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Abstract. We give a new adaptive method for selecting the number of upper order
statistics used in the estimation of the tail of a distribution function. Our approach
is based on approximation by an exponential model. The selection procedure consists
in consecutive testing for the hypothesis of homogeneity of the estimated parameter
against the change-point alternative. The selected number of upper order statistics
corresponds to the first detected change-point. Our main results are non-asymptotic.
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1 Introduction

This paper is concerned with the adaptive estimation of the tail of a distribution
function (d.f.) F. A popular estimator for use in the extreme value theory was
proposed by Hill (1975). Given a sample X1, ..., X;, from the d.f. F the Hill estimator
is defined as

k
~ 1 2 : Xn,i
Gk =% log X k1
i=1 )

where X, 1 > ... > X, , are the order statistics pertaining to X1, ..., X, and k is the
number of upper order statistics used in the estimation. There is a vast literature
on the asymptotic properties of the Hill estimator. Suppose that d.f. F' is regu-
larly varying with index of regular variation (3 [see for example Bingham, Goldie
and Teugels (1987)]. Weak consistency for estimating 3 was established by Mason
(1982), under the conditions that & — oo and k/n — 0 as n — oco. Asymptotic
normality of the Hill estimator was proved by Hall (1982). A strong consistency
result can be found in Deheuvels, Haeusler and Mason (1988). Further properties
concerning the efficiency have been studied in Drees (2001). For extensions to de-
pendent observations see, for instance, Resnik and Starica (1998) and the references
therein. The asymptotic results mentioned above do not give any recipe about se-
lecting the parameter k in practical applications, while the behavior of the error
estimation depends essentially on it. Different approaches for data driven choices of
k have been proposed in the literature, mainly based on the idea of balancing the
bias and the asymptotic variance of the Hill estimator. We refer to Hall and Welsh
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(1985), Danielson, de Haan, Peng, Vries (2001), Beirlant, Teugels and Vinysaker
(1996), Resnik and Starica (1997), Drees and Kaufman (1998), among many oth-
ers. However the bias of the Hill estimator for estimating the parameter of regular
variation as a rule diminishes very slowly, which makes any choice of the parameter
k not very efficient from the practical point of view. A striking example is the so
called Hill Horror plot (see Figure 1, left).

The Hill horror plot The Hill plot and fitted Pareto parameter
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Figure 1. Left: 100 realizations of the Hill estimator for Pareto-log d.f. F(z) = 1 —
(z/e)~YPlogz, = > e, where the parameter 3 = 1 is expected to be estimated. Right: 100
realizations of the Hill estimator for Pareto-log d.f. and the fitted Pareto parameter. Here
the dark lines represent the fitted Pareto index computed from the approximation formulas
(3.5), (3.1) and the light ones are the corresponding Hill plots.

For more insight on the problem the reader is referred to the book by Embrechts,
Kliippelberg and Mikosch (1997), from which we cite on the page 351: ”On various
occasions we hinted at the fact that the determination of the number k of upper
order statistics finally used remains a delicate point in the whole set-up. Various
papers exist which offer a semi-automatic or automatic, so-called ”optimal”, choice
of k. ... We personally prefer a rather pragmatic approach realizing that, whatever
method one chooses, the "Hill horror plot” ... would fool most, if not all. It also
serves to show how delicate a tail analysis in practice really is.” An interesting
exchange of opinions on this subject may be found in the survey paper by Resnik
(1997) and in the supplied discussion.

The aim of the present paper is to give a natural resolution to the ”Hill horror
plot” paradox and to rehabilitate the Hill estimator, for finite sample sizes, by
looking at the problem from the point of view of selecting an appropriate tail. In
Section 3 we shall see that, for finite sample sizes, the Hill estimator is close to
another quantity which can be interpreted as the parameter of the approximating
Pareto distribution and which we shall call the fitted Pareto index [see (2.4) for the
definition of this quantity]. In Figure 1, right, we give a simulation for the Pareto-
log d.f.; other examples are presented in the Appendix 8. The importance of this
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interpretation, perhaps, is justified by the fact that it allows new approaches for
selecting the number k of retained upper order statistics. For estimating the fitted
Pareto index we propose a method based on successive testing of the hypothesis that
the first £ normed log-spacings follow exponential distributions with homogeneous
parameters. The idea goes back to Spokoiny (1998). However our procedure is
different in several aspects. First, our test is based on the likelihood ratio test
statistic for testing homogeneity of the estimated parameters against the change-
point alternative. Second, in our procedure the number k is selected to be the
detected change-point. We also refer the reader to Picard and Tribouley (2002)
where the change point Pareto model (see Pareto-CP d.f. in the Appendix) is used
for estimation in the parametric context.

