provide help.

The result of the execution of the bubble body decides through which exit
the control flow is passed.

Control flow of bubbles currently cannot follow continuation passing style,
since it is not possible to transfer the exit point. A language feature is under
planning which allows compile time passing of control. This is the parametri-
sation of the bubble exit points.

8 Parameter passing with interfaces

The bubble states that through an exit point which variables are passed to
the next bubble. This is the exit specification. The bubble also declares the
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variables that it uses, this is the entry specification. The interface checker
verifies that the exit and entry specifications match.

It is very important to clarify that no copy operations happen, for this is
not the traditional way of parameter passing. All variables declared in the exit
and entry specification must appear in one of the ancestor bubbles.

The interface check theoretically prevents that the program has access to
uninitialised variables. In practice this does not always happen. For example,
it cannot be statically proven that a loop cycle running on an array gives all
elements a starting value.

Nevertheless, the interface check gives us the same confidence that can be
given by inspecting the initial assignment of variables, and does not require
any data copy to be made for parameter passing. In addition, it also enables
to create variables with constant values locally, in the scope of one bubble.

Example: factorial function in Miller

We present two approaches to calculate the factorial function. The first ap-
proach is a naive recursive function, using stack. It is presented in a C-like
pseudo-code. The second is a stackless approach, with bubbles accessing global
variables, and using iterative control structure. It is presented with the pseudo-
code version of the language Miller. We give the sequence of evaluation for each
implementation.

Please note that, although the algorithm is the same as the example pre-
sented in the first part of the article, it is written in procedural and not in
functional style.

int32 fac( int32 n ) {
if(n < 1) {
return 1;
} else {
return n * fac(n-1);
}

The next table shows the content of the stack after each step of execution.
The ‘n’ columns show the value of the variable n in the given context. The ret
columns show the points where the control is returned after the return call.
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step # ret n re¢ n ret n
1 caller 3

2 caller 3 fact 2

3 (return 1) caller 3 fact 2 fact 1
4 (return 2) caller 3 fact 2

5 (return 6) caller 3

The second part of the example shows the factorial function implemented with
stackless bubbles of Miller. A few notes on the implementation:

e The language syntax may change, the purpose of the example is to give
an idea about the implementation.

e The while cycle is needed because we have to connect the again exit
point with the entry point of the cycle.

int32 n;
int32 val;

bubble fact(n)
exits out(val) {
val = 1;
while(true) cycle;
}
bubble fact::cycle(n,val)
exits again(n,val)
far exits out(val) {
if(n < 1) {
exit out(val);
} else {
exit again(n-1, val*n);
}

The next table shows the evaluation of the fact(3) expression in Miller with
only two global variables. The two columns represent the values of the corre-
sponding global variables.
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step val
1 (in fact)
2 (in cycle)
3 (in cycle)
4 (in cycle)
5 (in out)

— N W W e

S Oy W

As can be seen, the expression is evaluated in constant stack size.

8.1 Limited depth function calls

There are situations where calling functions and returning the control is highly
preferred to low level passing of control. The Miller language provides limited
function calls in such situations.

Currently it’s the programmers responsibility to return the control to the
caller from the called method. This approach enables the function to be a
complete system of bubbles, and any of them can return, if appropriate.

An important aspect of the functions is that the depth of the call chain is
limited. We can calculate it in the following way:

e The bubble that calls no other bubbles have the call depth of zero.

e When a bubble calls other bubbles, its call depth is greater by one than
the maximum of the call depths of the called bubbles.

Because the depth of all units must be bounded, the function calls cannot be
recursive. This kind of control flow would require a stack to implement.

Thanks to the limitations on the function calls it becomes possible to store
all function arguments and return addresses in registers, which is a common
practice in performance critical systems. For example, if we limit our call
chains to a depth of five, at most five registers would be enough to store the
return addresses of the calls.

Of course, if values are passed to the called functions, more registers will be
needed. To implement calls inside the bubble system, the compiler creates a
calling bubble, which executes the call operation.

9 Evaluation of expressions using sandbox

The sandbox is a tool for generating instructions to evaluate complex ex-
pressions. It has a finite amount of registers and a larger amount of memory
locations.



Stackless programming in Miller 181

The compiler always optimises the usage of registers and memory loca-
tions to minimise the number of temporary variables. This means that the
subexpressions to be evaluated first are the subexpressions that need more
registers.

The sandbox works according to a simple strategy. As long as there is space
the intermediate values are stored on registers, then it puts them on the spec-
ified memory areas. For now, this is enough, when it will be necessary, we
design an algorithm that takes into account the different types of memory as
well.

Example

In this example we present two methods to evaluate a simple expression. The
first method uses the stack to evaluate expressions of any size, while the second
uses a sandbox with a finite amount of registers to evaluate expressions.

The evaluation of the expression a /A b to the lower part of the ax register
with a very simple code generator is based on stack operations.

instructions for the evaluation of a

to the lower part of ax register ...
push ax

instructions for the evaluation of b

to the lower part of ax register ...
pop bx (loading the previously stored value of a)
and al,bl (executing the instruction on

the lower part of ax and bx registers)

The evaluation of a A'b to the lower part of ax register with our sandbox
model:

instructions for the evaluation of a
to the lower part of ax register ...
instructions to acquire a new register r
from the sandbox ... (that may cause moving previously stored data
from a register to the memory.)
instructions for the evaluation of b
to the allocated r register ...
and ax,r
instructions to release the allocated r register ...
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If more registers are needed for calculating the subexpressions then more
registers can be acquired. When the sandbox has temporary registers, the
allocation of registers doesn’t generate any instructions.

10 Summary

We investigated the techniques of generating programs that do not use a run-
time stack for the calls and the evaluation of complex expressions.

We followed two different paths to address this problem. The first way was
the formal method of continuation passing style, that solved the problem in
a functional way. In functional languages this formal method can be imple-
mented easily.

The second path was a practical method, implemented in the imperative
Miller language. It replaced function calls with passing of control between
bubbles, and function arguments with controlled global variables. This method
can be used on the special hardware, which is not equipped with an efficient
stack implementation. Our research was motivated by these problems.
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Abstract. The Yang-Mills fields have an important role in the non-
Abelian gauge field theory which describes the properties of the quark-
gluon plasma. The real time evolution of the classical fields is given by the
equations of motion which are derived from the Hamiltonians to contain
the term of the SU(2) gauge field tensor. The dynamics of the classi-
cal lattice Yang-Mills equations are studied on a 3 dimensional regular
lattice. During the solution of this system we keep the total energy on
constant values and it satisfies the Gauss law. The physical quantities
are desired to be calculated in the thermodynamic limit. The broadly
available computers can handle only a small amount of values, while the
GPUs provide enough performance to reach out for higher volumes of
lattice vertices which approximates the aforementioned limit.

1 Introduction

In particle physics there are many fundamental questions which demand the
GPU, from both theoretical and experimental point of view. In the CERN
NAG61 collaboration one of the most important research field is the quark-
gluon plasma’s critical point examination. The topics of theoretical physics
includes the lattice field theory which is a crossover phase transition in the
quark gluon plasma and SU(N) gauge theory with topological lattice action
in the QCD.

We present an algorithm which determines the real time dynamics of Yang-
Mills fields which uses the parallel capabilities of the CUDA platform. We

Computing Classification System 1998: 1.1.4
Mathematics Subject Classification 2010: 81T25
Key words and phrases: lattice gauge field, parallel computing, GPU, CUDA

184


http://www.elte.hu/en
mailto:forceuse@inf.elte.hu
http://compalg.inf.elte.hu/~fulop/
http://www.elte.hu/en
mailto:fulop@caesar.elte.hu

Yang-Mills lattice on CUDA 185

compare this and the original sequential CPU based program in terms of effi-
ciency and performance.

The real time evolution of these non-Abelian gauge fields is written by the
Hamiltonian lattice SU(2) equation of motions [9, 1]. A lattice method was
developed to solve these systems on the 3 dimensional space which satisfies
Noether theory [2]. This algorithm keeps the Gauss law, the constraint of total
energy and the unitary, orthogonality of the suitable link variable. It enables
us to study the chaotic behavior as full complex Lyapunov spectrum of SU(2)
Yang-Mills fields and the entropy-energy relation utilizing the Kolmogorov-
Sinai entropy which was extrapolated to the large size limit by this numerical
algorithm [6].

In the parallel algorithm all the links are computed concurrently by assigning
a thread to each of them. By taking advantage of the GPUs highly parallel
architecture this increases the precision of the calculation by allowing us to
utilize more dense lattices. Just by adding a few more points to the lattice,
the link count can increase drastically which makes this problem a very pa-
rallel friendly application which can utilize the high amount of computational
resources available in modern day GPUs [§].

By extending the available CPU based implementation we were able to
achieve a 28 times faster runtime compared to the original algorithm. This
approach does not involve any special optimization strategies which will im-
pose more performance boost in future releases.

In the original concept the calculations on the GPU were using only single
precision floating point numbers to make the evaluations work on older gen-
eration cards too, but with the possibility to utilize double precision values,
it is possible to achieve higher precision in energy calculation on the GPU as
well.

There are more kind of open questions in the high energy physics which
can be interesting for the GPU like studying the Yang-Mills-Higgs equations
and the monopoles in the lattice QCD. The action function permits to use the
thermalization of the quantum field theory in the non-equilibrium states. The
solution of these problems requires high calculation power and efficiency.

This paper is constructed as follows. First we review basic definitions dealing
with the Yang-Mills fields on lattice, then introducing the basic principles
of the GPU programming in CUDA and finally we present numerical results
providing comparisons between the CPU and GPU runtimes, extrapolate them
for large N values, show the ratio between the sequential and parallel fraction
of the algorithm, concluding with the thermodynamic limit of the total energy.
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2 Homogeneous Yang-Mills fields

The non-Abelian gauge field theory was introduced as generalizing the gauge
invariant of electrodynamics to non-Abelian Lie groups which leads to under-
stand the strong interaction of elementary particles. The homogeneous Yang-
Mills contains the quadratic part of the gauge field strength tensor [4, 10].

The Fjj, forms the component of an antisymmetric gauge field tensor in the
Minkowski space, it is expressed by gauge fields Aj:

Fl, = 0,AS — 0yAf + gf*™ASAS, (1)

where u, v =0, 1,2, 3 are space-time coordinates, the symmetry generators are
labeled by a,b,c = 1,2,3, g is the bare gauge coupling constant and f°¢ is
the structure constant of the continuous Lie group. The generators of the Lie
group fulfills the following relationship [T?, T¢] = ifbcdT4d,

The equation of motion can be expressed by covariant derivative in the
adjoin representation:

OMFL, + gfIPeAPHFS, = 0. (2)

We use Hamiltonian approach to investigate the real time dynamics of these
systems SU(2). The lattice regularization of such theories were studied nume-
rically.

3 Lattice Yang-Mills theory

The real time coupled differential equations of motion are solved by numerical
method for basic variables which form matrix-valued link in the 3 dimensional
lattice with lattice elementary size a (Figure 1). These are group elements
which are related to the Yang-Mills potential A{:

U, = exp(aA{(x)T¢), where T¢ is a group generator.

For SU(2) symmetry group these links are given by the Pauli matrices T, where
T¢ = —(ig/2)7¢. The indices x,1 denote the link of the lattice which starts at
the 3 dimensional position x and pointing into the nearest neighbor in direction
i, x + 1.

In this article we study the Hamiltonian lattice which can be written as a
sum over single link contribution [1, 3]:

H-% Bmx,i,ux,o . (1 _ l<ux,i,vx,i>>} , (3)
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Figure 1: Wilson loop

where (A,B) = tr(AB) and Vy,i are complement link variables, these are
constructed by products of U, ;-s along all link triples which close with given
link (x,1) an elementary plaquette. The canonical variable is Py; = Ux’i and a
dot means the time derivative.

The non-Abelian gauge field strength can be expressed by the oriented pla-
quette i.e. product of four links on an elementary box with corners (x,x + i,
X +1i+j,x+j):

Uy ij = Wy iU jUsqing,—iUxag, 5
where U, = ul

x—i,i°

Then the local magnetic field strength ch,k is related to the plaquette:
U5 = GXP(eijkazBi,ch)y (4)

where ey is +1 or -1 if 1,j,k is an even or odd permutation of 1,2,3 and
vanishes otherwise. The electric field £F; is given in the continuum limit:

2 .
£ = afgztr(Tcux,iu;i). (5)

We use the SU(2) matrices which can be expressed by the quaternion rep-
resentation (ug, Uy, uy, u3) for one link, where the components u; i =0,...,3
are real numbers, it can be written:

u = wuy+it*ut

u = < }lo + iuz, iy —|—.u2 > . (6)
] — U, Up — 13
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The determinant of the quaternion is:
detU=uf+ud+uf+ui=1.

The length of the quaternion det U = ||U|| is conserved, because ttguy+itqUq =
0. The three electric fields ES. which are updated on each link by the next

x,1

form:
ga ot ey — Ul
x,i ng Ztr ET ( X x,ij) ) (7)
j
where the value of j runs over four plaquettes which are attached to the link
(%, 1).
The time evolution of the electric fields constraints the Gauss law:

D{lbé'f)i =0. (8)

This means charge conservation.

The Hamiltonian equations of motion are derived from expression (3) by
canonical method and these can be solved with dt discrete time steps. The
algorithm satisfies the constraints of total energy and the Gauss law which is
detailed in the next Section 3.1. Update of link variables is derived from the
following implicit recursion forms of the lattice equation of motions:

U — U = 2dt(Py — ely),
Pi1 — Py = 2dt(V(Uy) — uly + ePy), 9)
(U, Py) (V(Uy), Uy) + (PePy)
TR (TATH R (10

where ¢, 1 are the Lagrange multipliers and the symmetry SU(N) fulfills the
unitarity (U¢, Ug) =1 and the orthogonality (U, Py) = 0 conditions.

3.1 Constraint values

This algorithm fulfills the constraints of the system’s total energy and the
Gauss law.

The total energy Eiot is determined by the sum over each link of lattice for
every time steps. The energy is defined for a single link at the time step t:

1 1
El:§<P,P>+1—Z<U,V>, (11)
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Figure 2: Flux line on the three dimensional lattice, where a means the size
of the box

where U = Uy, V = Vi and P = Pi. The value Etot does not change during
the time evolution. This is a constraint to use the Noether theorem [2]. The
Gauss law is a constraint quantity:

r=3y put—3% ufp=o, (12)

where the sum is performed over links It which is started at the box on the
lattice and the 1~ means the links to end at that side of the grid. This is
conserved by the Hamiltonian equations of motion:

Fr=>) vui—3 ufv=o. (13)

Corresponding to the quantum electrodynamics’ law the charge and flux line
initialization (Figure 2) occur with the following recursion expressions on the
lattice:

P1 = QuUy,
P, = U _ P U, (1<n<N),
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where the starting value of charge is Q and the end of this quantity equals to
—FIQF. Flux line ordered product is written by the expression

N—1
F=]]u. (14)
i=1

The condition of neutrality is expressed by these equations:

T =

In the next section we discuss the connection between the Hamiltonian ex-
pression and Wilson action, because this plays an important role in the strong
interaction.

3.2 Relation between Wilson action and Hamiltonian lattice

The Wilson action should be summed over all elementary squares of the lat-
tice S = pr . Sp.i;- The action function of the gauge theory on lattice is
written over plaquette sum to use the nearest neighbour pairs. Because in the
continuous time limit the lattice spacing a; becomes different for the time
direction, therefore the time-like plaquettes has other shape than the space-
like ones. Therefore the coupling on space-like and time-like plaquettes are no
longer equal in the action:

2 Z Pt 2 Z _tT ) (15)

The time like plaquette is denoted by U, and the space like is Uy, .

Consider the path is a closed contour i.e. Wilson loop (Figure 1), where the
trace of the group element corresponding to such a contour which is invariant
under gauge changes and independent of the starting point. The product of
such group elements along connected lines is a gauge covariant quantity, the
trace over such products along a closed path is invariant. This lattice system
is very suitable for describing gauge theories. Because the Uy, can be series
expansion by ay:

. 2 ..
Uy, = U(OUF(t + a) = UU + autll + %uuT ¥

2 .
N —tr(U,,) = —%tT‘(UUT) up to O(af) correction.
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We investigate the unitarity of the expression UUT = 1 at the beginning of
Section 3, therefore this implies the following;:

Ul +uuf =0 and UUf + 20U + Ul = 0.

The homogeneous non-Abelian gauge action can be written in the next form:

ASy = 922 ‘qu(uiuj) =Y (N—tr(Uy) | (16)

Y

The first sum is over all links and the second one goes over space-like plaquet-
tes. The scaled Hamiltonian was derived in the next form. General discretized

ansatz can be written as:
S:atZai’ZL, (17)
t S

than the scaled Hamiltonian becomes:
2 a% ot
aH=2 {5 > e(U) + Y (N—tr(Uy) | - (18)
i ij
In the next section we derived the algorithm in the explicit form.

4 Lattice field algorithm

In this section we introduce the numerical solving of the coupling differential
equations of motion by CPU [2]. The initial condition is uniformly random
in the SU(2) group space to fulfil the constraints unitarity, orthogonality and
Gauss law. The update algorithm satisfies the periodic boundary.

4.1 Implicit-explicit-endpoint algorithm

First we determine the forms pu and c¢ corresponding to orthogonality and
unitarity conditions which were introduced in Section 3. We denote:

P'=Py1 P=P.

The equations of motion (9) are written:
P’ = P+ (V—ulU+eP), (19)

!

u = U+ (P —eU). (20)
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The Lagrange multiplicators p, e are given in the next form to satisfy the
symmetry SU(2):

(1—e)P' = P+ (V—pul),

u = (1—eu+Pp,
where ¢ = 1 — €. First we obtain the value u from orthogonality:

(U, P) = (cU,P)+ (P, P)+c(U,V—pul)+ (P, V—ul),
0 = 0+c((U,V)—p)+c(P P,
o= (U,V)+(P,P).

On the next step we obtain ¢ from unitarity:

ouy = o, u) P,
T=cU W) = c({cl,U)+ (P, ),
1 = cz—l—c(P/,U),

’ !

(U, P’y = (U, P) + (U, V — ull) = (U, V) —p=—(P', P"),

1=c2— (P Py=c=/1+(P,P).
(c>1, £<0).

In the next section we express the explicit and implicit form of the algorithm.

4.1.1 Algorithm

The method is written in implicit form. The final expressions of these equations
of motion are the following:

Vi = V- (uwu,

P = P+ VI,
P = P— (-1,
U = cu+P.

The resolution of implicit recursion is:

c(P +U) = P+c?U+(1—cAU+cP,

cU = P+,
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but U =cU+P’, so

(P, P) = (P,P)+2(1—c)(P,U)+ (1—cH)X(U, L),
A?=1) = (P,P)+(1—cH?
(=) —(ct—22+1) = (P,P),
-1 = (P,P),

= c=1/14+(P,P).
Finally the algorithm explicitly:

Vi = v—u, W,

P = P+ VI,
P %(fwu)—cu,
u = cu+pr.

This algorithm was applied on GPU in Section 6. These processes are compared
with the original sequential method on the CPU against the parallel version
on the GPU.

5 Compute unified device architecture

In the last decade the performance increase of the central processing units
have slowed down drastically compared to a decade earlier. At the same time
the graphical processing units are showing a very intense evolution booth
in performance and architecture thanks to their origin from the graphical
computations and thanks to the never-ending need for more computational
power (values on Figure 3 were taken from [12]).
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Figure 3: Performance increase of the CPU and the GPU

Our idea is to process the Yang-Mills model’s high volume data on the GPU.
This way we can use bigger lattices for calculation, achieving higher precision
and faster runtime. With the many core architecture through the CUDA it
is now possible to evaluate the actual status of the lattice by checking the
individual link values in parallel.

5.1 The compute unified device architecture

Thanks to the modern GPUs now we can process efficiently very big datasets
in parallel [7]. This is supported by the underlying hardware architecture that
now allows us to create general purpose algorithms running on the graphical
hardware. There is no need to introduce any middle abstractions to be able
to use these processors as they have evolved into a more general processing
unit (Figure 4 [14]). The compute unified device architecture (CUDA) divides
the GPUs into smaller logical parts to have a deeper understanding of the
platform. [12] With the current device architecture the GPUs are working like
coprocessors in the system, the instructions are issued through the CPU. In
the earlier generations we were forced to use the device side memory as the
GPUs were not capable to accept direct memory pointers. If we wanted to
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utilize the GPUs, then all the data were supposed to be copied over to the
device prior the calculations.

Instruct the GPU
processing from
the CPU
M
cPU I I l ] fofgg?ll
L] EIDI
] Copy processing
CESZkt?: :ne:il:t (] data from main
m - memrory to the
=mer GPU
OO0
Main __[ ]
Memory GPU

Parallel execution
in each GPU core

Figure 4: CUDA processing flow

While this is still the main idea behind our parallel calculations as the second
generation of Compute Capability devices were released it has became possible
to issue direct memory transactions thanks to the Unified Virtual Addressing
[17]. This has made it possible to use pointers and memory allocations not
only on the host side, but on the device as well. In earlier generations it the
thread local, shared and global memories have used different address spaces,
which made it impossible to use C/C++ like pointers on the device as the
value of those pointers were unknown at compile time.
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5.1.1 Thread hierarchy

CUDA is very similar to the C language, the biggest difference in its syntax
is the <<< and >>> brackets which are used for kernel launches [8]. Kernels
are special C like functions with void return value, that will create all the
threads and that will run on the GPU. It also has the usual parameter list
which contains all the variables we want to pass our input through and to
receive the results of our computations. It is important, that for such inputs
and outputs the memory has to be allocated on the GPU prior the kernel call.
All of our threads are started in a grid which consists of many blocks which
will contain the threads (Figure 5).
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Figure 5: CUDA thread hierarchy

The maximum number of threads that we can start depends on the actual
compute capability of the GPU, but it is important that this number does not
equal to the actual threads being processed at the same time on the GPU. The
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size of the grid and the size of the block depends on the compute capability of
the hardware, but looking solely on the capability restraints we cannot show
the maximum threads being processed.

A GPU can have different number of Streaming Multiprocessors (SM) and
different amount of memory. The CUDA restrictions are containing occupancy
restrictions as well. There are three kinds of these restrictions: resource limita-
tions, block, and thread availability. The SMs are having the maximum limit
on the number of maximum online blocks. Performance wise it is not a good
practice to create algorithms that will be able to reach the resource constraints
even with a very low amount of threads i.e. with high register utilization per
thread [8].

We should divide our algorithm to be called by different kernels thus de-
creasing the resource dependency of our code. The biggest impact on the per-
formance is the memory utilization. It is the most important aspect to keep
all of our midterm results on the device and to keep the host-device memory
transactions to the minimum [11]. The data must be coalesced in the memory
to provide the maximum possible throughput. At the same time the registers
and the shared memory are faster by at least a factor of 100 than the global
memory. This is because the global memory is on the card, while the shared
memory and the registers are on the chip.

5.1.2 Memory access strategies

For older generation of GPUs with Compute Capability 1.x it is important to
use the right access patterns on the global memory. If we will try to use the
same value from thousands of threads, then the access will have to be serialized
on these GPUs, while the newer ones have caching functionality to help on
such scenarios. The most optimal access is the map access, where all threads
will manipulate their own values, more specifically thread n will access the
nth position of the input or output array.

If the data stored in the memory can be accessed in a sequential order and
it is aligned to a multitude of 128 byte address then the data fetching will be
the most optimal on the devices with Compute Capability 1.x (Figure 1). The
GPU can issue 32, 64 or 128 bytes transactions based on the utilization of the
hardware.

If the data is in a non-sequential order (Figure 2), then additional memory
transactions will be required to process everything. We mention here, by using
non-sequential ordering it is possible the transactions will fetch more data,
than we are really going to use at the time. This can be quite a wasteful
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Compute capability: 1.0 and 1.1 ‘ 1.2 and 1.3 2.x and 3.0
Memory transactions: Uncached Cached

1 x 64B at 128
1 x 64B at 192

1 x 64B at 128
1 x 64B at 192

1 x 128B at 128

Table 1: Aligned and sequential memory access

approach.
Compute capability: 1.0 and 1.1 1.2 and 1.3 2.x and 3.0
Memory transactions: Uncached Cached

8 x 32B at 128
8 x 32B at 160
8 x 32B at 192
8 x 32B at 224

1 x 64B at 128
1 x 64B at 192

1 x 128B at 128

Table 2: Aligned and non-sequential memory access

If the data is misaligned (Figure 3), then it will invoke more transactions as
smaller ones will be required to fetch everything. This case can be problematic
even on the cached devices. All tables are representing the data taken from

[12].
Compute capability: 1.0 and 1.1 1.2 and 1.3 2.x and 3.0
Memory transactions: Uncached Cached

7 x 32B at 128
8 x 32B at 160
8 x 32B at 192
8 x 32B at 224
1 x 32B at 256

1 x 128B at 128
1 x 64B at 192
1 x 32B 256

1 x 128B at 128
1 x 128B at 256

Table 3: Misaligned and sequential memory access

Overall it is important to design our data structures to be able to accom-
modate them to the aforementioned restrictions to be able to achieve the
maximum possible memory throughput.
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5.1.3 Other architectures and models

Our development and research was conducted on the aforementioned CUDA
platform. Other architectures and programming models are available that
provide high parallel performance. Currently the biggest competition for the
NVIDIA GPUs are the AMD Radeon GPUs. But the biggest competition is
in the discrete GPU market. In the HPC segment the NVIDIA GPUs are the
mainstream solutions [18], when there is any GPU utilization in the super-
computers. For example the fastest GPU cluster based supercomputer, the
TITAN incorporates NVIDIA Tesla K20X GPUs as coprocessors.

On the other hand Intel is developing it’s own coprocessor for the HPC
segment, the Intel Xeon Phi processor. Currently the fastest supercomputer
in the TOP500 is the Tianhe-2 (MilkyWay-2) accelerated with these Xeon Phi
processors, while the previously mentioned TITAN is at the second place [18].
The Linpack performance benchmark shows a 33,862.7 TFlop/s capability
for the Tianhe-2, while it shows a 17,590.0 TFlop/s for TITAN. But if we
take a look at the number of the processor cores, the Tianhe-2 uses 3,120, 000
cores, while the TITAN uses only 560, 640 cores. It is difficult to make a direct
interpolation for the achieved performance in the case if we will double the
cores in the TITAN, so we will take a look at the individual performance of
each computers accelerator core.

The Intel Xeon Phi 3100 series of accelerators have 57 x86 cores and are
capable of 1003 GFlop/s performance in double precision calculations while
drawing 300 Watt of power [15]. On the other hand the NVIDIA Tesla K20X
has 2688 CUDA cores, capable of 1310 GFlop/s performance also in double
precision calculations while drawing only 235 Watt of power [16]. If we take
the total core numbers of the supercomputers, then the Tianhe-2 has 48000
Xeon Phi processors [5], while the TITAN has 18688 Tesla K20X processors
[13]. Theoretically if we double the number of K20X cards, we will have more
performance than the Tianhe-2, while still utilizing less GPU, than how many
MICs they are using. This shows that the Kepler GPU architecture based Tesla
accelerators are more efficient than the Knights Corner MIC architecture based
Xeon Phi accelerators.

Booth architectures support the OpenCL, OpenAAC programming lan-
guages which all are GPU based languages. On the NVIDIA GPUs the CUDA
model is the most important as the GPUs are in connection with the program-
ming model and as they develop the GPUs and provide new functionality, the
same functionality becomes supported in the next CUDA version. This way
they have the freedom to let developers utilize their GPUs how they see it the
most efficient.
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5.2 Single instruction multiple thread architecture

Our current CPUs are SIMD processors, where SIMD stands for Single In-
struction Multiple Data. This implies that the multicore CPUs can evaluate
a given instruction for multiple data which can achieve even higher amount
of instructions per cycle with the Intel Hyper Threading Technology. In our
case the test machine CPU has two physical cores, that can run up to four
threads simultaneously thanks to the aforementioned technology. So in this
case we will have four instructions evaluated concurrently. On the other hand
the GPUs are SIMT architecture based processors. This stands for Single In-
struction Multiple Thread which is very similar to the SIMD architecture. The
biggest difference is in the maximum number of threads. Theoretically we are
not bound by the maximum number of threads that we can launch, as the
latest Kepler GPUs can initialize billions of threads at the same time. The
key factor is that the performance per thread is quite low, but the GPU can
handle thousands of those cores in a single clock cycle. Of course the actual
number of running threads will be lower, but still bigger then what we can
have on the CPUs. The basic idea behind the SIMT architecture is that we
summon as many threads as many data we have for evaluation. This implies
that for higher utilization we need to provide more data to work on. But even
with maximum thread occupancy it doesn’t directly mean we will achieve the
maximum computational performance.

5.3 Computational architecture

In this subsection we will see what kind of technical details the GPUs have
and how it affects the actual utilization of the given architecture. The actual
number of threads running on the GPU comes through the term of warps. A
warp is a set of 32 threads in a given Streaming Multiprocessor. Based on the
actual architecture and compute capability the maximum number of warps
per SM can differ (Table 4), but the size of a warp is constant 32. This means
that in an optimal solution the maximum number threads running at the same
time is:

#SM *x #WARP * 32.

This implies that all n threads are running the same instruction at the same
time. But in a not so optimal scenario it is possible that the threads are
diverging from the size of the warp. This means that the execution flow differs
among the different threads, so it will not be possible to evaluate all the 32
threads in the warp, because they are using the same program counter. In
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this case the scheduler will have to take into account that there are slower
warps in which the threads are serialized, and this will decrease the overall
performance. This can happen if a thread has to evaluate if statement branches
or long cycles. In the case of cycles the compiler can make some optimization
as it will unroll the loops, but there is no way to predict the flow among the
if statements.

Compute Capability

Technical Specifications 1.0 1111213 | 2x |3.0(3.5
Maximum dimensionality of 9 3
grid of thread blocks
Maximum x-dimension of a 31
grid of thread blocks 05535 2 ]
Maximum y- or z-dimension
of a grid of thread blocks 65535
Maximum dimensionality of 3
thread block
Maximum x- or y-dimension 519 1024
of a block
Maximum z-dimension of a 64
block
Maximum number of threads 519 1024
per block
Warp size 32
Maximum number of resident

. 8 16
blocks per multiprocessor
Maximum number of resident 94 39 48 64
warps per multiprocessor
Maximum numb(.ar of resident 768 1024 1536 9048
threads per multiprocessor

Table 4: Compute capability technical specifications (for description see Sec-
tion 5.1.1)
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6 Parallel Yang-Mills algorithm

In our computational problem we are calculating newer and newer states of all
the links in the system. This is a great example to use the map access pattern
as all threads will have a link to work on. The algorithm was implemented on
the CUDA platform.

6.1 Main idea

In every given timestep a kernel generates the new values for the links. The
kernel call itself is in a cycle that will move until a given step count. The real
difficulty arise from the sanity checks of the system. After a given timestep
the algorithm checks if the system is still valid and such if any further devel-
opments are possible. This will require the actual results on the GPU to be
checked if are still valid. To copy them back to the host side is just a waste of
memory bandwidth and time. To check it on the device requires to have par-
allel algorithms for the subsequent operations. To check the systems validity
we have to summarize the energy values of the links, thus we need to make a
parallel summation. Thankfully the NVIDIA Thrust library already has this
algorithm implemented, so we have used this approach. For this to work we
have to give the values to the algorithm in the form of Thrust defined vectors.
It is possible to cast raw memory pointers to vector containers, so there is
no incompatibility between the Thrust defined vectors and the user defined
global memory allocations. The result will be only one value which will be
much easier to be transferred to the host side for evaluation and this will be
done only once in every check. This isn’t necessarily a good practice, because
to achieve the highest memory throughput we should copy high amount of
data instead of little fragments, but currently we only have to copy just these
summation, so its really just one value per iteration, without implying any
throughput problems.

6.2 Restrictions

The current implementation provides a direct port of the original Yang-Mills
algorithm. As such, it does not provide any GPU specific optimizations which
should further improve the already high amount of performance gain over
the original CPU based version. The calculations are running on the three
dimensional space with varying amount of precision, or varying dense of the
lattice. The more dense it is, the more links it will generate, thus heavily
increasing the inputs and the required calculations. Because this is a direct
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port we do not separate the algorithm based on different functionalities, just
applying the same algorithm for all the links in parallel. This implies that for
the actual implementation the biggest restrain the available memory is. In this
sense how dense an actual lattice can be for processing depends on how much
free memory we have on the GPU, as all the links will have to be stored on
the device.

6.3 Implementation

For implementation and testing we have used a GeForce GTX 580 with com-
pute capability 2.0.

GeForce GTX 580

Technical Specifications Compute Capability 2.0
Transistors (Million) 3000

Memory (MB) 1536

SM Count 16

Memory Bandwidth (GB/s) 192.4
GFLOPs 1581.1

TDP (watts) 244

Table 5: GeForce GTX 580 technical specifications

In our case the maximum number of executed threads is 24576 (Table 5).
This means that there will be this amount of instructions which evaluated at
every given clock cycle in parallel. To be really efficient though it is important
to do not introduce diverging threads. In our case the Yang-Mills algorithm
doesn’t provide any instructions that will result in diverging threads. The links
of 3 dimensional lattice are aligned into an array which are distributed into
a 1 dimensional grid. We compute a state of lattice through a grid of CUDA
threads by giving a link to a thread for computation. As a new state is reached
we use the Thrust reduction algorithm to do the required summation on the

new values to check the actual properties while keeping the whole dataset on
the GPU.

6.3.1 Compute unified device architecture based algorithm

Essentially there is no real difference between the original (see Section 4) and
the CUDA based algorithm, the equations (19), (20) are the same after all.
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But powerful distinction between the two is the indexing of the given links
Ui (Section 4.1.1) which are stored in a row ordered array.

The index of an actual thread can be calculated with the next statement,
assuming that we are using a one dimensional grid (Section 5.1.1) with one
dimensional blocks.

int idx = blockDim.x*blockIdx.x+threadIdx.x;

A simple optimization is the including of shared memory (Section 5.1.1).
We are accessing the links many times during an evaluation, so it is a good
optimization strategy to load the links into the shared memory.

__shared__ float s_aux[1000];
__shared__ float s_U[1000];
__shared__ float s_V[1000];

The most compute heavy parts of the algorithm are the subroutines to
upgrade the links and to calculate the complement of the lattice variable.
As an implication of this the GPU based algorithm contains the accelerated
versions of the aforementioned functions.

These functions are CUDA kernels so they are required to be __global__
functions. We are starting these kernels with 512 threads for each thread block
with as many blocks as much we need to have the same amount of threads as
much links we have.

Naturally this can give us more threads than the number of the available
links, so a condition check is given to do not utilize the unnecessary threads.

This way we can evaluate our algorithm (Section 4.1.1) on all the maximum
allowed threads at the same (Section 6.3), alas on the same amount of links.

6.4 Numerical results

We introduced a method to solve the Yang-Mills equations in time by expres-
sions (19), (20) (see Section 4). The link variables were expressed by quater-
nion representation and due to the SU(2) symmetry three dimensional polar
coordinate system was applied.

We numerically computed the differential equation of motion by real-time
implicit-explicit algorithm (Section 4.1) to choose random initial configura-
tions on any finite lattice SU(2). This process fulfils the constraints of total
energy Eiot by Lagrange multiplicators, unitarity and orthogonality of the
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SU(2) symmetry conditions and Gauss law. We applied periodic boundary
conditions and the nearest neighbor intersection on finite lattice.