Our main results are non-asymptotic. We establish an ”oracle” inequality for
the adaptive estimator of the fitted index. The result claims that the risk of the
adaptive estimator is only within some constant factor worse than the risk of the
best possible estimator for the given model.

The paper is organized as follows. In Sections 2 and 3 we formulate the problem
and give the approximation by the exponential model. The adaptive procedure
is presented in Section 4. Section 5 illustrates the numerical performances of the
method on some artificial data sets. The results and the proofs are given in Sections
6 and 7.

2 The model and the problem

Let Xi,...,X,, be i.id. observations with common d.f. F(z) supported on
(a,00), where a > 0 is a fixed real number. Assume that the function F' is strictly
increasing and has a continuous density f. Since F'(a) = 0, the d.f. F can be
represented as

F(x):l—exp<—/ax)\(t)dt>, x> a, (2.1)

where

f(x)
Ax) = ——— >
@) =1"FGy *2¢
is the hazard rate. Note that if A (x) = ﬁ, then the d.f. F is Pareto with index
1/, which is a typical fat tail distribution. To allow more general laws with heavy

tails we shall assume that 1

a(x)x

A(z) =

where the function « (z), z > a, can be approximated by a constant for big values
of z. For instance, this is the case when there exists an § > 0 such that

, (2.2)

lim «a(z) = g. (2.3)

T—00

Many regularly varying at infinity d.f.’s F' satisfy the assumptions (2.1), (2.2) and
(2.3), see representation theorems in Seneta (1976) or Bingham, Goldie and Teugels
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(1987). If F is regularly varying at infinity, then the limit in (2.3) is nothing else
but the index of regular variation.

Our problem can be formulated as follows. Let X,, 1 > ... > X, be the order
statistics pertaining to X7, ..., X,,. The goal is to find a natural number k such that
on the set {Xy, 1, ..., Xy, 1 } the function a () , # > a, can be well approximated by the
value a (X, 1) and to estimate this value. The intuitive meaning of this is to find a
Pareto approximation for the tail of the d.f. F" on the data set { X, 1,..., X, 1} . Note
that this problem is different from that of estimating the index of regular variation 3
defined by the limit (2.3). As it was stressed in the Introduction the main advantage
of the present setting is, perhaps, the fact that it allows new algorithms for the choice
of the nuisance parameter k. The approach adopted in this paper is based on the
approximation by an exponential model which is presented in the next section.

Before to proceed with this, we shall point out the connection of the function
a (+) to the logarithmic mean excess of F' :

V(t):/toolog%%, t> a. (2.4)

Integration by parts gives, for any ¢t > a,

/tooa(x)%zy(t). (2.5)

By straightforward calculations it can be seen that the number v (¢) is the minimizer
of the Kullback-Leibler distance between Pareto d.f. P, (z) =1 — 2~ 2 > 1 and
the excess d.f. F (z|t)=1—(1— F (xt)) /(1 — F (t)), > 1. Thus the number v (t)
can be interpreted as the parameter of the best Pareto fit to the tail of the d.f. F
on the interval [t, 00). We shall call the function v (¢), t > a the fitted Pareto index.

3 Approximation by exponential model

The function a (-) will be estimated from the approximating exponential model.
Our motivation is somewhat similar to that of Hill (1975) [see also Beirlant, Dier-
skx, Goegebeur et Matthys (2000) for another exponential approximation]. The
construction of the approximating exponential model employs the following lemma,
called Renyi representation of order statistics.

Lemma 3.1. Let Xq,...,X,, be i.i.d. r.v.’s with common strictly increasing d.f. F
and X1 > ... > X, be the order statistics pertaining to X1, ..., X,,. Then the r.v.’s

1-F (Xn,i—i-l)

, =1,...,n—1.
1—F(Xy,)

& =1ilog

are i.i.d. standard exponential.