The physical quantities required the high precision calculation and the size of
elementary lattice box expected the smallest value as possible i.e. to achieve the
extrapolation of the thermodynamic limit. An efficient algorithm was achieved
on the GPU by parallelism in Section 6. This process is much more effective
on the three dimensional lattice.

For overall testing the following system was used (Table 6):

CPU GPU 0S Compiler CU].)A
version
Intel Core GeForce Windows 8 Visual 50
i5 650 GTX 580 Pro C++ 2010 ’

Table 6: The used system’s specification

We compared the runtime of the CPU to the GPU (Figure 6), the GPU
gives substantially better results considering the same lattice size which shows
acceleration of a magnitude of 28 in single precision and 11 in double preci-
sion.
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Figure 6: Runtime on the CPU and on the GPU with N = 25,50, 75,100

Even if we use single precision values for our calculations, the CPU cannot
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provide any strong performance compared to the GPU because the latter has
a lot more processing power.

Due to the limited resources of the CPU it is really difficult to provide a
real comparison, thus we provide an extrapolation of the higher dense lattice
computation runtime (Figure 7). By measuring how much time a lattice with
N3 vertices takes to be evaluated, we can see how much time a single link
takes. Taking this into account we calculated the number of links on the three
dimensional lattice and multiplied this number with that single link runtime
as it follows:

const; = t1/(24N?); extrapolated runtime = const;24N3,

where t; is the runtime of a lattice with Ny = 25 and 24N3 is the number
of all links in a lattice with N3 vertices. This value was calculated for booth
single and double precision driven CPU and GPU based runtimes.
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Figure 7: Extrapolated runtime of the algorithm for large N on the CPU
and extrapolated runtime on the GPU. Measured range: 0 <= N <= 100;
Extrapolated range: 100 < N <= 1000

From (Figure 7) it can be read that the GPU based calculations will remain
faster compared to the CPU implementation even on much denser lattices. The
actual measured range of the lattice size is 0 <= N <= 100 and the further
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extrapolated range is 100 < N <= 1000. (Figure 7) shows that the factor 27.68
by which the GPU is faster than the CPU on the actually calculated lattices is
still valid on the extrapolated interval where this factor is 27.69. Naturally the
single precision values should imply a faster runtime and the used hardware
provides a significantly higher single precision peak performance, than what it
gives for the double precision. Still the single precision based implementation
isn’t much faster than it’s double precision counterpart. The reason for that
is that the algorithm at hand cannot utilize the hardware efficiently.

We are mentioned it many times, that the problem at hand is very paral-
lelization. This means that the algorithm that we are using has a very good
sequential part to parallel part ratio which implies the parallelization nature
of the problem. The values on (Figure 8) shows that as we increase the size
of our lattice this ratio starts to grow, but very steadily. This is because the
sequential part is very limited compared to the parallel part which already has
a huge amount of acceleration over the original algorithm, where:

Let tseq/a denote the runtime of the sequential portion of the code and
tpar/a denote the runtime of the parallel portion booth values in seconds.
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Figure 8: Ratio of the sequential and parallel runtime in the function of N,
where tseq[sec]/a is the sequential fraction of the runtime and tpar[sec|/a is
the parallel fraction
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The fraction of the two tseq/tpar is small, because the dominant factor is the
parallel part as it will take more time to be evaluated, than the lesser sequential
part. The parallel routines are handling the massive datasets, updating all
the link variables in the lattice, while the sequential parts are calculating
the Langrange multiplicators which results in the conservation of the total
energy, the unitarity and orthogonality of the SU(2) symmetry condition in
this dynamical system.

The single precision calculations are considerably faster than the double
precision evaluations, so it is an important question if the single precision
numbers are sufficient for our needs or not. The single precision values suffers
a little loss thanks to the half precision, but the two values are still equal up
to the fifth decimal value, above that the deviation of the energy only exists
because of the higher precision of the double values (Figure 9).

Let E4 denote the energy based on the double precision values of energy and
E; denote the energy based on the single precision values, and (Eq — Es)gza is
drawn in the function of t/a, where runtime measured in seconds.

0,00008
0,00007
0,00006

0,00005 ——®

0,00004 ®__--- P

(Ed-Es)g’a

0,00003

0,00002

0,00001 : : : i i
0 10 20 30 40 50
t[secl/a

Figure 9: The energy difference in the function of the time i.e. (Eq —Es)g?a vs
t[sec]/a for single precision (E;) and double precision (Es) values on the GPU

The fundamental value of certain physical quantities can be determined
by finite-size scaling. We determined the extrapolation of the energy to the



Yang-Mills lattice on CUDA 209

0,1
0,09
0,08
LT O —

W 0,06 s Y e -

T R —"
0,04
0,03
0,02
0,01

-+

|
-+
4
4
-

-

0 0,05 0,1 0,15 0,2 0,25 0,3 0,35 04
1/N

Figure 10: The thermodynamic limit of the energy (N — 00)

thermodynamic limit (N — oo) which is demonstrated on (Figure 10). The
correspondence proved to be almost linear by assuming g?aE ~ % scaling with
finite-size.

In this chapter through numerical calculations we have proved that the GPU
is a valuable computing platform even for the Yang-Mills algorithm, providing
faster real-time performance than what the CPU has, allowing us to reach
higher precision without sacrificing too much time.

7 Summary

We studied the time dependent behaviour of Yang-Mills fields which are ex-
pressed by coupled differential equations.

As the Fermi GPU architecture was build up from the ground to be com-
patible with the C4++ programming standards it have became simple to port
the existing applications to the GPU. In our case the direct port Yang-Mills
model’s algorithm was capable to achieve at least 11 times performance boost
compared to the original.

Just changing the underlying hardware the algorithms still produced the
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same result, thus keeping the physical principles valid. Physical constant quan-
tities remains constraint while solving the equation of motion by parallel al-
gorithm, such as the total energy.

The behaviour of the GPU makes it possible to solve the more complicated
systems for example Yang-Mills-Higgs fields. This means more precision can be
achieved on these systems. This is especially important where high precision
computations in thermodynamic limit are mandatory.
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On the k-Fibonacci words
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Abstract. In this paper we define the k-Fibonacci words in analogy with
the definition of the k-Fibonacci numbers. We study their properties and
we associate to this family of words a family of curves with interesting
patterns.

1 Introduction

Fibonacci numbers and their generalizations have many interesting properties
and applications to almost every fields of science and arts (e.g. see [13]). The
Fibonacci numbers F,, are the terms of the sequence 0,1,1,2,3,5,... wherein
each term is the sum of the two previous terms, beginning with the values
F() :O, and F1 =1.

Besides the usual Fibonacci numbers many kinds of generalizations of these
numbers have been presented in the literature. In particular, a generalization
is the k-Fibonacci numbers [11].

For any positive real number k, the k-Fibonacci sequence, say {Fininen is
defined recurrently by

Fk)o =0, 1 = 1 and Fyng1 = ka,n + Fkynq, n>l. (1)
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In [11], k-Fibonacci numbers were found by studying the recursive applica-
tion of two geometrical transformations used in the four-triangle longest-edge
(4TLE) partition. These numbers have been studied in several papers, see
[5, 10, 11, 12, 18, 19, 23].

The characteristic equation associated to the recurrence relation (1) is x
kx + 1. The roots of this equation are

k+Vk?+4 k—Vk?+4

T = B — and Ty = 7

2:

Some of the properties that the k-Fibonacci numbers verify are (see [11, 12]
for the proofs).

Binet Formula: Fy,, = Hh1—Tk2
[ ] me ormula: = .
kT

n-1 : .
e Combinatorial Formula: Fy ,, = ZL@ . (“fg 7‘)k“_]_2‘.

. F
o limy_ oo Fkkn: =Tk

On the other hand, there is a word-combinatorial interpretation of the Fi-
bonacci sequence. Fibonacci words are words over {0, 1} defined recursively as
follows:

fo=1, f1 =0, fn="Fnfn2, mn=>2.

The words f,, are referred to as the finite Fibonacci words and it is clear that
[fal = Frp1. The limit

f= lim f,, =0100101001001010010100100101 - - -
n—oo

is called the Fibonacci word. This word is certainly one of the most studied
words in the combinatorics on words, (see, e.g., [2, 6, 7, 9, 15, 22]). It is
the archetype of a Sturmian word [14]. This word can be associated with a
curve, which has fractal properties obtained from combinatorial properties of
f [3, 16, 21].

In this paper we introduce a family of words fi that generalize the Fibonacci
word. Specifically, the k-Fibonacci words are words over {0, 1} defined induc-
tively as follows

k—1 k
fro =0, fr,i =071, fen = fk,n_]fk,n—b
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for all n > 2 and k > 1. Then it is clear that [fy | = Fin41. The infinite word

fk = lim fk,n
n—oo
is called the k-Fibonacci word. In connection with this definition, we investi-
gate some new combinatorial properties and we associate a family of curves
with interesting patterns.

2 Definitions and notation

The terminology and notations are mainly those of Lothaire [14] and Allouche
and Shallit [1].

Let X be a finite alphabet, whose elements are called symbols. A word over
Y is a finite sequence of symbols from X. The set of all words over X, i.e.,
the free monoid generated by X, is denoted by X*. The identity element € of
I* is called the empty word and * = X* \ {€}. For any word w € L*, [w|
denotes its length, i.e., the number of symbols occurring in w. The length of €
is taken to be equal to 0. If a € £ and w € L*, then |w[, denotes the number
of occurrences of a in w.

For two words u = ajaz---ax and v=Dbib;---bs in * we denote by uv the
concatenation of the two words, that is, uv = ajay---agbiby---bs. If v=1¢
then ue = eu = u, moreover, by u™ we denote the word uu---u (n times). A
word v is a subword (or factor) of u if there exist x,y € Z* such that u = xvy.
If x =€ (y =€), then v is called prefix (suffix) of u.

The reversal of a word U = aja;---ay is the word uk = an---aza; and
eR = e. A word u is a palindrome if uR = .

An infinite word over X is a map u: N — X. It is written u = ajazaz---.
The set of all infinite words over X is denoted by X%.

Example 1 The word p = (pn)n>1 = 0110101000101 - - -, where pp =1 if n
is a prime number and pn = 0 otherwise, is an example of an infinite word. p
1s called the characteristic sequence of the prime numbers.

Definition 2 Let L and A be alphabets. A morphism is a map h : Z* — A*
such that h(xy) = h(x)h(y) for all x,y € Z*. It is clear that h(e) = €.

There is a special class of words, with many remarkable properties, the so-
called Sturmian words. These words admit several equivalent definitions (see,
e.g. [1] or [14]).
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Definition 3 Let w € £¥. We define P(w,n), the complexity function of w,
to be the map that counts, for all integer n > 0, the number of subwords of
length n in w. An infinite word w is a Sturmian word if P(w,n) =n+1 for
all integer n > 0.

Since for any Sturmian word P(w,1) = 2, then Sturmian words are over
two symbols. The word p, in Example 1, is not a Sturmian word because
P(p,2) =4.

Given two real numbers «, f € R with acirrationaland 0 < a < 1,0 < p < 1,
we define the infinite word w = wiwows -+ as

wp=|m+1Da+B] —|na+B].

The numbers « and {3 are the slope and the intercept, respectively. This word
is called mechanical. The mechanical words are equivalent to Sturmian words
[14]. As special case, when B = 0, we obtain the characteristic words.

Definition 4 Let « be an irrational number with 0 < o« < 1. Forn > 1,
define

we(n) = [(n+Naf — [na],
and

w(a) = wa(lwa(2)we(3) -,
then w(a) is called a characteristic word with slope .

On the other hand, note that every irrational & € (0,1) has a unique con-
tinued fraction expansion

(x:[o)ahaba?n---]: )
a +
ap +

.l
a3+

where each a; is a positive integer. Let o« = [0,1+ dy,dy,...] be an irra-
tional number with d; > 0 and d, > 0 for n > 1. To the directive sequence
(dy,dz,...,dn,...), we associate a sequence (Sn)n>—1 of words defined by

d
s.p=1, s0=0, sp=s5"sp2, (M>1).
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Such a sequence of words is called a standard sequence. This sequence is related
to characteristic words in the following way. Observe that, for any n > 0, s,
is a prefix of s;1, which gives meaning to lim;, . Sn as an infinite word. In
fact, one can prove [14] that each s, is a prefix of w(a) for all n > 0 and

w(a) = nlgr;() Sn- (2)

Example 5 The infinite Fibonacci word f =0100101001001010- - - is a Stur-
mian word [14], exactly f =w (#) where ¢ = % is the golden ratio.
Definition 6 The Fibonacci morphism o :{0,1} — {0, 1} is defined by o(0) =
01 and o(1) = 0.

The Fibonacci word f satisfies that limy_,o, 0™ (1) = f [1].

3 The k-Fibonacci words

Definition 7 The nth k-Fibonacci words are words over {0,1} defined induc-
tively as follows

fk‘o =0, fk)1 = Oki1 1, fk,n = fllz,nflfk,an)
for allmn > 2 and k > 1. The infinite word
fk = lim fk,n
n—oo

s called the k-Fibonacci word.

It is clear that [fi n| = Finy1. For k = 1 we have the word f =1011010110110.. .,
where @ is a morphism, with a € {0, 1}, defined by 0 = 1,1 = 0.

Example 8 The first k-Fibonacci words are

f; =1011010110110---=f, £ =0101001010010---, f3=0010010010001 - - -,
f, = 0001000100010 - -, fs = 0000100001000 ---, f5=0000010000010--- .

Definition 9 The k-Fibonacci morphism oy : {0,1} — {0,1} is defined by
0k (0) = 051 and oy (1) = 0% T10.

Theorem 10 For alln > 0, op(0) = fin and O'E+](1) = ficnt1fign. Hence,
the k-Fibonacci word fy satisfies that limy, o, 0™(0) = fi.
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Proof. We prove the two assertions about o} by induction on n. They are
clearly true for n =0, 1. Assume for all j < n; we prove them for n:

0P (0) = o (07'1) = (01 (0))* T of (1) = i Fnfin 1 = finfion 1 = fion .
O'E-Fl(l) = UEH(OK—UO) = (GLIH(O))k—] UEH(”GEH(O) _ ft,;:—]fk,n-ﬁ—] finfrns

= fllz,nﬂ fenfinet = fne2fintt. N
Proposition 11

1. [finlt = Fxn and fixngtlo = Fengr + Fn for allm > 0.

. f 2
2. lim | k’“' = k1|
n—oo [finlo 1T+ Ti

. f
3. lim fionl =Ty
n—oo [fi nli

i |fk,n|0 o 1
111

Cnooo [fnlt T

Proof.

1. It is clear by induction on n.

. f . F ) T
2. llm M — llm L“Fl — llm l]c:,n — k)] .
n—oo [finlo  n—ooo Fn +Fn1  nooo ] 4 1}<:,n7‘1 T+ Tk
k,n
. f . F
3. lim M = lim M =T
W Tfnh  noBo Fin
. el . Fen+ Fenot 1
4. lim 10 = lim Nl g 4 )

Proposition 12 The k-Fibonacci word and the nth k-Fibonacci word satisfy
that

1. The word 11 is not a subword of the k-Fibonacci word, k > 2.

2. Let ab be the last two symbols of fyn. Forn > 1, we have ab =10 if n
s even and ab =01 if n is odd, k > 2.

3. The concatenation of two successive k-Fibonacci words is “almost com-
mutative”, i.e., fyn_1fkn—2 and fyn_o2fin_1 have a common prefix the
length Fy o + Fxno1 — 2 for allm > 2.
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Proof.

1. It suffices to prove that 11 is not a subword of fy ,, for all n > 0. By
induction on n. For n = 0,1 it is clear. Assume for all j < n; we prove it
for n. We know that fy,, = f}i n—1fkn—2 so by the induction hypothesis
we have that 11 is not a subword of fyn—1 and fy 2. Therefore, the
only possibility is that 1 is a suffix and prefix of fy 1 or 1 is a suffix of
fyn—1 and a prefix of fy n_, both there are impossible.

2. By induction on n. For n = 1,2 it is clear. Assume for all j < n; we
prove it for n. We know that fy 11 = flﬁnfk,n—h if n+1 is even then by
the induction hypothesis the last two syfnbols of fyn—1 are 10, therefore
the last two symbols of fy 41 are 10. Analogously, if n + 1 is odd.

3. By induction on n. For n = 1,2 it is clear. Assume for all j < n; we
prove it for n. By definition of fy ,,, we have

K K
fin—1fign—2 = T n2fign-3 * fkn—3fkn—a

K K ek
= (fin—3fin—4)" - fgn3fin—3fign—4,

and

fk,n—ka,n—1 = f]l;n—?,fk,n—ll ’ flﬁ,n—sz,n—ii
= fin3fion—a - (FEn 3fin—a)® - ficns
= (fl]z,nfgfk,n74 ) kflﬁ,nfg fin—afin—3.
Hence the words have a common prefix of length k(kFyn— + Fxn_3) +
kFn—2 = K(Fxn—1 + Fxn—2). By the induction hypothesis fy n_3fxn—4 and

fi n—4afi n—3 have a common prefix of length Fy ;, > +Fy n—3 —2. Therefore
the words have a common prefix of length

K(Fino1 +Fen2) + Fn2 + Fn-3 —2 = Fgn + Fenr — 2. 0

Definition 13 Let @ : {0,1}" — {0,1}" be a map such that ® deletes the last
two symbols, i.e., D(ajay---an) = aqjaz---an_2 (N> 2).

Corollary 14 The nth k-Fibonacci word, satisfy for allm > 2 that

1. © (fk,nf1 fk,an) =0 (fk,nfsz,nf1 ) .
2. @ (fk,n—1 fk,n—Z) = 1:k,n—ZCD (fk,n—l ) = 1:k,n—l O (fk,n—Z) .
3. If fk,n = (D(fk,n) ab, then @ (fk,an) ab® (fk,nfl ) = fk,nfl ) (fk,an) .
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4. 1If fun = O(fxn)ab, then O (fin_2)(ab®(fin_1))* = @ (fin).

Proof. Parts (a) and (b) follow immediately from Proposition 12-(3) and be-
cause of [fyn| > 2 foralln > 2. (c) In fact, if fy , = @ (fxn)ab then from Propo-
sition 12-(2) we have fyn2 = @(fxn—2)ab. Hence ®(fin—2)abd(fyn_1) =
fin2@(fin1) = fin1@(fin—2). (d) It is clear from (c) and definition of
fen. 0

Theorem 15 O(fyy) is a palindrome for alln > 1 and k > 1.

Proof. By induction on n. If n = 2 then ®(fy,) = (0% T1)k=105kT is a palin-
drome. Now suppose that the result is true for all j < n; we prove it for
mn.

(@ (fin))® = (O 1 fin2))® = (F 1@ (fign-2))% = O(fin2) R (F 1R
= D (frn2) (FR )

If n is even then fi n = ®(fin)10 and from Corollary 14-(4), we have that

(@ (fin))® = O (fin—2) (@ (fin—1)01)%)* = O (fx n2) (10( @ (Fin—1))%)*
= O(frn-2) (10D (fin1))* = O(ficp).

If n is odd, the proof is analogous. O

Corollary 16 1. If fyn = O(fin)ab then bad(fin)ab is a palindrome.
2. Ifu is a subword of the k-Fibonacci word, then so is its reversal, u® .

Theorem 17 Let x = [O,ﬂ be an irrational number, with k a positive integer,
then

W(O() = fk
Proof. Let a = [0,ﬂ an irrational number, then its associated standard
sequence is
s.1=1, sp=0, s1= 55_15_1 =01 and s, = sﬁ_1sn_z, n> 2.

Hence {sn},>o = {fixnt,>o and from equation (2), we have

w(o) = limp_se0 S = fi. O
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Remark. Note that

1  —k+VkI+4
1 N 2
1

[0,K] = — 1
k+

k+

1
k+—

From the above theorem, we conclude that k-Fibonacci words are Sturmian
words.

A fractional power is a word of the form z = x™y, wheren € Z* and x € L*,
and y is power power prefix of x. If [z] = p and [x| = q, we say that z is a
p/g-power, or z = xP/9. In the expression xP/9, the number p/q is the power’s
exponent. For example, 01201201 is a 8/3-power, 01201201 = (012)3/3. The
index of an infinite word we £ is defined by

Ind(w) :=sup{r € Q-1 : w contains an r-power}
For example Ind(f)> 3 because the cube (010)3 occurs in f at position 6. In

[15] the authors proof that Ind(f)=2 + ¢ ~ 3.618. A general formula for the
index of a Sturmian word was given in [8].

Theorem 18 If u is a Sturmian word of slope « = [0, aj, az, az,...], then

n>0 n

12
Ind(w) = sup {2 + any1 + qn1},
where qn is the denominator of & = [0, ar,az,az,...,anl and satisfies q—1 =
0,do =1, qn+1 = an41qn + Gn-1-

Corollary 19 The indez of k-Fibonacci words is Ind(f,) =2+ k + ——.

Tk, 1

Proof. fy is a Sturmian word of slope ¢ = [O,ﬂ, then it is clear that qn =
Fint1, and from above theorem

Fxn—2 1
Ind(f) =supd2+k+ =224 k4 —.
. n}% { Fk,n-H } O
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4 The k-Fibonacci Word Curve

The Fibonacci word can be associated to a curve from a drawing rule. We must
travel the word in a particular way, depending on the symbol read a particular
action is produced, this idea is the same as that used in the L-Systems [17].
In this case, the drawing rule is called “odd-even drawing rule” [16], this is
defined as shown in the following table.

Symbol | Action
1 Draw a line forward.
0 Draw a line forward and if the symbol 0 is in a position even
then turn 0 degree and if 0 is in a position odd then turn
—0 degrees.

Definition 20 The nth-curve of Fibonacci, denoted by Fyn, is obtained by
applying the odd-even drawing rule to the word . The Fibonacci word fractal
F, is defined as

F = lim Fj,.

n—oo

Example 21 In Figure 1 we show the curve Fip and Fi7. The graphics in
this paper were generated using the software Mathematica 9.0, [20].

Figure 1: Fibonacci curves Fjp and JFj7 corresponding to the words fio and fy7

Properties of Fibonacci Word Fractal can be found in [3, 4, 16].

Definition 22 The nth k-curve of Fibonacci, denoted by Fi n, is obtained by
applying the odd-even drawing rule to the word fyn. The k-Fibonacci word
curve Fy is defined as

Fi = lim Fn.
n—oo
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Fis

Table 1: Some curves Fi, with 0 = 90°

In Table 1, we show some curves Fi, with an angle 0 = 90°.

In Table 2, we show some curves Fi, with an angle 6 = 60°. In general
these curves have a lot of patterns because the index is large, see Corollary
19.

Proposition 23 The k-Fibonacci word curve and the curve Fyn have the
following properties:

The k-Fibonacci curve Fy is composed only of segments of length 1 or 2.
The Fyn is symmetric.

The number of turns in the curve Fin is Fixn + Fxn_1.

If n is even then the Fin curve is similar to the curve Fyn—y and if n
is odd then the Fyn curve is similar to the curve Fin_3.

oo~

Proof.

1. It is clear from Proposition 12-1, because 110 and 111 are not subwords
of fk.

2. It is clear from Theorem 15, because fin = ®(fin)ab, where O(fy ;) is
a palindrome.

3. It is clear from definition of odd-even drawn rule and because [fxn41lo =
Fing1 + Fene
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F210

Fa7

Table 2: Some curves Fy n with 0 = 60°

4. If n is even. It is clear that Gﬁ(fk’n,z) = fin. We are going to proof that
Gﬁ guaranties the odd-even alternation required by the odd-even drawing
rule. In fact, 02(0) = 0% (0%'1) = (0%'1)*0 and o (1) = (0% '1)k01.
As k is even, then IO'i(O)I and IO'i(l)l are odd. Hence if [w| is even (odd)
then |02 (w)| is even (odd). Since oZ preserves the parity of length then
any subword in the k-Fibonacci word preserves the parity of position.

Finally, we have to proof that the resulting angle of a pattern must be
preserved or inverted by Gi. Let a(w) be the function that gives the
resulting angle of a word w through the odd-even drawing rule of angle
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0. Note that a(00) = 0°,a(01) = —6° and a(10) = 6°. Therefore

a(0£(00)) = a((0* 1) 0(0*1)*0)
= a((0"1))a(00* M a(1(0* 1) o)
=—k0° +0° + k0° = 0°
a(o?(01)) = a((0®'1)*0(0*T1)k0¥1)
= a((0* 1)) a(00¥ Na(1(0* 1) T0)a(0* 1)
= —k0° +0°+k0° —0° =—0°
a(0%(10)) = a((0® 1)*0*1 (0% T1)k0)
= a((0 1)) a(0®)a(1(0* "1)*0)
=—k6°4+0°+ (k+1)0°=6°
Then Gﬁ inverts the resulting angle, i.e., a(w) = —a(cﬁ(w)) for any word
w. Therefore the image of a pattern by O'i is the rotation of this pattern

by a rotation of —0°. Since Ui(fk,n—z) = fin, then the curve Fyn is
similar to the curve Fin 2.

If n is odd the proof is similar, but using O‘i. 0

Example 24 In Figure 2 Fy4 looks similar to Fag, Fag and so on.

Figure 2: Curves Faay Faey Fag with 8 = 60°

In Figure 3 Fs3 looks similar to Fsg.
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Figure 3: Curves F53, F56 with 0 = 60°
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Abstract. We consider in this paper the basis finite automaton and its
some properties. We shall also consider some properties of special binary
relation defined on the sets of states of canonical automata for the given
language and for its mirror image. We shall also consider an algorithm
of constructing the basis automaton defining the language which has a
priory given variant of this relation.

1 Introduction

The basis automaton for the given regular language was firstly defined in [11].
And in [6], we considered an extension of the basis automaton, which can
describe all the possible labels of inputs, outputs and loops for any state of
any nondeterministic automaton defining the given language.

The basis automaton can be considered as a complete invariant of regular
language, like automaton of canonical form and Conway’s universal automaton
([2, 5]). But using the basis automaton, we can formulate some properties of
regular language; using other formalisms, these properties could be formulated
in a more complicated way. Some of such properties were already considered
in [8, 9, 11].

In this paper, we shall consider some other such properties and some exam-
ples for them. Among other things, we shall consider some properties of special
binary relation defined on the sets of states of two canonical automata: for the
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given language and for its mirror image. We shall also consider an algorithm of
constructing the basis automaton defining the language, for which there holds
the a priory given variant of this relation.

2 Preliminaries

We shall use the notation and preliminaries of [6, 7]. Let us repeat the main
ones for the ease of reading.
We shall consider nondeterministic finite automaton

K:(Q)Zaéys)F) (1)
without e-edges, i.e., we consider transition function & of automaton (1) as
0:QxX—=PQ).

Its language will be denoted by £(K); unless other fact is formulated, we shall
suppose that £(K) = L.

The input language of the state q € Q, i.e., the language of automaton
(Q,L%,5,S,{q}), will be denoted by L{*(q). Similarly, the output language of
the state q € Q, i.e., the language of automaton (Q, X, 3,{q}, F), will be denoted
by £2"(q).

L is the canonical automaton defining L, without the useless (“dead”) state.

Let automata L and LR for the given language L be as follows:

L= (Qn,Z,8m{sah Fx) and IR =(Qp,Z,8p, s}, Fp)

(where 7 and p are indexes which indicate languages of two canonical au-
tomata, i.e., languages L and LR respectively).

Binary relation # C Qx x Q, is defined in the following way. For some
states A € Qr and X € Q,, condition A#X holds if and only if there exist
some words u € [%n(/\) and v € £i0vgt(X), such that uvR € £(K). In [7], we
considered a simple algorithm for constructing this relation.

Also in [6, 8, 7], we considered state-marking functions @' and @°% for
automaton (1); those are the function of the type

e Q= P(Qr) and @f":Q — P(Q,)

defined in the following way. We set (p]i(”(q) 5 A (where g € Q and A € Qn)
if and only if

(ue ) (we £f(q) &ue LMA), ie, LI(q)NLIA)#G.
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Similarly, we set @2%(q) 3 X (where q € Q and X € Q,) if and only if

R .
(£e@) nelo) # 8.
A simple algorithm for constructing these functions was also given in [7].
For language L defined by automaton (1), we define the equivalent basis

automaton BA(L); in this paper, we use the version of its definition of [6].
Thus, for the given regular language L, this automaton will be denoted by

BA(L) = (Q,%,5,5,F), (2)
where !:

° Q is the set of pairs of the type Q, such that A € Qn, X € Q, and A#X;

e transition function 8 is defined in the following way: for each Q, 5 € Q
and a € X, we have Q % 5 if and only ifA%)B and Y%X;
o e p

{5

e similarly, = { SA ‘ A#s, }
P

St X}

Thus, we can think that considering the given regular language L, we also
have notation for its:

e two automata of canonical form (i.e., L and LR), and also their states,
transition functionc etc;

e binary relation #;
e state-marking functions @ and ¢°U;
e basis automaton BA(L).

We also shall sometimes consider automaton (EE)R which also defines language
L.

! See [7] for some more details, e.g., for binary relation #.
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3 The correctness of the definition B4(L):
the complete proof

As we said before, the definition of the basis automaton was firstly given in
[11], we use the equivalent definition of [6]. Also in [11], there was given the
proof of the correctness of that definition. But that proof was incomplete: in
fact, we have proved only that each word of the given language can be accepted
by automaton BA(L). In this section, we consider the complete version of this
proof. This complete version will be also used in Section 7.

Proposition 1 £<B4(L)> =L.

Proof. We shall prove the equivalence of automata L and BA(L).

1. Firstly, let us consider some word uw € L, i.e., u € [,(t) Then uR € LR,
ie., uR € £(LR). Let [u| =n.

Let the accepting of the word u by automaton L is the following sequence
of transitions beginning (the only) initial state s;:

Po=Sn, P1y P2y -5 Pn—-2y Pn—1, fﬂ:pn) (3)

where p; € Qg for each 1 € {1,...,n—T1} (i.e., each p; is some state of au-
tomaton L), and f € Fr (i.e., fx is some final state of automaton L). Because
L is deterministic automaton, sequence (3) is the (unique) accepting run of L
on u. .

Similarly, automaton LR reading letters of the word uR has the following
sequence of transitions:

T0=Spy T1y T2y vy Tn2, Tn1, fp =Tn (4)

(where 11 € Q, for each i € {1,...,n—1}, and f, € Fy); as before, s, is the
only initial state. Sequence (4) is also defined by the given word u (or uR) in
the only way. The numbers of elements of the sequences (3) and (4) are the

same; they are equal to n+ 1. The sequence of transitions for automata i, LR
and (LR)R reading words u and uR is shown on the following diagram:

L: si — P1 — P2 cee P2 —  Pno1 — fx
aj a e aAn—1 an
fo — Th] —— Th_2 ...T2 — 7 — s, LR

(LR)R 2fp — Th—1 — Th—-2 P ) — 7 — Sp
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Let us rewrite the sequence (4) in the reverse order:

fp) Tn-1y Tn—-2y ..+, T2, T1, Sp, (5)

then let us combine elements of (3) and (5) in the following sequence of the
pairs:

Sn P1 P2 Pn-2 Pn—1 fr

fo! Tho1 T2 O 1m2 o1 sy
By the definition of relation #, each pair of this sequence can be considered

as a state of automaton BA(L), because for each such pair (let it be Tj;), we

can write a word of L (i.e., the given word u) by u =vw, where
. . R
vV=aj...q; € L’%"(pi) and W=ay...a, € </_,’%%(T‘n,i)> .

Besides, by definition of BA(L), state f;: belongs to S (the set of initial states
of automaton BA(L)), and state 27; belongs to F (the set of final states). And
for each 1 € {0,...,n—1}, we have

Pi a Pi+
Tn—i BA(L)  Tn_(i+1)

by definition of BA(L). Therefore L C £<B4(L)>

2. Secondly, let us consider some word u € £<B4(L)). Let also |u| =n, and

U =ajay...dan. Then for BA(L) and u, we can write the following sequence of
transitions:

bo P @, P2 P2 dng Pt ey P
Thn  BA(L) Th—1 BA(L) Th-2 T2 BA(L) T BA(L) To

By definition of BA(L) we obtain, that py = sx, and also

piai%])pi+] for each i€{0,...,n—1}.
L

We have to prove, that pn, € Fr.
Let pn ¢ Fr. By definition of relation # (see [7]) and pair E”g for it, there
exists a word u’ € L, such that u’ = vw, where

veLMpy) and wke c]fi;(ro).
By (6), we can think that v = u; then uw € L, and therefore u® ¢ L'%?t(ro).

Then (because ¢ € E%(ro) and automaton LR is deterministic) uk € LR,
thereforeue L. @O
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4 Some properties of the state-marking functions

In this section we consider some properties of the state-marking functions.
They were formulated in [10], and afterwards were used in some other our
papers. In this section we shall prove them without other facts, i.e., using the
definitions only. All these properties combine in the common expressions the
values of input and output languages of the states (i.e., of L and LW see

[7]):

e of any nondeterministic finite automaton K defining considered regular
language;

e of canonical automata for languages £(K) and £(KR).

It is important to remark, that by following Propositions 6 and 7, correspond-
ing languages are also input and output languages of the states of the equiv-
alent basis automaton.

The first proposition of this section formulates the sufficient condition of the
given word: whether or not it belongs to the corresponding output language.

Proposition 2 L{é“t(q) C U L‘gut(a).

qeed(q)

Proof. Let for some word v and state of canonical automaton q € (p]’%”(q)
condition v ¢ Ef“t(fj) holds. Then we prove, that v ¢ £L2%(q).
Consider some word

we £P(q) N LME);

such a word u exists by definition of the function (pm Automaton L is deter-
ministic, then uv ¢ £(X). Therefore, condition v € L7*(q), which is equivalent

to uv € L(K), contradicts the equality £(L) = £(K). O

The “mirror” fact is the following

Proposition 3
. R
crac( N £%@) . o
GeoU(q)

In the two following propositions we consider subsets of some language using
output languages of the states.
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Proposition 4
@ (N Le@) < L.
GeoiMaq)
Proof. Consider any word u € Eli"(q). By definition of function ¢, for

some state q € (pf%"(q), the word u belongs to the language ﬁ%n(a). For each
word

t~
ve ] £"@,
qeol'(q)

condition v € Eg”t(a) holds. Therefore,

wv € £2(q) - £2(G) € £(D) = L(K),

and the last condition proves the proposition. 0O

The “mirror” fact is the following

Proposition 5

(N ﬁ%t(ﬁ))R-ﬁﬁut(q)gz(K). 0

GeoQUt(q)

5 The first example

In this section, we shall consider an example for Proposition 4. For this thing,
we shall use the automaton considered in detail in [7, Sect. 3].

For the ease of reading, let us give this figure once again (Fig. 1). And the
equivalent canonical automaton (i.e., L) is given on Fig. 2.

Figure 1 Figure 2
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For automaton on Fig. 1, we shall consider state 3. By simple definitions of
[7], input language of this state can be defined by the following automaton of
Fig. 3:

Figure 3

Then it can also be defined by regular expression
a(b+ba)*. (7)
For state 3, this language is the first factor of condition of Proposition 4.
By [7, Sect.3], *3) = {B,C,D}. There is evident, that ﬁgut(C) = ¥*
Then we have to define the intersection of languages Ef“t(B) and E{’Ut(D).
The automaton defining language of their intersection is shown on the fol-
lowing Fig. 4. It can be simply constructed using (deterministic) automaton

of Fig. 2. E.g., the (initial) state marked B N D symbolized the intersection of
languages ﬁg“t(B) and Eg“t(D). We have

B-5D and D-5C,
L L

then in constructed automaton, we have BN D b.cn D, etc.