Proof. See for instance Reiss (1989) or Example 4.1.5 in Embrechts, Kliippelberg
and Mikosch (1997)]. O
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Let Y; = ilog % e

i=1,...,n—1.Then Y; = &, i¢=1,...,n—1, where

Xni 1—F(Xni)
i = —1 ’ | e 1
“ °8 Xn,i+1/ e (Xn,it1) (3.1)

It is easy to see that the function « () is defined through the d.f. F' by the equations

4 (0] — X
— 2\ (z) = 11152:) _ ! iiillogf( ) s (3.2)

a(x)

By identity (3.2) the value «; can be regarded as an approximation of the value
of the function « (-) at the point X, ;11. More precisely, the mean value theorem
implies

a; = o (X it1 + Onjit1 (Xni — Xnig1)),

with some 6,, ;41 € [0,1], for i = 1,...,n — 1. These simple considerations reduce the
original model to the following inhomogeneous exponential model

Y;' = ()éigi, 1= 1, e, — 1, (33)

where a = (aq,...,an—1) i a vector of unknown parameters. We assume local
homogeneity of this model which stipulates that the components «;’s nearly equal
oy within some interval I = [1,k]. In the sequel finding the Pareto approximation
for the tail of the d.f. F will be viewed as the problem of choosing the interval
I =[1,k] and of estimating the component «; from the observations (3.3).

Under the assumption that

o] = ... = O, (34)

the maximum likelihood estimator of a; is the sample mean

k
>,
=1

which is the well-known Hill estimator. Our main concern is to choose appropriately
the number k of upper order statistics used in the estimation.

If the condition (3.4) is not satisfied, then from the definition of the model (3.3)
it follows that the Hill estimator &y, approximates without bias the quantity

ap =

=

k
_ 1
Tk = o ; a;, (3.5)

which, in turn, is an approximation of the fitted Pareto index (2.4): @, ~ v (X, k+1) ,
for k big enough. The assumption of local homogeneity implies that the quantities
ay, o and o = @y are close to each other and thus under this assumption the
Hill estimator also approximates the fitted Pareto parameter v (t) at the point ¢ =
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X k+1- The simulations show a good concordance between the two latter quantities
(see Figures 1, 4 and 5).

Although the above considerations shed some light on what does the Hill esti-
mator estimate, the main problem, how to choose an appropriate value of k (even
for the fitted Pareto index v (X, ;+1) or equally for @) still remains open. Model
selection based on the penalization terms [see Barron, Birge and Massart (1999)]
could be a reasonable alternative for defining the optimal and adaptive values of
k. In this paper we take another adaptive approach which is presented in the next
section. To avoid difficult interpretations with the choice of the optimal value k for
the parameter oy we shall consider that the Hill estimator estimates the value aq,
which may be regarded as a constant approximation of the values «y, i = 1, ..., k.

4 Adaptive selection of the parameter £

This section presents a method of selecting the parameter k in a data driven way.
Throughout the paper we shall denote by |I| the number of elements of the set I.

4.1 The adaptive procedure

Let Z be a family of intervals of the form I = [1, k|, where k € {1,...,n— 1}, such
that |I| > 2my, for a prescribed natural number mg, where mg is much smaller than
(n — 1) /2. A special case of the family Z is given by the set of all the intervals I =
[1, k], satisfying this condition. Another example used later on in the simulations,
is the set 7 = 7, of intervals I = [1, k], with k approximately lying in the geometric
grid {l 21 <n, 1= [mg+moed], 1=1,2, }, where ¢ > 1. In the latter case the
numbers mg and ¢ will be parameters of the procedure.

The family 7 is naturally ordered by the length |I| of I € Z. The idea of our
method is to test successively the hypothesis of no change-point within the interval
I and to select k equal to the first detected change-point. The formal steps of the
procedure for selecting the adaptive interval T read as follows:

INITIALIZATION Start with the smallest interval I = Iy € 7.
STEP 1 Take the next interval I € 7.

STEP 2 From observations (3.3) test on homogeneity the vector o within the in-
terval I against the change-point alternative, as described in Section 4.2.

STEP 3 If the change point was detected for the interval I, then define T as the
interval from one to the detected change-point and stop the procedure, other-

wise repeat the procedure from the Step 1. If there was no change-point for
all I € Z, then define I = [1,n — 1].

The adaptive estimator is defined as @ = ay, where

1
aI—mZYZ, (4.1)

iel
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for any interval I. The essential point in the above procedure is the Step 2 which
stipulates testing the hypothesis of homogeneity for the interval I. It consists in
applying the classical change-point test which is described in the next section.