Figure 4
b ¢

The language of this automaton can also be defined be regular expression
e+blab)*(a+e+blat+b)¥)).

Then considering the last expression and (7), we obtain, that each word defined
by the following expression

a(b+ba)*-(e+blab)*(a+e+bla+b))))
belongs to L.
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6 Input and output languages
of the states of the basis automaton

In this section we consider properties of input and output languages of the
states of the basis automaton; these properties also can be called by the prop-
erties of the table of binary relation #. Those are properties, which combine:

e input and output languages of the basis automaton;

e and also input and output languages of two canonical automata (i.e., of

automata L and LR).

The canonical automaton LR contains no more than 2™—1 states (where m
is the number of states of automaton L). 2 Then we can limit by this value the
number of possible columns of the table of binary relation #, which has m
rows. Besides, this table cannot have duplicate rows and duplicate columns.

The next propositions 6-9 are proved by the definition of the basis automa-
ton.

Proposition 6 Let there are given some regular language L and some state

A € Qn of automaton L. Then for each state X of automaton LR, such that
A#X, the following condition holds:

Lo (%) =LMA).
Proof. Condition ‘ ‘
Lo (%) S LA)

is the direct consequence of the definition of automaton BA(L). Let us prove
the reverse inclusion
] j A
LAY € £ (),

i.e., that for every word w € X*, the following fact holds:
; . . ; A
w e ﬁ%n(A) implies w € Eﬁ(u(x ).

We shall prove this fact by induction by |wl. ‘
The basis of induction (i.e., w = ¢€) is evident, because if ¢ € ﬁgﬁm(;}) then

€€ E%n(A). Then let us prove the step of induction.

2Remark once again, that we consider canonical automaton without possible “dead”
state.
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Let w = w/a, where w/ € Z* and a € X; let also w € E%"(A). Because
A#X, there exist words u,v € £*, such that

wel, uelfA) and e LZ(X).
Because w also belongs to the language /J%”(A), we obtain, that wv € L, i.e.,
w’av € L. Let also:

e B be some state of automaton L, such that w’ € E%n(B);

e Y be some state of automaton LR, such that vRa € £%(Y);

both the states (B and Y) do exist, because w’av € L. Then B#Y, and, by the
induction hypothesis, w’ € E%Z(L)((B,Y)). And using the fact 7 ((B,Y),a) 3

%, we obtain that w € EQ\(L)(Q)' a

The “mirror” fact is the following

Proposition 7 Let there are given some regular language L and some state

X € Q, of automaton LR. Then for each state A of automaton t, the following
condition holds:

out _ m R_ out
Lo %) = (£0) = £ (x). 1

Proposition 8 Let there is_given some reqular language L. Then for each
state A € Qn of automaton L, the following condition holds:

Eout U Eout A
XeQx

Proof. Consider some word uv € L, such that
we LMA) and ve L2U(A),

By [11] (and also by consequence of the proof of Proposition 1), automaton
BA(L) has the only accepting path for the word uv, and for some x € Q, the
following conditions hold:

we LB (%) and ve L3 (%)
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Then combining all the possible v, we obtain, that

out U Lout A
XeQn

The reverse inclusion, i.e., that

out A out
U £ai (%) € ),
XeQr

is evident. 0O

The “mirror” fact is the following

Proposition 9 Let there is_given some regular language L. Then for each
state X € Qp of automaton LR, the following condition holds:

(cggt(X)) _U” = U i O

A€Qp

Proposition 10 Let canonical automaton L for the given reqular language L
has at least 2 states, and A, B € Qn is a pair of such states. Then there exists
a state X € Q, of automaton LR, such that automaton BA(L) contains exactly
one state of the following 2 ones: Q and E.

Proof. 'This proposition can be considered as a consequence of the classical
algorithm of constructing of canonical automaton (which includes imperative
combining equivalent states) and also [7, Th.4.1]. O

The “mirror” fact is the following

Proposition 11 Let canonical automaton LR for the mirror image of the
giwen regular language L has at least 2 states, and X,Y € Q, is a pair of
such states. Then there exists a state A € Qn of automaton t, such that au-
tomaton BA(L) contains exactly one state of the following 2 ones: Q and é.

d

Two the following propositions (we briefly talked about them at the begin-
ning of this section) are the direct consequences of two previous propositions.
They formulate facts about the possible size of the table of binary relation #
for the given regular language.
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Proposition 12 Let regular language L be given, and automaton L contains

exactly n states (i.e., |Qn| = m). Then automaton LR contains no more than
2M—1 states (i.e., |Qpl <2™—1). O
Proposition 13 Let regular language L be given, and automaton LR contains

exactly n states (i.e., |Qol = n). Then automaton L contains no more than
2"—1 states (i.e., |Qnl <2™"—1). O

In the next section we shall obtain, that such maximums (i.e., the values
2™—1 and 2"—1) can be achieved.

7 On the possible set of the states
of the basis automaton

In this section we shall formulate some properties for all the possible states
of a basis automaton (or, in other words, all the possible variants of binary
relation #). We shall obtain, that if there hold all the limitations formulated
in previous section for the table of the binary relation #, then such table can
really describe such relation for some regular language. Besides, such proof is
constructive, i.e., we obtain an algorithm of constructing the basis automaton
for regular language having such table of a priori given binary relation #.

Proposition 14 Let binary relation # be given, and for it, all the limita-
tions formulated before hold.® Then there exists a reqular language, for which
corresponding binary relation # coincides with the given one.

Proof. Thus, we think, that the sets of states Qr (where |Qx| = m) and
Qo (where |Qp| =n) are already given. Binary relation # C Qx x Q, is also
given. These objects satisfy all the limitations formulated before.

3 Let us formulate them once again, for the table of #. Let |Qx| = m and |Q,| = n. Then:
e 1 <m<2™—1;
e 1<n<2™1;
e there are no duplicate rows;
e there are no duplicate columns;

e there are no empty rows (i.e., there are no row A, such that A#X holds for none
column X);

e there are no empty columns.
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Consider the following alphabet:
Z#:{a}\ ‘AEQmXGQD}'
X

Over this alphabet, consider the arbitrary states sx € Qr and s, € Q,. For
them, consider following automaton

K#SRSP = ( Qm Z#) 671) {Sﬂ}) Fr )
(or, briefly, K#, when s, and Sp are meant), where:

L Fn:{fne Qﬂ|fﬁ#5p}§4

e transition function 6 is defined in the following way:

for each A,B € Qr and X € Q,, dx(A,a )=

X @, otherwise

{{B}, it A#X;

(we allow for the possibility A = B).

Let us prove that the language £(K#) is the desired one.

By the construction, automaton £(K#) is deterministic. The conditions of
Proposition 10 hold, because we made automaton using relation corresponding
#: therefore automaton K# has no pairs of equivalent states. Also by the
construction, the transition graph of is automaton is strongly connected ([3]);
then it contains no useless states. Therefore, automaton K# is canonical (for
its language), i.e.,

for the language L% = £(K#), we have K¥ = L#.
Over the same alphabet X4, consider also automaton
Katsns, = (Qpy Tty 80, {sp}, Fp )
(or, briefly, Ky, when s; and s, are meant), where:

® FP :{fp € Q7T|S7T#fp};

4Such a choice is possible, because of limitations formulated before. Remark also, that
choosing various sx € Qr and s, € Q,, we obtain a set of languages having the given binary
relation #.
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e transition function §, is defined in the following way:

X}, if B#Y;

for each B € Qr and X,Y € Qp, 8,(Yya ) = .
X @, otherwise

(we allow for the possibility X =Y).

Like automaton K# we can prove, that automaton Ky is canonical (for its
language), i.e., for the language Ly = L£(Ky), we have Ky = Ly.

Let us prove, that Ly = (L#)R. For this thing, consider any word u € L#.
Let

U=0a, a, ...0, .

Xy Xz X
Then we can write the following sequence of transitions of canonical automaton
K# = L# while readind the word u:
a a a

Aq A2 Ak
X X X

S —5 Al —3 Az ... Al —5 Ay, where Ay € Fy.
K# K# K#

Since Ay € Fr, we have Ay#s,. Then for this sequence, we can construct the
following sequence of transitions of automaton Kyu = Lu:

a a a

Ak A2 A1
X X X
Sp —k) ka] e Xz —2> X] —1> Xo
Ky Ky Ky
for the sequence of states Xx_1,...,X2, X7 selected before and some new state

Xo. Like the proof of Proposition 1, we obtain that Xy € F,.

We proved that L# C (L#)R. The reverse inclusion, i.e., (L#)R C L#, can be
proved similarly.

Thus, automata K# and Ky are canonical automata for the languages L#
and (L#)R = L4. Then for them, we can construct the following basis automa-
ton

64(1—#) = ( T) Z#) 6T) ST) FT ))
(over the alphabet X4 defined before), where:
o T={%|AcQnxeQasx};

e for each A,B € Qr and X € Q,, such that A#X (we admit the possibility
of A =B), we set

5T<Q,QXB> — { B ’ 3y € Q,) (B#Y)};
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o for each other cases a € Ly, > A,B€ Qrand X,Y € Qp, we set

ST(Q)G) = ¢;

o st={ 5% |snx}s

cs={ 4] ans ).

(where the states sy and s, were also previously selected). This automaton
is BA(L#) by the process of its constructing. And also by its constructing, its
set of states 7 forms the given binary relation #. 0O

As a consequence of the Proposition 14 we obtain, that these maximums
of the number of states of two canonical automata (i.e., the values 2™—1 and
2™—1) can be achieved. But there is important to remark the following thing. In
some books ([1] etc.), there are examples, when the given automaton contains
n states, and the equivalent canonical automaton contains 2"—1 states. % This
fact (i.e., the possible fulfilment the upper bound 2™—1) is not a consequence
of these results: it proved there for arbitrary nondeterministic finite automata
(having no limitations), and we consider it for automata which are mirror
automata for canonical ones. E.g. we can say, that these automata are not
deterministic, but they are unambiguous.

8 The second example

Let us consider a simple example for automata defined in previous section.
However, we describe the whole process of constructing detailed.
Thus, let us consider the following binary relation #:

#1 x|y

Al # | - Table 1
B | # | #

Certainly, this relation satisfies all the limitations formulated before.

5 Remark once again, that we consider automata without e-edges.
50r 2™ states, when we assume the possible “dead” state, considering the canonical
automaton as a total automaton.
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By the previous section, corresponding alphabet . is the following:

Z#:{aA,aB,aA,aB}.
X X Y Y

Let sy = A, s, =Y (also by the previous section, we can choose such states).
Then Fr = {B}, F, = {X}, and we obtain the following canonical automaton for

the language L7:

#|a, |a, |a, |a,
X X Y Y

- A A B — — Table 2
~ B A B A B

a,=a,
X X

Then we can rewrite the considered automaton by the following Table 3 or

Fig. 5:
#
L#alblc|d] A2 (B
- AJA]B]-]- T ac =
— BJ|A[B|A|B a ’ )
Table 3 Figure 5

The mirror automaton (L#)R is the following (Table 4 or Fig. 6; for the table
of nondeterministic automaton, we use the agreements of [7]):

(L% a | b c|d]

— A A,B - B | -
B - |A,B|-|B

Figure 6

Table 4

The process of determinization is given by the following table:
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| |l a | b [c|d]
— B - A,B|-|B Table 5
«~ AB|AB|AB|B|B

Renaming {B} for Y and {A, B} for X, we obtain the following automaton L=
Ly (where L' = (L#)R; see Table 6 or Fig. 7):

Table 6 Figure 7

And using the last automaton, we obtain automata (L#)R and then BA(L#)
(Fig. 8 and 9).

A \<—
X .
Figure 9
a ™1 &
b| | a
Figure 8 = N
B
X
b d

Certainly, they both also define the language L#. (Compare the given Table 1
and the obtained Fig. 9.)

9 Conclusion

Let us describe some possible problems for the future solution. Thus, we are
going to:

e to show the relationship between the basis automaton and Conway’s
universal automaton;
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e to use some propositions proved in this paper to describe the minimiza-
tion algorithms for nondeterministic finite automata;

e vice versa, to use automaton K# to describe algorithms of automatic
constructing some counter-examples for the algorithms of state mini-
mization (the most famous example of such a counter-example is so
called automaton Waterloo, [4]).
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Abstract. In the paper we report on the parallel enumeration of the
degree sequences (their number is denoted by G(n)) and zerofree de-
gree sequences (their number is denoted by (G.(n)) of simple graphs
on n = 30 and n = 31 vertices. Among others we obtained that the
number of zerofree degree sequences of graphs on n = 30 vertices is
G,(30) = 5876236938019300 and on n = 31 vertices is G,(31) =
22974 847474172374. Due to Corollary 21 in [52] these results give the
number of degree sequences of simple graphs on 30 and 31 vertices.

1 Introduction

In the practice an often occuring problem is the ranking of different objects
(examples can be found e.g. in [52]), assigning points to the objects and then
ranking of the objects on the base of the sum of the assigned to them points.
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Especially extensive bibliography has the case when the results are rep-
resented by a simple graph and the problem is the test, reconstruction and
enumeration of the degree sequences. Havel in 1955 [42], Erd6s and Gallai in
1960 [16, 32, 77], Hakimi in 1962 [39], Knuth in 2008 [61], Tripathi et al. in 2010
[89] proposed a method to decide, whether a sequence of nonnegative integers
can be the degree sequence of a simple graph. Sierksma and Hoogeven in 1991
[83] compared seven known methods. The running time of their algorithms
in worst case is Q(n?). In 2007 Takahashi [86], in 2009 Hell and Kirkpatrick
[43], in 2011 Ivanyi et al. [52] and in April of 2012 Kiraly [58] proposed an
algorithm, whose worst running time is @(n).

There are several new proofs for the classical Havel-Hakimi and Erdés-Gallai
theorems [26, 32, 63, 70, 75, 87, 88, 89].

Extensions of the algorithms for (0,b)-graphs [8, 9, 24, 23, 25, 27, 69, 75,
90, 92] and (a, b)-graphs [44, 45, 46, 53] are also known.

As an application of our linear time algorithm we describe ERDOS-GALLAI-
ENUMERATIVE algorithm (EGE) and its parallel version used to enumerate
the different degree sequences of simple graphs for 30 vertices. We also present
the linear test version of Havel-Hakimi algorithm (HHL).

Let n > 1. We call a sequence s = (s7, ..., sn) (l,u,n)-bounded, if 0 <
si < nfori=1,...,n, n-bounded, if it is (0,1 — 1,n)-bounded, n-regular, if
the conditions n —1 > s; > --- > s;, > 0 hold, and n-even, if the sum of the
elements of s is even. If there exists a graph with n vertices which has the
degree sequence s, then we say that s is n-graphical. If such graph does not
exist, then we say that s is nongraphical. A sequence is zerofree, if it does not
contain zero. If n is not necessary, then we omit it in the terms n-bounded,
n-regular, n-even and n-graphical. The first 1 elements of an n-regular s are
called the head, and the last n—1 elements are called the tail, belonging to the
element 1 of s.

2 Earlier results

A classical problem of the graph theory is the enumeration of the sorted degree
sequences of different graphs—among others simple graphs. For example The

On-Line Encyclopedia of Integer Sequences contains forn =1, ..., 29 vertices
the number of degree sequences of simple graphs (the values forn = 20, ..., 23
were set in July of 2011 by Nathann Cohen [28], and for 24, ..., 29 in 15

November, 2011 by us [48, 52]) and the number of zerofree degree sequences
of simple graphs (the values for n =1, ..., 9 were set in 12 June, 2004 by
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N. J. Sloane, for n = 10, ..., 20 in 12 August, 2006 by Gordon Royle, for
n = 21, 22, and 23 in August 31, 2011, and in December 10, 2012 by Frank
Ruskey [80], and the values for n =24, ..., 29 by us [50, 51].

In this section we review the theoretical and practical results connected with
the enumeration of simple graphs.

2.1 Exact enumeration results
It is known [52, equation (23)] that if n > 1, then the number R(n) of the
regular sequences is
2n—1
R(n) = 1
= (") (1)

and the number R,(n) of the zerofree regular sequences is [52, equation (24)]

2n—2
Rin) = () @)
n
implying [52]
. Rn+1) . R(n+1)
| =1 4
neo R(n)  moeo R,(n) (3)
and
R;(n) 1
nh—>nolo R(n) 2’ @
and
471 4TL
R = Ol —= )
)=yt (n“) (5)
and
4T1 41’1
R =——+4+0(—]. 6
Table 1 in [52] shows the values values of R(n) for n =1, ..., 38, Table
4 in [51] for n = 39, ..., 60, and in [47, 51, 68] the values are presented for
n=1, ..., 1200. Table 1 in Subsection 3.3 presents the values R(n)/R(n+1)
form=1, ..., 32 and [68] forn =1, ..., 1200.
Figure 1 in Subsection 3.3 shows the values of R,(n)/R,(n + 1)) for n =

1, ..., 32.
In 1987 Ascher derived the following explicit formula for the number E(n)

of even sequences.
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Lemma 1 (Ascher [2], Sloane and Pfoffe [85]) If n > 1, then the number of
even sequences E(n) is

w (V)G

Proof. See [2]. O
Table 1 in [52] contains the values of E(n) and E(n + 1)/E(n) for n =
1, ..., 3.
(7) implies (see [52])

. Em+1)
2T Em )
and mn o
E(n) = 0 9
)= (W) (9)
further (1) and (7) imply
. EMm) 1
nh—>oo R(n) 2’ (10)
(2) and (7) imply
R,(n) 2n-—-2 1 . R.(n)
Em)  2n—1 7 and I ey (11)
Table 1 in [52] shows the values of E(n) for n = 1, ..., 38, Table 4 in
[51] for n = 39, ..., 60, the list of [64] for n = 1, ..., 1000, and [68] for
n=31, ..., 1200.
Figure 3 in [52] shows the values of E;(n) forn =1, ..., 20, and [68] n =
1, ..., 1200. Table 5 in [51] shows the values of E;(n/R(n) forn =1, ..., 20.
Using (1) and (7) we computed E(n) and E(n+1)/E(n) fori=1, ..., 750

(see [52, 68]). Recently Librandi [64] published the values of E(n) up to n =
1000 and we continued the computations up to 1200 [51, 68].

The following theorem gives a very useful connection between the values
of G(n) and G,(n): it helped to decrease the computing time of G(29) with
about 50 %.

Lemma 2 (Ivanyi, Lucz, Méri, Sétér [52]) If n > 2, then the number of n-
graphical sequences G(n) can be computed from the number of (n—1)-graphical
sequences G(n — 1) and the number of n-graphical zero-free sequences G;:

G(n) =G —1) + Gz(n),
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and if n > 1 then

n
Gn)=1+) G:(i)
i=2
Proof. If an even sequence s = (s7, ..., sp) contains at least one zero, then
sn =0and s’ = (s, ..., sn_1) is graphical or not. If a = (aj, ..., an_1) is
(n — 1)-graphical, then a’ = (ay,...,an_1,0) is n-graphical.

The set of the n-graphical sequences S(n) consists of two subsets: set of
zerofree sequences S,(n) and the set of the remaining sequences Sp(n). There
is a bijection between the set of the (n — 1)-graphical sequences and such n-
graphical sequences, which contain at least one zero. Therefore |S| = |S,| +
|Sol = Gz(n) +G(n—1). O

Using the parallel version EGP (see the next section) of EGE we computed
G(n) up to n = 29. These numbers can be found in Table 2 of [52].

Theorem 3 (Burns [22]) There exist positive constants ¢ and C such that the
following bounds of the function G(n) are true form > 1:

4n 4n
2 <Gn)

cn < (logn)Cyn’ (12)

Proof. See [22]. O

This result implies that the asymptotic density of the graphical sequences
is zero among the even sequences.

Corollary 4 Ifn > 1, then there exists a positive constant C such that

G(n) 1
1
Em) < ogan)C 13)
and G
im S o, (14)
n—oo E(M)
Proof. (13) is a direct consequence of (7) and (12). O
Table 1 in [52] contains the values of G(n) and G(n + 1)/G(n) for n =
1, ..., 29. Table 5 in [51] contains values of G,(1n), G,(n)/R(n), and G(n)/R(n)
forn=1, ..., 29.

We remark that a zerofree degree sequence belongs to a graph not containing
isolated vertex, therefore the number of zerofree graphical degree sequences
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G.(n) is at the same time also the number of degree sequences of simple
graphs, not containing isolated vertex.

There are several classic asymptotic results, e.g. due to Bender and Canfield
[7], Bollobas [17, 18, 19], Harary and Palmer [41], Kleitman and Winston
[56, 60], Reid [78], Winston and Kleitman [91]. A modern direction is to get
approximate results by sampling of random graphs (see e.g. the papers of
Erdés, Kirdly and Miklds [34], further of Miklés, Erdés and Soukup [?].

An interesting connected problem is the characterization of pairs of different
directed graphs having a pair of prescribed indegree and outdegree sequences
8,9, 10, 11, 12, 14, 15, 20, 40, 72, 76, 81].

Another interesting related questions are the unicity of the realizations of
the degree sequences [29, 55, 62, 82] and the parallel realization of degree
sequences [1].

Several recent papers consider the problem of approximate enumeration of
the number of all realizations of simple graphs (see e.g. [13, 34, 35, 36, 37, 38,
59, 71]). In 1978 Bender and Canfield [7] characterized the asymptotic number
of realizations of given graphical degree sequences, while in 2012 Zoltan Kiraly
[58] proposed an algorithm which with polynomial delay lists all realizations
of a given graphical sequence.

2.2 Earlier algorithmic results

In this subsection the linear Havel-Hakimi algorithm (HHL) based on Havel-
Hakimi theorem [39, 42] and the enumerating Erdés-Gallai algorithm (EGE)
based on Erdés-Gallai theorem [32] are shortly described.

2.2.1 Linear Havel-Hakimi algorithm (HHL)

In a previous paper [52] we described the classical Havel-Hakimi [39, 42] and
Erdds-Gallai [32] algorithms and their some improvements as linear Erd&s-
Gallai (EGL) and jumping Erd6s-Gallai (EGLJ) algorithms.

it is worth to remark that our linear Erdds-Gallai algorithm is applied in the
solution of different problems connected with degree sequences [5, 6, 21, 31].

Here we present the linear version of Havel-Hakimi algorithm (HHL) [46]
and compare it with the previous linear algorithms EGL and EGLJ [52]. It is
important to remark that this linear version of HH only tests the investigated
sequences without their reconstruction.

In the worst case the original Havel-Hakimi algorithm requires quadratic
time to test the (0,1,n)-regular sequences. Using the new concepts weight
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point and reserve we reduced the worst running time to O(n).

Let s = (s1,...,8n) be a potential graphical sequence. The definition of
the weight point w; belonging to s; was introduced in [52] in connection with
ERDOS-GALLAI-LINEAR: if s7 > i, then wj is the largest k (1 < k < n) having
the property sy > i. But if s; < i, then w; = 0. EGL exploits the property w;
ensuring that if i < wy, then the key expression minj, sy in the Erdds-Gallai
theorem equals i, otherwise equals sy.

In HHL the weight point w; determines the increment of the tail capacity
when we switch to the investigation of the next element of s.

The reserve 1; belonging to s; is defined as the unused part of the actual
tail capacity and can be computed by the formulas

™ :W1—1—S1 (15)

and
Ti=wi+ri1—s for 2<i<n-—1. (]_6)

Theorem 5 The running time of HAVEL-HAKIMI-LINEAR is in best case
©(1), and in worst case it is O(n).

Proof. If the condition in line 1 or 3 holds, then the running time is ©(1).
If not, then we decrease the actual w at most n times and the remaining
operations require O(1) operations for all reductions. [l

2.2.2 Enumerating Erdés-Gallai algorithm (EGE)

A classical problem of the graph theory is the enumeration of the degree
sequences of different graphs—among others simple graphs. For example The
On-Line Encyclopedia of Integer Sequences [84] contains for n =1, ..., 30
vertices the number of degree sequences of simple graphs (the values for n =
20, ..., 23 were set in July of 2011 by Nathann Cohen, in November 15, 2011
for 24,..., 29 and in 29 July of 2013 for n = 30 by us [48]).

We applied the new quick EGL to get these numbers for larger values of n.

Our starting point was to test all regular sequences and so to enumerate the
graphical ones. Equation 1 gives the number of regular sequences.

According to Erdés-Gallai theorem [32] the sum of the elements of a graph-
ical sequence is always even. Therefore it is sufficient to test only the even
sequences. In 1987 Ascher [2] derived Lemma 1, containing an explicit formula
for the number of even sequences E(n).

According to Lemma 2 it is enough to test only the zerofree even sequences.
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This lemma was the base of Erdés-Gallai Enumerative algorithm (EGE)
used to enumerate the graphical sequences for n =23, ..., 29 [51].

We enumerated the graphical sequences of simple graphs on n = 30 and 31
vertices using algorithm EGE2. The running time of EGE was substantially
(with about 30 %) decreased due to Lemma 9.

We prepare the enumeration of degree sequences of simple graphs on 32
vertices. The running time of EGE2 would be about 320 years for a computer
with one processor having 2,2 GHz speed. We wish to decrease the running
time of EGE2 using Lemmas 10 and 11.

2.3 Earlier simulation results

The papers [44, 45, 46, 51, 52, 66] and OEIS [64, 73, 74] contain many simu-
lation results. We describe them together with the new results in Subsection
3.3.

It is worth to mention other methods of enumeration of graph sequences as

generation of random graphs (e.g. [65] and generation of graphical partitions
(see e.g. [3, 4, 30, 33].

3 New results

In this section we describe the new mathematical and simulation results.

3.1 New enumerative results

At first we give a new formula for the number of zerofree even sequences.
This formula is more sophisticated than Ascher’s formula, and its application
requires more time, but it has the adventage that we can extend it to a formula
for E;(n). Let s be an n-even sequence and let s’ = (s],...,s},) be defined by
s{ =si+n—ifori=1, ..., n. Then the number of different possible sequences
s is E(n) and the number of different sequences s’ is R(n).

Ifj=0, 1, 2, or 3 and n =4k +j, then let E(n) be denoted by E(k,j).

Lemma 6 Ifn>1 and n =4k +j, then

21 4
E(k0) = ) ( k21 )<4kl<21>’ (17)

i=0

XAk [ Ak
Bl 1) =) <2i> <4k—2i+1)’ (18)

i=0
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2k
4k 41 4k +2
E(k’z):§(2i+l)<4k—21+1>’ (19)
k
4k +2 4k +3
E(k’3)2§<21+1><4k—21+2>‘ (20)
Proof. Let - o
D si=S(s) and ) s{=S'(s). (21)
i=1 i=1

According to the value of j we consider four cases. Since s is an even se-
quence, therefore S(s) is even in all cases.
1. If j = 0, then

4k—1
S'(s) =S(s)+ ) i=S(s)+2k(4k—1), (22)
i=0

and so S(s’) is also even, therefore it contains an even number of odd
elements. The interval [0,8k — 2] contains 8k — 1 elements and among
them 4k even and 4k — 1 odd elements, so for s’ we can choose 2i odd
elements from 4k — 1 candidates and 4k —2i (i=0, 1, ..., 2k—1) even
elements from 4k + 1 candidates, so

Dl e 4
E(k,0) = ZO ( kZi )(41:21)' (23)

2. Ifj =1, 2 or j = 3, then the proof is similar to the proof in the first
case.

O
For example let n =4, then k=1, j =0 and

1
3 4
E(4)—E(1,o)—§(ﬁ>(4Zi)_1-1+3-6_19. (24)
As another example let n =6, then k=1, j =2 and

E(6) = i (?) (g) + (?) <f> = 530 + 200 + 6 = 236. (25)

i=0



254 A. Ivanyi, L. Lucz, G. Gombos, T. Matuszka

Let the number of zerofree even sequences denoted by E,(n). Let q =
(q1y...,qn) be a zerofree n-even sequence and let q’ = (q7, ..., q.,) be defined
by q{ = qi+n—1ifori=1, ..., n. Then the number of different possible
sequences q is E,(n) and the number of different sequences q’ is R,(n).

Theorem 7 Letn=4k+j fork=0, 1, ... andj =0, 1, 2, 3, further let
E.(n) be denoted by E,(k,j). Then

a1\ /4 —1
Ez(k,mzz( 5 )(4k_2i>, (26)

i=0
2k
4k 4%
Ealk, 1) = % (Zi> <4k—21+ 1)’ 27)
2k
4k + 1 4k + 1
EZ(k’z)_;(Zi+1)<4k—21+1>’ (28)
2k+1
4k +2 4k 42
E=(k,3) = % <21+ 1> <4k—21+2)' (29)
Proof. Let
> 4=Q(q) and Y q{=Q'(q). (30)
i=1 i=1

According to the value of j we consider four cases. Since q is an even se-
quence, therefore Q(q) is alwys even.

1. If j = 0, then

4k—1

Q'(@)=Q(a)+ ) i=0Qla)+2k(4k—1) (31)

i=0

is even, therefore the number of odd elements of q’ is also even. The
interval [1, 8k — 2] contains 8k — 2 elements and among them 4k — 1 even
and 4k — 1 odd elements, so for q’ we can choose 2i odd elements from
4k — 1 candidates and 4k —2i (i =0, ..., 2k — 1) even elements from
4k — 1 candidates, so we get (26).
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2. If j =1, then

4k

Q'(a) =Qla)+ ) _i=Qla)+2k(4k+1), (32)

i=0

is even, therefore the number of odd elements of q’ is also even. The
interval [1, 8k] contains 8k elements and among them 4k odd and 4k even
elements, so for q’ we can choose 21 odd elements from 4k candidates
and 4k —2i+1 (i=0, ..., 2k) even elements from 4k — 1 candidates,
so we get (27).

3. If j = 2, then
4K+
Q'(a) =Qla) + )_i=Qla)+ 2k+1)(4k+1) (33)
i=0

is odd, therefore the number of odd elements of q’ is also odd. The
interval [1, 8k + 2] contains 8k + 2 elements and among them 4k + 1 even
and 4k + 1 odd elements, so for q’ we can choose 21 + 1 odd elements
from 4k + 2 candidates and 4k—2i—1 (i1=0, ..., 2k—1) even elements
from 4k 4+ 1 candidates, so we get (28).

4. If j = 3, then
4k+2
Q'(a) =Qla)+ ) i=Qla)+ (2k+1)(4k +3), (34)
i=0

and so Q(q’) is also odd, therefore q’ contains an odd number of odd
elements. The interval [1,8k + 4] contains 8k + 4 elements and among
them 4k + 2 even and 4k + 2 odd elements, so for q’ we can choose 21+ 1

odd elements from 4k + 2 candidates and 4k —2i—1 (1 =0, ..., 2k—1)
even elements from 4k + 2 candidates, so
2k+1
4k + 2 4k +2
E = .
2(k3) é <2i+1> <4k—21—|—2> (3)
O

Table 1 shows the values of R(n)/R(n + 1), R,(n)/R,(n + 1), E(n)/R(n),
EM)/E(mn+1), E,(n)/E,(n+1), and E,(n)/R,(n) forn =1, ..., 32.
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R(n) R (n) E(m) E(n) E;(n) E.(m)
’ n‘ R(n+1) ‘ Rz (n+1) ‘ R(n) ‘ En+1) ‘ Ez(n+1) R (n) H

1] 0.333333 | 0.000000 | 1.00000000 | 0.000000 | 0.000000 ———
2 | 0.300000 | 0.250000 | 0.66666667 | 0.500000 | 0.500000 1.000000
3| 0.287714 | 0.266667 | 0.60000000 | 0.222220 | 0.222222 0.500000
4| 0.277778 | 0.257857 0.487179 | 0.321427 | 0.321429 0.600000
5 | 0.270562 | 0.266667 0.523810 | 0.254545 | 0.254545 0.500000
6 | 0.269231 | 0.265151 0.510823 | 0.277778 | 0.277778 0.523810
7 | 0.266667 | 0.263736 0.505828 | 0.260698 | 0.260698 0.500000
8 | 0.264706 | 0.262500 0.502720 | 0.265559 | 0.265559 0.505828
9 | 0.263158 | 0.261437 0.501440 | 0.260687 | 0.260687 0.500000
10 | 0.261905 | 0.260526 0.500682 | 0.261276 | 0.261276 0.501440
11 | 0.260870 | 0.259740 0.500357 | 0.259555 | 0.259555 0.500000
12 | 0.260000 | 0.259058 0.500171 | 0.259243 | 0.259243 0.500357
13 | 0.259259 | 0.258461 0.500089 | 0.258415 | 0.258416 0.500000
14 | 0.258621 | 0.257937 0.500043 | 0.257982 | 0.257982 0.500089
15 | 0.258065 | 0.257471 0.500022 | 0.257460 | 0.257460 0.500000
16 | 0.257578 | 0.257056 0.500011 | 0.257068 | 0.257068 0.500022
17 | 0.257143 | 0.256684 0.500005 | 0.256682 | 0.256682 0.500000
18 | 0.256757 | 0.256349 0.500003 | 0.256352 | 0.256352 0.500006
19 | 0.256410 | 0.256046 0.500001 | 0.256045 | 0.256045 0.500000
20 | 0.256098 | 0.255769 0.500001 | 0.255770 | 0.255770 0.500001
21 | 0.255814 | 0.255517 | 0.50000034 | 0.255517 | 0.255517 0.500000
22 | 0.255556 | 0.255285 | 0.50000016 | 0.255286 | 0.255286 | 0.50000034
23 | 0.255319 | 0.255072 | 0.50000009 | 0.255072 | 0.255072 | 0.50000000
24 | 0.255102 | 0.254876 | 0.50000004 | 0.254876 | 0.254876 | 0.50000000
25 | 0.254902 | 0.254694 | 0.50000002 | 0.254694 | 0.254694 | 0.50000009
26 | 0.254717 | 0.254525 | 0.50000001 | 0.254525 | 0.254525 | 0.50000000
27 | 0.254545 | 0.254368 | 0.50000001 | 0.254368 | 0.254368 | 0.50000000
28 | 0.254386 | 0.254221 | 0.50000000 | 0.254221 | 0.254221 | 0.50000000
29 | 0.254237 | 0.254083 | 0.50000000 | 0.254083 | 0.254083 | 0.50000000
30 | 0.254098 | 0.253854 | 0.50000000 | 0.253955 | 0.253955 | 0.50000000
31 | 0.253968 | 0.253834 | 0.50000000 | 0.253834 | 0.253834 | 0.50000000
32 | 0.253846 | 0.253720 | 0.50000000 | 0.253720 | 0.253720 | 0.50000000

Table 1: The values of R(n)/R(n+1), R,(n)/R,(n+1), E(m)/R(n), E(n)/E(n+
1), E,(n)/E;(n+ 1), and E,(n)/R;(n) forn =1, ..., 32

It is remarkable that in R(101)/R(102) and R,(101)/R,(102) the first nine
decimal digits are equal.
For example let n =4, then k=1, j =0 and

E.(4) = E.(1,0) = (g) (i) i @ @ 1043329, (30)

Ifn=>5thenk=1,7=1and

o)) Q- ran
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Ifn=6,then k=1,j=2 and

0= ()0) - ()0 Q) e

Ifn=7 thenk=1,j=3and

()9 () () -crmorn-ve oo

Ifn =38, then k=2,j=0 and

=000 00 OO w

Simulaton results in Table 1 show, that if T < n < 32 and n is odd, then
E.(n)/R,(n) = 0.5. This property is true for larger odd n’s too.