4.2 Test of homogeneity against the change-point alternative

The test of homogeneity against the change-point alternative is based on the
likelihood ratio test statistic. For any interval I € Z denote by J; the set of all
subintervals J C I, J € Z, such that |I|/2 < |J| < |[I| — mg. For every interval
J € Jr consider the problem of testing the hypothesis of homogeneity o; = 0,7 € I
against the change-point alternative o; = 61, 7 € J and «o; = 6y, i € I\ J with
01 # 05. The likelihood ratio test statistic is defined by

Try = Spr(YJael) +S;1pL (Y, 02) — SI;pL(Yz,H)
1 2
= L(Yj,ay)+L(Ypy,apng) —L(Y5,0r0),

where @y is the corresponding maximum likelihood estimator defined by (4.1) and

L(Y7,6) =) logp(Vi,0).
el
Since in the case under consideration p (y,0) = exp (—y/6) /0, one gets

ay 1 1 ang 1 1
T = = log——-Y;| — — — 1 — =Y ==
" 2 [Og ar (041 aJ)] > [Og <a, )]

a a
icJ icl\J ! nJ

]J\G<£—1>+]I\J\G<%—l>, (4.2)
I

ar

where G (z) =  —log(1+z), x > —1. The use of Taylor’s expansion gives the
approximating test statistic

~ 2 -~ 2
=B (B Y (B

’ 2 (673 2 a]

By simple algebra we can represent the latter statistic in the form

NI (@ —ang )
Trj= — . 4.3
I.J 37| & (4.3)

Now the test of homogeneity of « on the interval I can be based on the maximum of
all such defined statistics 17,y or T'7 ; over the set J7. The hypothesis of homogeneity
on the interval I will be rejected if

Tr=maxTrj>t or Tr=maxTj;>1
Jer o v Jer o v
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where the critical values t, and ¢, are defined to provide the prescribed rejection
probability v under the hypothesis of homogeneity within the interval I. These
values can be computed by Monte-Carlo simulations from the homogeneous model
with i.i.d. standard exponential observations Y;, i = 1, ..., n. Here we utilize the fact
that under the hypothesis of homogeneity the distributions of the test statistics T
and T'; do not depend on «.

If the hypothesis of the homogeneity of « is rejected on the interval I then the
detected change-point k£* corresponds to the length of the interval J* € J; for which
the statistic 77 attains its maximum, i.e.

k* =|J*|, where J*=argmaxT7r .
JeJgr

5 Simulation study

The aim of the present simulation study is to demonstrate the numerical perfor-
mance of the proposed procedure. We focus on the quality of the selected interval
I and of the corresponding adaptive estimator. The next figures present box-plots
of the length of the selected interval T and of the adaptive estimator a for different
values of the parameter /7, from 500 observations following Pareto and Pareto-log
d.f.’s (see a list in the Appendix). The box-plots are obtained from 500 Monte-Carlo
realizations. The set 7 is a geometric grid with parameters mg = 25, ¢ = 1.1.
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Figure 2. Box-plots of selected intervals and the adaptive estimators for Pareto d.f. from
500 realization.

In Table 1 the mean absolute error (MAE) of the adaptive estimator & w.r.t.
the value a1 = a(X,, 1) is computed for the d.f.’s introduced above.

The results clearly indicate that the increase of the parameter ¢, results in a
smaller variability of the estimator but in a larger bias (in case when the model is
not Pareto). A reasonable compromise is attained for |/, about 2.6 leading to a
relatively stable behavior of the procedure in the Pareto case and to a moderate bias
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Figure 3. Box-plots of selected intervals and the adaptive estimators for Pareto-log d.f.
from 500 realization.

Table 1. MAE computed for 500 realizations

t,=2.2 | =24 | t,=2.6 | t,—2.8 | t,=3.0 | t,—3.2 | t,—3.4
Pareto | 0.0642 | 0.0583 | 0.0546 | 0.0487 | 0.0459 | 0.0433 | 0.0395
Cauchy-plus | 0.1036 | 0.1076 | 0.1116 | 0.1166 | 0.1204 | 0.1232 | 0.1275
Pareto-log | 0.1838 | 0.2039 | 0.2231 | 0.2388 | 0.2581 | 0.2854 | 0.3106
Pareto-CP | 0.0746 | 0.0704 | 0.0697 | 0.0658 | 0.0642 | 0.0626 | 0.0615

in the non-Pareto case. The numerical simulation for the procedure with the param-
eter /f, = 2.6 for different values of the sample size n and different distributions
(see a list in the Appendix 8) are summarized in Table 2. The other parameters
are kept as in the previous case. In this table MAE is computed w.r.t. the value
a1 = a(X,, 1) for 500 simulations.