Lemma 8 If1 <k <600, then

E,(2k—1)
— = =0.5. 41
R,(2k—1) 0 (41)
Proof. See the computed values of R;(n) and E,(n) in [68]. O
Table 2 contains the ratios E,(n)/G,(n) for n =23, ..., 29 and the ratios

T(n)/G,(n) for n =30 and n = 31.

The data in Table 2 show that the function G,/E,) is decreasing. We suppose
that this function tends monotonically decreasing to zero when n tends to
infinity (in a similar way as the function G(n)/E(n) tends to zero according
to Corollary 23 [52, page 260].

Table 3 contains the values of G,(n), T(n), and G,(n)/T(n) for n = 30 and
n = 31: the ratio of the graphical and tested sequences is much higher and
these ratios are increasing. These changes are dut to the fact that EGE2 jumps
many nongraphical zerofree ebven sequences withous testing them.

3.2 New algorithmic results

Using the following Lemma 9 later we will further fasten EGE.
If b = (by,...,by) is a regular sequence, then ¢ = (cy,...,cn) is called
lexicographically i-smaller, than b if there exist indices 1 and j such that

1<i<j<<n, (42)
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’ n ‘ Gz(n) ‘ E.(n) ‘ Gz(n)/Ez(n) ‘
17 130038230 282 861 360 0.459724
18 499753 855 1101992870 0.453500
19 1924912894 4298748 300 0.447784
20 7429160296 16789 046494 0.442500
21 28723877732 65641204 200 0.437589
22 111236423288 256 895 980 068 0.433002
23 431403470222 1006308 200040 0.428699
24 1675316535350 3945186233014 0.424648
25 6513837679610 15478 849 767 888 0.420821
26 25354 842100 894 60774332618 300 0.417197
27 98 794 053 269 694 238775589937 976 0.413752
28 385312558571 890 938702947 395204 0.410473
29 1504105116253 904 3692471324505 040 0.407344
30 | 5876236938019300 | 14532512180224 216 0.404351
31 | 22974847474172100 | 57224797531 384 560 0.400148
Table 2: The values of G,(n), E;(n), and G,(n)/E,(n) for n =17, ..., 31
[ n] Gz(n) | Tm) [ G:(n)/T(n) |
31 5876236938019 300 6790865476 867 340 86,531487
32 | 22974847471172100 | 26507499 250791700 86,673010

Table 3: The values of G,(n), T(n), and G,(n)/T(n) for n = 30 and n = 31

further
Ck:bk for k:],...,i, (43)
and
n n
> o< ) b (44)
k=i+1 k=i+1
Lemma 9 Ifb = (by,...,bn) and is a nongraphical sequence andc = (¢1y...,Cn)

is lexicographically i-smaller than b for some i (1 < 1 < m, then ¢ is also
graphical.

Proof. See [54]. O

Using this lemma the running time of EGLJ decreased substantially. It was
very useful when we enumerated the edge sequences of the simple graphs on
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30 vertices between June 21 and 18 July of 2013 and on 31 vertices between
18 July and 24 August (the results see in Table 4).

Using the results of Tripathi and Vijay [52, Lemma 6 and Theorem 7] we can
substantially decrease the average testing time of the zerofree even sequences.
It is known that the expected number of checking points proposed by Tripathi
and Vijay is about n/2 [52].

Algorithm EGE2 [51, pages 274-277] used in the enumerations for n = 30
and n = 31 vertices is based on Lemma 9.

We develop algorithm EGES for the enumeration of the degree sequences in
the case of 32 vertices. EGE3 will be based on Lemmas 10 and 11.

Lemma 10 If the investigated by EG3 sequence is graphical and has the form
b= bf: bfzz and the upper bound c1(c1—1) of the inner capacity of the cq-length
head of b covers Hy, that is if

ci(cr —1) > Hn (45)
then all sequences starting with b?‘ are graphical.

Proof. See [54]. O

The next lemma allows to enumerate many graphical sequences without
their time consuming testing.

Lemma 11 If the investigated by EG3 graphical sequence has the form b =
by bS2 ... b 1% where p > 1, by > by > -0 > by >3, ¢1y.nny0pp1 > 1,
then all zerofree even sequences starting with the prefix

B§TbS ... b5 by (by — 1)
are also graphical.

Proof. See [54]. O

3.3 New simulation results

Table 4 contains the values of G,(n) and G(n) forn =1, ..., 31. The values
forn=1, ..., 9 were computed by E. Weisstein, for n =10, ..., 20 by G.
Royle in 2006, for n = 21, 22 and n = 23 by F. Ruskey in 2006, for n =
24, ..., 29 by T. Matuszka in January of 2013, for n = 30 by L. Lucz in July
of 2013 and for n = 31 also by L. Lucz in September of 2013 [48, 50, 51, 52, 79].

Column 4 of Table 4 supports the following conjecture formulated by Gordon
Royle in 2012.
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Conjecture 12 (Royle, 2012). If n tends to infinity, then G.(n+1)/G.(n)
tends to 4.

We think, that the following conjecture is also true.
Conjecture 13 Ifn tends to infinity, then G(n+1)/G(n) tends to 4.

We observed that when we enumerated these sequences, that in the case
n = 30 vertices 85.40 percent, while in the case n = 31 vertices 86.67 percent
of the investigated potential degree sequences was graphical. Therefore it is
useful if we know without a linear time testing that a given tested sequence is
graphical.

Figure 1 shows the number of the tested and the graphical sequences as the
function of the index of the slices when n = 30.

9E+10

BE+10

TE+10

GE+10

S5E+10

I o =——Tested

4E+10
Graphical
3E+10

2E+10

1E+10 -

o

1

12110

24219

36328

48437

60546

72655

24764

96873
108982
121091
133200
145309
157418
169527
181636
193745
205854
217963
230072
242181
254290
266399
278508
290617
302726
314835
326944
339053

Figure 1: The number of tested (trimmed even) sequences and the number of
graphical sequences as the function of the index of slices when n = 30

Figure 2 shows the similar data for n = 31.

We remark that on the site of the journal the Figures 1 and 2 are color (the
graphical sequences are represented by red, while the tested sequences by blue
color).

Table 5 contains the data of PC’s used for the enumeration of G,(31), where
Comp. alg. = Computer Algebra, Prog. lang. = Program languages, Core =



261

Parallel enumeration of degree sequences of simple graphs. 11
[ ] G:(n) 6m | % | “Cimr
1 0 1| 0.000000 | 0.500000
2 1 2 | 0.500000 | 0.500000
3 2 4 | 3.500000 | 3.750000
4 7 11 | 2.857143 | 2.818182
5 20 31 | 3.550000 | 3.290323
6 71 102 | 3.380282 | 3.352941
7 240 342 | 3.629167 | 3.546784
8 871 1213 | 3.614237 | 3.595218
9 3148 4361 | 3.702351 | 3.672552
10 11655 16016 | 3.717889 | 3.705544
11 43332 59348 | 3.756323 | 3.742620
12 162769 222117 | 3.773434 | 3.786674
13 614198 836315 | 3.794439 | 3.802710
14 2330537 3166852 | 3.808465 | 3.817067
15 8875768 12042620 | 3.822189 | 3.828918
16 33924 859 45967479 | 3.833125 | 3.839418
17 130038230 176005709 | 3.843130 | 3.848517
18 499753 855 675759564 | 3.851172 | 3.856630
19 1924912894 2600672458 | 3.859479 | 3.863844
20 7429160 2%6 10029832754 | 3.866369 | 3.870343
21 28723877732 38753710486 | 3.872612 | 3.876212
22 111236423288 149990133774 | 3.878257 | 3.881553
23 431403470222 581393603996 | 3.883410 | 3.886431
24 1675316535350 2256710139346 | 3.888124 | 3.890907
25 6513837,679610 8770547818956 | 3.894458 | 3.895031
26 25354 842100 894 34125389919850 | 3.895503 | 3.897978
27 98794053 269 694 132919443 189544 | 3.900159 | 3.898843
28 385312558571 890 518232001761434 | 3.903597 | 3.902238
29 | 1504105116253904 | 2022337118015338 | 3.906814 | 3.905666
30 | 5876236938019300 | 7898574056034638 | 3.909789 | 3.908734
31 | 22974847474172100 | 30873429530206738 ——— - ——

Table 4: The number G,(n) of zerofree graphical sequences and the number
G(n) of graphical sequences forn =1, ..., 31, further the ratios G,(n)/G,(n+
1) and G(n)/G(n+1) forn=1, ..., 30

Core(TM)Késa 1 = Z. Késa (Cluj), Kasa 2 = Z. Késa (Tg.-Mures), Késa 3 =
Z. Késa // (Tg.-Mures), Spl = Speed of a machine in GHz, Sp2 = Speed of
the laboratory in GFLOPS, Intel (R) = Intel (R) Xeon (R).
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Figure 2: The number of tested (trimmed even) sequences and the number of
graphical sequences as the function of the index of slices when n = 31

The total number of machines was 350.
Table 6 contains the algorithms, running times and number of jobs in the
case n =25, ..., 31.

3.4 The growth of the functions R(n), E(n), R,(n), E,(n), G(n)
and G,(n)

In this subsection we present concrete values of the functions characterizing
the sizes of the investigated sets of sequences.

The number R(n) of the regular sequences is presented in Figure 1 of [52]
form=1, ..., 38 and up to n = 1200 in [47].

The values of the zerofree regular R,(n) can be quickly computed using
formula (22) in [47]. The values for n =1, ..., 1200 can be found in [68].

The number E(n) of even sequences is presented in Figure 1 of [52] for
n=1, ..., 38 and up to 1000 in [49] and up to n = 1200 in [68].

The number E,(n) of the zerofree even sequences is contained in Figure 3
of [52] form =1, ..., 20 (these data are the results of brute force simulation)
and up to n = 1200 in [68].

The order of growth of these functions is @(4™/n).

According to theorem of Burns [22, 52] the order of growth of G(n) is smaller
(see 12).
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H Laboratory Number ‘ Type ‘ Spl ‘ Sp2 H
Central 87 Core 2 Duo | 2.93 | 2041
Comp. algebra 13 Core 2 Duo | 2.13 403
Data base 34 Core 2 Duo | 3.25 | 1631
Graphical 16 Core 2 Quad | 2.33 597
Prog. lang. 54 Core 4 Duo | 3.25 | 6621
PC1 20 Core 15-2320 | 3.00 | 1920
PC3 28 Core 13-2100 | 3.10 | 1389
PC4 19 Core 2 Duo | 2.93 446
PC5 19 Core 4 Duo | 2.93 446
PC6 18 Core 2 Quad | 2,33 672
PC7 18 Core 2 Quad | 2.40 691
PC9 19 Core 2 Quad | 2.66 810
Server 1 Core i5 650 | 3.20 26
Késa 1 1 AMD K7 0.75 8
Késa 2 1 Intel (R) 3.00 50
Késa 3 1 Intel (R) 2.13 23
P. Osze 1 Core 4 Duo | 2.20 37

| Total 350 | \ | 17811 |

Table 5: Names of laboratories, number of machines, type of machines, speed
of machines in GHz, speed of laboratories in GLOPS, used in the case n = 31

The known values of G(n) and G,(n) are summarized in Table 4.

3.5 Further plans

Our new program (EGE3) is able to jump the test of some part of zerofree
graphical sequences [54]. Due to this property of the new program EGE3 the
number of tested sequences is smaller than the number of zerofree graphical
ones (see Table 7).

4 Summary

The log files and source codes of our programs can be found at

http://people.inf.elte.hu/lulsaai/Holzhacker .
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n | Algorithm | Running time | Running time | Number of jobs
(in days) (in years)
25 EGE 26 0.0712 435
26 EGE 70 0.1918 435
27 EGE 316 0.8657 435
28 EGE 1130 3.0959 2001
29 EGE 6733 18.4466 15119
30 EGE2 7221 19.7835 351155
[31] EGE2 32702 89.5954 448 957 |

Table 6: Number of vertices, used algorithm, total running time (in days and

in years) and number of jobs

Table 7: Number of vertices (n), number of tested sequences (T(n)) and num-

n T(n) G,(n)
3 3 2
4 8 7
15} 24 20
6 7 71
7 245 240
8 852 871
9 2991 3148
10 10807 11655
11 39407 43332
12 145673 162769
13 542531 614198
14 2036196 2330537
15 7684164 8875768
16 29143362 33924859
17 110973050 130038230
18 | 424055902 | 499753855
19 | 1625265958 | 1924912894
20 | 6245498873 | 7429160296

ber of zerofree graphical sequences (G,(n))
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Linear programming over exponent pairs

Andrew V. LELECHENKO

I. I. Mechnikov Odessa National University, Russia
email: 1@dxdy.ru

Abstract. We consider the problem of the computation of inf, 6p over
the set of exponent pairs P 5 p under linear constrains for a certain class
of objective functions 8. An effective algorithm is presented. The output
of the algorithm leads to the improvement and establishing new estimates
in the various divisor problems in the analytical number theory.

1 Introduction

Exponent pairs are an extremely important concept in the analytical number
theory. They are defined implicitly.

Definition 1 ([8, Ch. 2]) A pair (k,1) of real numbers is called an exponent
pair if 0 <k < 1/2 <1< 1, and if for each s > 0 there exist integer v > 4 and
real ¢ € (0,1/2) depending only on s such that the inequality

2 eme(n) < Zkal
a<n<b

holds with respect to s and w when the following conditions are satisfied:
u > 0, 1<a<b<ay, y >0, z=ya °*>1,

f(t) being any real function with differential coefficients of the first v orders
in [a,b] and
O (¢) — sl o (—1)c 4
Yar Yar

fora<t<bandd<v<r—1.
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But for the computational purposes more explicit construction is needed.

Proposition 2 The set of the exponent pairs includes a convex hull conv P of
the set P such that

1. P includes a subset of initial elements Py, namely

(a) (0,1) [8],
(b) (2/13+¢,35/52+¢), (13/80+¢,1/2+13/80+¢), (11/68+¢,1/2+
11/68 +¢) [3],

(c) (9/56 +¢,1/24+9/56 + ¢) [5],
(d) (89/560 + ¢,1/2 4 89/560 + ¢) [11],
(e) Hos :=(32/205+ ¢,1/2+32/205+ ¢) [4].

2. A(k,1) € P and BA(k,1) € P for every (k,1) € P, where operators A
and B are defined as follows:

kK k4141
20k 1) 2(k+ 1)

A(k,l)z( > Bk, 1) = (1—1/2,k+1/2).

Possibly the set of the exponent pairs includes elements (k, 1) & conv P, but
at least conv P incorporates all currently known exponent pairs. Everywhere
below writing “a set of exponent pairs” we mean P in fact.

Denote by Pp a set of exponent pairs, generated from the pair p with the
use of operators A and BA. One can check that currently

conv P = COHV(PH05 u{(o,1),(1/2, 1/2)}).

Many asymptotic questions of the number theory (especially in the area of
divisor problems) come to the optimization task

ot 806D | Rifoak 4 Bil +y1), i=1T,...05}, (1)
where a4, B1,vi € R, Ry € R, R>, predicate R. checks whether its argument
is a positive value and R> checks whether its argument is non-negative, i =
1,...,]5.

Graham [2] gave an effective method, which in many cases is able to deter-
mine

inf 8k
(k,l)Econv P(0,1)
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with a given precision (for certain 6—even exactly), where

96@:{(k)1)’_)ak+bl+c a)b,c,d,e,fER) }

dk+el+f | dk+el+f>0for (k1) € convP

We shall refer to this result as to Graham algorithm. Unfortunately, for some
objective functions 8 € O the algorithm fails and, as Graham writes, we should
“resort to manual calculations and ad hoc arguments”. We discuss possible
improvements in Section 4.

The primary aim of the current paper is to provide an algorithm to deter-
mine

inf O(k,1 2
(kl,ﬁep(’) (2)

under a nonempty set of linear constrains (thus j # 0) and
0 = max{01(k,1),...,0m(k, )}, 01,...,0m € O. (3)

In Section 2 a useful computational concept of projective exponent pairs is
explained. Section 3 is devoted to the exploration of the geometry of P and its
results are of separate interest. In Section 4 Graham algorithm is discussed.
Section 5 contains the description of the proposed algorithm to solve (2) under
linear constrains and (3). In Section 6 new estimates and theoretical results on
various divisor problems are given, derived from the observation of particular
cases of the output of our algorithm.

2 Projective exponent pairs

Let us map exponent pairs into the real projective space (the concept of such
mapping traces back to Graham [2]):

w: R2 5 R3/(R\{0}), (k1) (k:1:1).
For the set of the exponent pairs the inverse mapping
w ' (k:l:m) > (k/m, 1/m)

is also well-defined.
Operators A and BA are mapped by p into linear operators over projective
space:

100 k
Ak, D)— Ak:1:1), A=1[|1T 1 1], Ak:l:m)=|k+1l+m
2 0 2 2k +2m
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and
010 1
BA(k,l)— BA(k:1:1), BA=1|2 0 1], BAk:l1:m)=1{ 2k+m
2 0 2 2k +2m

Thus A = p~' Ap and BA = u'BAp

Such projective mappings are very useful to achieve better computational
performance.

Firstly, we replace fractional calculations with integer ones.

Secondly, let M be a fixed composition of A and BA. We can evaluate Mp
for a set of points p effectively: once precompute the matrix of the projective
operator M and then just calculate u~' Mup for each point p.

3 Exploring exponent pairs

Let us split Pp into generations Pnp such that
Pop = {p}, Pnp = APp_1p UBAP,_1p, n > 0.
Let us investigate properties of P(0,1). As soon as
A(0,1) = (0,T1), BA(0,1) = (1/2,1/2),
A(1/2,1/2) =BA(1/2,1/2) = (1/6,2/3),

we obtain

P(0,1) = {(0,1),(1/2,1/2)} UP(1/6,2/3).

So it is enough to study P(1/6,2/3).
All initial exponent pairs satisfy inequalities

k+1<1,  k<1/2,  1>1/2

One can check that if (k, 1) satisfies such inequalities, then A(k, 1) and BA(k, 1)
also do. Thus all exponent pairs fits into the triangle

T:=A((1/2,1/2),(0,1),(0,1/2)). (4)
Lemma 3 Denote
P’ =(0,1/6) x (2/3,1), P"=(1/6,1/2) x (1/2,2/3).
Let p := (k,1) be the exponent pair such that Ap € P’. Then
APp C P/, BAPp C P”| Pp C {pfuP’ UP". (5)
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Proof. Suppose that (5) is true for all generations Py, m < n. Let us prove
that it is also true for generation P;.

We have BP’ = P”, so it is enough to prove that AP,_1p C P’. Let (k,1)
be an arbitrary element of P,_1p and let (k,A) = A(k,1). There are three
possibilities:

1. (k,1) = p. Then (k,A) € P’ by conditions of the lemma.

2. (k,1) € P’. Then

L B N B
2 2(k+1) "2 3 ¢
1 ! 1 12 2
M tarny T2t 3 T

An exponent pair (1/6,2/3) satisfies conditions of Lemma 3, because
A(1/6,2/3) = (1/14,11/14).

We note that the statement of Lemma 3 can be refined step-by-step, ob-
taining 4, 8, 16 and so on rectangles, covering Pp more and more precisely.

Remark 4 There exists another approach to cover Pp or the whole P. For a
set of pairs («, Bi) determine with the use of Graham algorithm

0; = inf (ok + Bil).
(k,l)Econv Pp
Then Pp is embedded into a polygonal area, constrained with the set of inequal-
ities
O(ik + ﬁil > 91
from the bottom and left (together they form a hyperbola-like line) and by the
segment from (0,1) to (1/2,1/2).
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Let us introduce an order < on P(1/6,2/3), defined as
(k1) < (KA) &= k<K, L>A

Theorem 5 Let p be the exponent pair from the statement of Lemma 3. Then
the order < is a strict total order on Pnp and this order coincides with the
order of the binary Gray codes [7, Ch. 7.2.1.1] over an alphabet {A, BA}.

Proof. One can directly check that operator A saves the order:
P1 < P2 = Ap1 < Ap2
and operator B reverses it, so BA reverses it too:
P1 < p2 = BAp; > BAp;.
Lemma 3 implies that for every p1,p2 € Pn_1p
Ap; < BAp,. (6)

Combining these facts we obtain the statement of the theorem. O
In the case of P(1/6,2/3) inequality (6) can be refined up to

Ap1 < (1/6,2/3) < BApa. (7)

Thus < is a strict total order over the whole P(1/6,2/3).

Fig. 1 illustrates our results. Point (1/6,2/3) divides the set into rectan-
gles P’ and P”. These rectangles consists of pairs, where the last applied op-
erator was A, and pairs, where the last applied operator was BA, respectively.
All plotted points are total-ordered by <. Writing out points of the same gen-
eration from the left top corner to the right bottom corner we obtain a list of
Gray codes. E. g., for the generation 3 we obtain a sequence of 8 codes:

A A A
A ABA,
ABABA,
ABA A,
BABA A,
BABABA,
BA ABA,
BA A A.
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Figure 1: First six generations of P(1/6,2/3) plotted in shifted coordinates
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As soon as
A™(1/6,2/3) = (0+,1—0) as n — oo
we obtain

pni=A-BA-A"(1/6,2/3)
BA -BA - A"(1/6,2/3)

— (1/6 =0,2/3 +0),

— (1/6+0,2/3—-0) as n — oo.

So no point from P(1/6,2/3) is isolated: for every p € P(1/6,2/3) and ev-
ery € > 0 there exist p1,p2 € P(1/6,2/3) such that p; <p <p2, Ip—p1l < ¢
and |[p —pa| < e.

We are even able to compute the slopes of left-hand and right-hand “tan-
gents” at (1/6,2/3). Namely, using Section 2 and denoting d,, = pn—(1/6,2/3)
we get

dn/ldnl — (=2/V5,1/V/5)  asn — oo,

so the left-hand “tangent” at (1/6,2/3) has a slope arctan(—1/2). The right-
hand “tangent” has a slope arctan(—2).

What about sets generated from other known initial exponent pairs, listed
in Proposition 2?7 Lemma 3 and Theorem 5 remains valid. But inequality (7)
does not hold and so < is not a strict total order. E. g., for

8083 1 4304
= . . 4 — —
p=A-BA-ATHes (5034z’z+25171>

neither p < Hps, nor p > Hos.

As opposed to P(1/6,2/3), each point of the set Pp, p # (1/6,2/3), is iso-
lated, because the initial point is. But for every such p each point of P(1/6,2/3)
has an arbitrary close to it point from Pp.

Lemma 6 Operators A and BA are contractions over the triangle T, which
was defined in (4).

Proof. It is enough to prove that A is a contraction. Let us check that there
exists & < 1 such that for each p1,p2 € T we have

Ap1 — Apz| < &|p1 —pa2|.
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Let (k1,11) :=p1 and (kz,12) :=p2. Then
2 1 1 1T \? L L\
AP = Ap,| _4<(k1+1_k2+1> +<k1+1_kz+1 -

_1< k2 — ki >2+((11—12)(kz+1)+12(k2—k1)>2
A\ \ (kD (kg + 1) (k1 +1(ka + 1) '

But ki,ky > 0, so

1
A1 = Apa[* < 7 (k1 —k2)? + (L = Lol + ki —Kal)?) -

Applying inequality (x +y)? < 2(x? +y?) we finally obtain

3 3
|Ap; —Apz‘z <7 ((k1 — k) + (L — 12)2) = Z}Pl —Pz‘z-

4 Notes on Graham algorithm

Below GX means a reference to [2, Step X at p. 209].

1. Graham algorithm is designed to search inf,cp(o1)0p and relies on the
fact that
P(0,1) = AP(0,1) UBAP(0, 1).

This kind of decomposition does not hold for the whole P. Instead we have
P =APUBAPU (Po \{(0,1)}).

Thus in order to run Graham algorithm over P, not just over P(0, 1), it should
be changed in following way. Establish a variable r to keep a current minimal
value, setting it initially to +co. Add an additional step before G5: apply
current 0 on elements of Py and set r «+ min(r, min OPy). At the end of the
algorithm output r instead of simply min 0P,.

2. Unfortunately, Graham algorithm over P is infinite: no analog of halting
conditions at G3 provided by [2, Th. 3] can be easily derived. So we should
stop depending on whether the desired accuracy is achieved. Cf. Step 2 in the
Section 5 below.
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3. Bad news: if [2, Th. 1, 2] does not specify the branch to choose at G4 then
the original Graham algorithm halts. Good news: [2, Th. 2] can be generalized

to cover a wider range of cases. In notations of the mentioned theorem for a
given finite sequence M € {A, BAJ™ if inf 6BA = inf 6BAM and if

min(rw+v—u,ow+v—u) >0
then inf 6 = inf OA, where

o= max{k +1| (k, 1) € AM{(0,1), (1/2,1/2),(0,1/2)}}.

4. For the case of linearly constrained optimization one can build a “greedy”
modification of Graham algorithm: if at G5 one of the branches is entirely out
of constrains then choose another one; otherwise choose a branch in a normal
way. Such algorithm executes pretty fast, but misses optimal pairs sometimes.

5 Linear programming algorithm

Now let us return to the optimization problem (2). We will attack it with the
use of backtracking.

Operators A and BA perform projective mappings of the plane R%, so both
of them map straight lines into lines and polygons into polygons.

Let 0 be as in (3) and a set of linear constrains LC be as in (1).

Denote

m

m
0.(V)= max{sug Gip}_ D 0_(V) = max{ri)rg/ Gip}
pe =

i=1
Then
0_(V) < inf 0p < 04(V)
pev
and these bounds embrace inf,cy Op tighter and tighter as V becomes smaller.
Both 04 and 6_ can be computed effectively by simplex method.

Let V be a polygon (or a set of polygons, lines and points) such that P C V.
See Lemma 3 and paragraphs above and below it for possible constructions
of V. For a set of linear constrains LC let R(V,LC) be a predicate, which is
true if and only if there exists a point p € V, which satisfies all constrains
from LC. This predicate can be computed effectively using algorithms for line
segment intersections [1, p. 19-44].
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The proposed algorithm consists of a routine L(0, LC, r, M), which calls itself
recursively. Here 1 keeps a current minimal value of 8(k, 1) and M is a current

. . . . s 100
projective transformation matrix. Initially v « +o0o and M « (8 (1) (])>
On each call routine L performs following steps:

1. Compute t « min{@u~'Mup}, where p runs over all known initial
pairs p. If we get t < r then update current minimal value: 1 « t.

2. Check whether the desired accuracy is achieved, comparing r with the
values of 0, (u "MpV) and 0_(u " MpuV). If yes then return r and abort
computations.

3. Set LC" « LCU{6i(k,1) < r}";. Due to the nature of 6; € © a constrain
of form 0;(k,1) < r is in fact a linear constrain.

4. If R(W'MAWV,LC’) (that means that there is at least a chance to
meet exponent pair p € p~' MAWV, which satisfies LC and on which
objective function is less than yet achieved value) then compute t «
L(6,LC,1, MA). If t < T set T + t and recompute LC’ as in Step 3 using
the new value of r.

5. If R(p_1MBAu\/, LC’) then compute t + L(0,LC,r, MBA). If t < r
set v+ t.

6. Return r.

The algorithm executes in finite time, because due to Lemma 6 both A
and BA are contractions and sooner or later (depending on required accuracy)
recursively called routines will abort at Step 2.

Step 3 plays a crucial role in chopping off non-optimal branches of the
exhaustive search and preventing exponential running time. We are not able
to provide any theoretical estimates, but in all our experiments (see Section 6
below) the number of calls of L(-,-,-,-) behaved like a linear function of the
recursion’s depth.

We have implemented our algorithm as a program, written in PARI/GP [10].
It appears that it runs pretty fast, in a fraction of a second on the modern
hardware.

During computations elements of M can grow enormously. As soon as ma-
trix M is applied on projective vectors we can divide M on the greatest
common divisor of its elements to decrease their magnitude.
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Now, under which circumstances an equality

inf@p= inf 0O
‘[l)Ielp P ‘pegolnvl:’ P

holds? Certainly it is true for 6 € © and j = 0, because sets {0p = const} are
straight lines; this is the case of Graham algorithm.

Consider the case 8 € ® and j # 0. Constraining lines are specified by
equations

L = {oik + Bil +vi = 0}, i=1,...,j.
Then

inf  Op = min{ inf O inf  Op,... inf  Opp.
pEconv P P {pEP p)pehﬁconvP P> )peljﬂconvP P

But conv P is approximated by a polygon as in Remark 4, so 1; N conv P can
be approximated too and consists of a single segment. Thus inf,e1;nconv P OP
is computable.

The case when 0 is as in (3) with m > 1 is different. Even without any con-
strains the value of inf,econy p Op may be not equal to inf,ep Op. For example,
take

0(k,1) = max{11k/10,1—1/2}.

Then

176
inf Op = —— — Hos.
Wi =155 At P =Hos

But
) 176
inf

pEconvPGp =1o57 At p=(160/1057,1409/2114) := q,

and q is owned by a segment from (0, 1) to Hps. However, in not-so-synthetic
cases the proposed algorithm produces results, which are closer to optimal.

6 Applications

One can run algorithm from the previous section to obtain numerical results
in partial cases for different objective functions and constrains. It gives us a
way to catch site of some patterns and to suppose general statements on them.
Nevertheless these patterns should be proved, not only observed. This is the
main theme of the current section.
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Consider the asymmetrical divisor problem. Denote

t(ar,y...,an) = Z 1,

ag Ax _
a1 dpk=n

which is called an asymmetrical divisor function. Let A(ay, ..., am;x) be an er-
ror term in the asymptotic estimate of the sum } . t(a,...,am;n). (See [§]
for the form of the main term.) What upper estimates of A can be given? The
following result is one of the possible answers.

Theorem 7 ([8, Th. 5.11]) Let a < b and let (k,1) = A(k,A) be an expo-
nent pair. Then the estimate

2(k+1—1/2)

Ala,b;x) < x*log x, x = (@ b)

holds under the condition (21— 1)a > 2kb. Here f(x) < ¢(x) denotes f(x) =
O(g(x)). If otherwise (21 — 1)a < 2kb, then

k

Ala, b; %] ==
(a,b;x) < x*logx, o 0 Do ¥b

Taking into account Lemma 3 the condition (k,1) = A(k,A) can be rewritten
as k< 1/6 and 1 > 2/3. Thus

o= 2T 1/2) e - a s 2kb k< 1/6,1> 2/3),
a+b
k
ez_m, LC, = {(2l—1)a < 2kb,k < 1/6,1 > 2/3}.

Using proposed algorithm we can compute inf 67 under constrains LCy (which
refers to the first case of Theorem 7), compute inf 0, under constrains LC;
(which refers to the second case) and take lesser of the obtained values. Ob-
served results shows that for a =1, b = 2", r > 10, the second case provides
better results and exponent pair has form

AT 'BAAT'BABA....
This leads us to the following statement.

Theorem 8 For a fized integer v > 5 we have A(1,27;x) < x*log x, where

2 —2r < 1
20— 2T —2r2 4 2r—4 241

X =
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Proof. Consider an exponent pair

(kr, 1) := ATTBAAT4(1/6,2/3).

We have
110 0 —1 0
A=S[0o 1 0o|ls", S=(1 0 1
00 2 0 2 1

Thus A" =S (37 3 ) $71. Note that 1(1/6,2/3) = (1:4:6) and

2 2r
AT BAA(1:4:6)= [ 221 — (Br+4)- 2"+ 212+ 2r +4
22 (2r+4)- 2" 4 4r

Applying u~! we get

B 2T —2r L—1_ 12T —2rt4+2r—14
S22 (2r44) 274+ 4 T 22rH1 — (2r 4+-4) - 2" + 477

K

Now for r > 5

212 4 4 — 2! _
22— (r42)-2"+2r

2L, —2- 2"k, — 1 = 0.

This proves that (k, ;) satisfies the second case of Theorem 7 and finally

K,

R TS N

O

In the same manner one can estimate A(a, 2";x) for odd a. Here is one more
example.

Theorem 9 For a fized integer v > 1 we have A(3,2";x) < x*¢, where

1
T2+ 3r—88/17

x

Proof. Consider an exponent pair (k,1) :== A" 3BAA(9/56 +¢,37/56+¢). O
In the case of A(a,b,c) one can derive objective function and constrains
from [8, Th. 6.2, 6.3] and observe the output of the algorithm.
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a b (k1) =(a,b)

1 2 BAHgs 269/1217

1 3 (BA)2ABAHs5 1486,/8647

1 4 Hos 111/790

1 5 ABAAZBAA(BA)ZAZM“(O 1) (15921 — 2¢) /30437
1 6 (ABA)3(BA)PA3BA(0, 1) 669/6305

1 7 A(BA)?BAA(BA)2AZM™>(0, 1) (9370 — ¢) /34469
1 8 A(BA)*(AZBAA)>(0,1) (5 + /809)/392
1 9 A(BA)?AM> (0, 1) (10551 — ¢) /56976
1 10 A(BA)?(A%(BA)?)2ABAH;s 150509,/2096993
2 3 BAA(BA)2AZM>(0, 1) (c —4047)/15688
2 4 BAHgs 269/2434

2 5 M>(0,1) (c —4311)/18672
3 4 BAAH;s 1819/19369

3 5 BAA(BA)’AZ(BA)?A(BA)°AZBA(0,1) 63916,/774807

4 5 BAAH;s 1819/24903

Table 1: Estimates of =. Here M = (BA)°(ABA)?BAA? and ¢ = v/37368753.

Theorem 10 For a fized integer v > 10 we have

26277 — (297 +41)2" + 1612 + 12r + 32 _ 1
26237 — (167 +41)22" + (24r —3)2r + 161 +12 " 27+ 1°

0(1,2",2") =

Proof. Follows from [8, Th. 6.2] with (k,1) = A" 'BA™2BABAZ-B(0,1). O
Finally, consider the asymmetric divisor problem with congruence conditions

on divisors. Namely, let t(a, mq, Tq; b, My, Tp; n) be the number of (dq, dp) such
that

dadb =n, dg =14 (mod myg), dp =1, (mod my).

Menzer and Nowak showed in [9] that if a < b then the error term in the
asymptotic estimate of

§ T(Cl, mcha;ba mb)rb;n)
n<x

has form (x/mgmg)z(a,b)ﬂ

Z(a,b):= inf ma kel k
T (K Deconv P x (k+1(a+b)kb+a(l+k—-1) [’

, Where
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o u(o) Depth 100 Depth 1000
3/5 1409/12170 10 10
2/3  0.0879154 154 1609
3/4  0.0581840 154 1610
4/5  0.0422535 103 1003

Table 2: Estimates for u(o) and the number of calls to L.

where ¢ > 0 is arbitrary small. They also listed estimates of Z(a,b) for T <
a <b < 5. As soon as Z(a, b) is of form (3) we can refine all their results. See
Table 1.

Various estimates of the Riemann zeta function depends on optimization
tasks (1). The following theorem seems to be the simplest example.

Theorem 11 ([6, (7.57)]) Let ¢ denote the Riemann zeta function and o >
1/2. Further, let u(o) be an infimum of all x such that (o + it) < t*. Then

k+l—o

u(o) < 3

for every exponent pair (k,1) such that1—k > o.

Better results on u leads to better estimates for power moments of ¢, and
the last are helpful to improve estimates in multidimensional divisor problem.
See [6, Th. 8.4, 13.2, 13.4].

Table 2 contains several results on u(o) obtained with the use of the pro-
posed algorithm. Results are accompanied with the number of calls to L(, -, -, -)
up to the given depth of search.
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