In the Appendix 8 we present the box-plots of the length (in %) of the selected
interval I and of the adaptive estimator & for different values of n from 500 simula-
tions following different d.f.’s.

6 Theoretical results

This section discusses some theoretical properties of the procedure presented in
Section 4. Let ¢, > 0 and ¢, > 0 be the critical values entering the definition of the
change point tests from Section 4.2.

6.1 Properties of the selected interval

We start with results concerning the choice of the interval of homogeneity. We
will ensure that the following two properties hold:
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Table 2. MAE computed for 500 realizations

n=200 | n=300 | n=400 | n=500 | n=800 | n=1000 2000 n=3000

Pareto 0.0573 | 0.0507 | 0.0473 | 0.0521 | 0.0456 0.0495 0.0453 0.0415
Cauchy-plus 0.1483 | 0.1210 | 0.1133 | 0.1155 | 0.0846 0.0943 0.0720 0.0577
Pareto-log 0.2544 | 0.2309 | 0.2274 | 0.2178 | 0.1895 0.1828 0.1783 0.1713
GPD 0.2563 | 0.1829 | 0.1770 | 0.1564 | 0.1488 0.1301 0.1171 0.1095

Hall model 0.2498 | 0.2448 | 0.2377 | 0.2439 | 0.2344 0.2222 0.1961 0.1699
Pareto-CP 0.1001 | 0.0881 | 0.0737 | 0.0669 | 0.0566 0.0558 0.0432 0.0321
Standard Normal tail | 0.2273 | 0.1718 | 0.1438 | 0.1242 | 0.0983 0.0941 0.0689 0.0654
Standard Exponential | 0.2989 | 0.2370 | 0.1913 | 0.1707 | 0.1432 0.1373 0.1133 0.1007

A. The intervals of homogeneity are accepted with high probabilities.

B. The intervals of non-homogeneity are rejected with high probabilities at least
in some special cases, for instance, for the change-point model.

Consider first the property A. The assumption that the vector « is constant on
some interval I can be quite restrictive for practical applications. Therefore the
desirable property would be that the procedure accepts any interval I € 7 for which
a; can be well approximated by a constant within the interval I. Let I be an interval
and let oy be the average of the «;’s over the interval I :

a1:|—}|Zai.

i€l
The non-homogeneity of the a;’s within the interval I can be naturally measured by
the value

[
ar

A7 = max
el

We say that I is a "good” interval if the value Ay is small. The next result claims
that a ”good” interval I will be accepted by the procedure with a high probability
provided that the critical value ¢, was taken sufficiently large.

For every interval I € 7, denote

1
Sp= mzai (&—1) and VF=) ol
i€l icl

For given intervals I € 7 and J € Jj, denote J¢ = I\J and, with a real A > 0,
define the events

AV AV AVje
Q= {|sf| <MW g < MV g < —}
1] | /] |J¢|
and
Q=) ..

JeTr

The function G (z) is defined for all x > —1. We extend it to the whole real line by
defining G (z) = 400 for z < —1.
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Theorem 6.1. A. Let v € (0,1) and I € Z. Let the numbers A and mg be such that
A> 2\/log2“7;$r1 and \/mg > 3X\(1+ Ay). Then P(Q7) >1—1.
B. Let v € (0,1) and I € I. Let the numbers X\ and mg be such that A >

2y /log 2L and /g > 3\ (1+ Ap). If Ay fulfills

B At
G (—3AI — 3\ (1+Af)mg 1/2) < 2

ST (6.1)

then on the set Qg it holds Ty < t..
C. Let v € (0,1) and I € Z. Let the numbers X\ and mg be such that A >

2y/log 2L and \Jmg > 3\ (1+ Ap). If Ay fulfills

22021117 — g

Ar <

9

1+ xmg ?
then on the set Q it holds T < ty.

Remark 6.2. The condition on Aj from the part C of the theorem is similar to
the condition (6.1) with the function G(u) replaced by u*/2. Moreover, the con-
dition (6.1) follows from Aj < (C’t;l/2 |I|_1/2 - /\mal/z)/(l + )\mal/2) with some

constant C > 2v/2/3 provided that 3A7+3X\ (14 Ap) mal/2 < 1/2, see Lemma 7.3.

An immediate corollary of this result is an upper bound of the probability of
rejecting a ”good” interval I.

Corollary 6.3. Under the conditions of the point B or C of Theorem 6.1 it holds
respectively
P(Tr>ty)<vy or P(Tr>ty) <n.

Now let us turn to the property B of the intervals of homogeneity. Consider the
special case when the vector a = (a1, ..., ) is piecewise constant. In this case an
interval I is ”good” if it does not contain a change point. The best choice of I can be
defined as the interval I* = [1, k*], where k* is the first change point. Theorem 6.1
claims that the interval I* will be accepted with high probability. The next result
shows that all larger intervals will be rejected with high probability, thus implying
that 1 approximately equals I*.

Theorem 6.4. Let v € (0,1) and 2,/log% < A < m. Assume that o; = «, for
i €I* and a; = B, fori € I\ I*, where I = [1,k* +m] and « # (3. If m satisfies

m < k* and
vm > max {d~" (3y/ty + ) 4L, }, (6.2)
where d = |a — B| / 2a + |a — f]), then

P(Tr<ty) <~y and P(T;<t,/2)<n.
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6.2 Properties of the adaptive estimator a.

Let I be the interval computed by the adaptive procedure described in Section
4.1 with the test statistic 77 ;. The next assertions describe the accuracy of the
adaptive estimator & = a7 under the condition that Io1 * where I* € T is a
”good” interval.

Theorem 6.5. Let v € (0,1) and I € Z. Let the numbers A\ and mg be such that

A > 24/log My'“ and \/mo > max { /4y, 3X (1 + Af)} . Let the interval I* € T be
such that I* € Jr. If Tt < t., then on the set (1, it holds

ar —ars

<
=1,

Qg

where p = 24/t ||t

From Theorem 6.5 it follows that if &« provides a ”good” estimate of aj«, then
the adaptive estimator also provides a ”good” estimate of aj«. A precise statement
is given in the next corollary.

Corollary 6.6. Let v € (0,1) and I € Z. Let the numbers A and mq be such that

A > 2\/log2“7fy¢ and \/mqy > mai(\{w/éltw, %)\(1 + AI)}. Let the intervals I* € T
and I be such that I'* € jf(w) and I (w) € Jr, for any w € Q. Then on the set
the adaptive estimator a fulfills

la — ar- 1 A(1+Ar) p

< +
ar 1-p JIF] 10
where p = 24/t ||t

Similar properties can be established for the statistic TI, 7

)

7 Proofs of the main results

7.1 Auxiliary statements.

Lemma 7.1. Let &, ...,&y, be i.i.d. standard exponential r.v.’s and the numbers
081, ..., Bm satisfy the condition

Bi

:—4§A,i:me,
B

where B = (B1 + ... + Bm)/m and A € [0,1]. Then, for every A < 2/m/(1+ A),

p<'_

> Bi&-1)
1=1
where V.2 = B2 + ... + 32,

> )\Vm> < 26_)\2/4,
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Proof. By Chebyshev inequality, for any u > 0,

. < S5 Bexp (uXy fi (6~ 1)

pat exp (uAVp,)
Since &1, ..., &, are independent, for any v < min {ﬁ;l} ,

> AVm> <

m

E exp (uz:ﬁz (& — 1)) =[[Eexp s (& —1) =] exlpﬁ;uuﬂﬁz)
i=1 P :

i=1

Therefore

d

This inequality with u = ﬁ
for x < 1/3 yield

p ( > B

i=1
It remains to check that A\ < 3(21—\_/;72) implies that u = ﬁ < min { B; 1}. Indeed

Vr% = Z?il @2 > mﬁ2 and therefore,
_ A8 M _A(1+A)
2V, T 28ym T 2ym

> Bii

i=1

> )\Vm) < exp <—u)\Vm — UZ@' — Z log (1 — uﬂl)) .

i=1 =1

and the elementary inequality —log (1 — z) < = + 22,

2
> )\Vm> < exp (—u)\Vm — u2V73L) = exp <_)\Z> )

1
/Biu 57

<

which proves the lemma. [J
In the proofs we shall use the following bounds. Recall that G (z) = +o0, for
r < —1.

Lemma 7.2. For any 0 € [0,1] and any real x, the function G (-) fulfills
d(1=0)G(Jz]) <0G((1—=0)z)+ (1 —0)G(=dz) <6 (1 —96)G(—|z|). (7.1)
Proof. The proof of these bounds is based on the simple fact that the function
H(z) =2G (z) /2*, = > -1, (7.2)
is monotonously decreasing. [

Lemma 7.3. Let G1' (z), x > 0 be the inverse of the function G (-) on the interval
[0,00). Then
Gi'(z) <2vz, 0<z<1/2

Let G=' (), x> 0 be the inverse of the function G (-) on the interval (—1,0]. Then

-G (@) > Vr, -1/2<z<0.
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Proof. For any a > 0 and = € [0,G(a)] it holds G QZ where H (-) is
defined by (7.2). Taking a = 1.4 one gets the ﬁrst 1nequahty If a € (—1,0] and
z € [-G(a),0] it holds —G~! (z) > % The second inequality is obtained by

putting a = —0.7. O
We shall also make use of the following bounds of the statistic 17 ;.

Lemma 7.4. Let e =|J|/|I| and R j = a“’gila‘” Then the statistic Ty j satisfies
(M=) H[G(|Rry|) <T1y <e(l =) [I|G(=|Rr4]). (7.3)
Proof. The trivial equality |I|a; = |J|ay + |J¢| @je implies

OZJ E)Z\JC

——1—(1—E)R[J and = —1:—ERI7J. (74)
g ar

Then the statistic 77 ; can be written as
T[’J = |[| [€G ((1 — €)R[’J) + (1 — 6) G (—€R[’J)] . (7.5)

Using (7.1) one gets the required bounds. O

7.2 Proof of Theorem 6.1

Let I € Z. For any J € J; denote J¢ =T\ J. In the following .J’ denotes one of
the intervals J, J¢ or I. The definition of the sets Z and J; implies that |.J'| > my.

Note that the estimator @y can be written as ay; = ayp + Sy. Then, using
Lemma 7.1, for any A < %\/WTO/(l + Aj), one gets

PQ)>1-> P(Qf,) =1 @2[J|+1)exp(-r?/4).
JeTJr

With A > 2,/log 2'71‘“ . it holds

P(QI)21_77

thus proving the part A of the theorem.

For the part B we have to show that on the random set {; the statistics 17 ;
and T s obey [T ;| < t, and ‘T[’J‘ <t,, for any J € J;.

For the proof we need some inequalities. Note that each «; satisfies «o; <
ar (14 Ap), for i € I, and by summing o? over i € J', it follows

Vi< (@+Ap)2af|]]. (7.6)

The latter inequality implies that, on the set {27, it holds

—-1/2

1Sy | S AV /| T | < A (L4 Ap) || (7.7)
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The decomposition aj = ay + Sy and the inequality (7.7) imply that, on the set
QIa

~

Qg1

—1‘ <AA+Ap ||V (7.8)
Qg

Note that % < 2A; and |J'| > mg. Then, under the assumption /mg >
3A (14 Ay), the inequality (7.8) implies

2A7 + A (1+ Ap) (|J|—1/2 n |JC|_1/2)

1= A(1+Ap) 172

2A; 42X\ (1+ Ap)mg '/

1- A1+ Ap)mg "2

< BAL+3A(1+A)mg 2 (7.9)

|R1.g]

IN

<

We consider first the case of statistic 77. The bounds (7.3) and (7.9) yield
I| ~1/2
Try <e(l=2) |G (= |Rial) < 56 (=381 =311+ A)mg ) <,

and the assertion of Theorem 6.1 concerning 77 follows.
In the same way we prove the assertion concerning 7'7. The inequality |J|-|J¢| <
|I]* /4 implies, on the set €,

2
1| |:3A[ +3X(1+Ap) m51/2

Try< T

5 <t

Theorem 6.1 is proved.

7.3 Proof of Theorem 6.4

To keep the same notations as in Theorem 6.1 denote J = I*, J¢ =1\ J =
[k* + 1,k* + m]. Using Lemma 7.1, for any A and myg satisfying 2,/log % <A<
%,/mo/(l + Aj), one gets

P(Qr)>1-3N/1>1— 4.

It suffices to show that the event €7 ; implies 17 ; > t. The lower bound in Lemma
7.4 implies
Try =e(l—e)|I|G(|Rrql),

withe = |J|/|I| and Ry j = % Since k* > m it follows that e = k*/(k*+m) >
1/2. This and 1 — e = m/ |I| imply

1
TLJ > §mG(]RI7J\), (710)
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Note that VJ2 = k*o?, VJ2C = mfB? and V; < Vj + Vje. Then, similarly to the proof
of Theorem 6.1, on the set Q7 ;, it holds

lay —agel = A (Oé/\/F%-ﬁ/\/m)
ar+ 2 (a/VE +5/vm)

|Rr | >

For the change point model oy = «, aje = [ and oy = aok*/(k* +m) +
Bm/ (k* +m). This yields

b—A(1/\/ﬁ+(1+b)/\/ﬁ)
1+bﬁ+>\<1/\/ﬁ+(1+b)/\/m>’

|Rr,7| >

B

where b = ‘a — 1‘ . It is easy to see that, for a fixed m, the minimum over k* > m

of the latter expression is attained for k* = m. Therefore

Byl > b—AQR+b)/Vm  _ d-)\ym
=102 X2+b) /Vm 12+ N/ ym

where d = b/ (2 + b) . Together with (7.10) this yields
1 d—\/\/m
Tr 3> = _ .
1J 2 5mG <1/2 ¥ )\/\/_m>

Now the assertion of the theorem amounts to prove that the right hand side in the
latter inequality is greater than ¢,. This is equivalent to

v a2 9% ()

Since G1' () < 24/, for all x € [0,1/2] and m > 4t,, it suffices to show that

d— /i 7
a2 N

The latter inequality is implied by the conditions (6.2) and A < y/m of the theorem.
This concludes the proof.

7.4 Proof of Theorem 6.5

To keep the same notations as in the proof of Theorem 6.1 let J = I*, J¢ = I\ I*,
e =|J|/|I] and Ry = (&g — & ge) /ay. It is clear that Tt < t, implies 17 ; < t,.
The bounds (7.1) imply

[Ile(1—¢e)G(|Rr|) < Tr5 <ty,
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from which it follows that
IRy < Gt by
=T \e(l—9) 1))

where G;l (z), x > 0 is the inverse of the function G (-) on the interval [0, 00). Now
by the definition of the set J; one has ¢ = |J| /|I| > 1/2. Since mg > 4t., it holds

ty %m0<1
e(l—e)[I] = §]J] ~ 2

An applications of the upper bound in Lemma 7.3 yields
IRp| <2 by

M=2\e(@=o)1I

;_j - 1) /(1 —¢), which together

From the identities (7.4) it follows that Ry ; = (

with the previous inequality gives
a 1'<2\/(1—5)t7<2\/ﬂ
el VI

This implies
0 ~1
'E‘SQ\/MJ! ,

where 6 = (ay —ay)/ay, which in turn implies [§] < p/(1 — p), where p
24/t |J |_1, and the assertion concerning 77 follows. The case of the statistic T';

can be handled in the same way.

7.5 Proof of Corollary 6.6
Since Qp C Qy, for any I’ C I, Theorem 6.5 implies that on the set €,

~ ~ ~ P
lar — ay- Sal*l_p-

From this it follows that, on the set (1,
I
arx + —— ’a]* — Qg+ .

I—p

Qs — x| <
—Ha; Oq’_l_

‘a—a[*’ < ’a—a]*

Since, on the set (17,
N AV
| — ap| = |Sp+]| < =,
|7
one gets
|a0 — aup] - 1 AV P
T l-pap|l*| 1-p

Qo
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The inequality VA < (1 + Ap)? a2, |I*| (see (7.6)) implies

|E)é\—0q*| < 1 )\(1+A]*) p

< + .
Qg 1—=p /|I*| 1—0p

8 Appendix

Table 3. The list of distribution functions used in the simulations.

F (z) Parameters
Pareto 1—z /e £>1 a=1
Pareto-log F(z)=1— (z/e)"Y*logx, x> e a=1
—1/a7
1—<i> yifrg <z < zo — —
Pareto-CP zjl/a 1 o =1/2, a2 =1
z V(e faz z1=1 22=5
1_(—2) (—) , if x> xo
x] x9
Cauchy-plus F(z)= ﬁ arctanz, x > 0
GPD I—(1+az2)"le g>q a=0,c=1a=1
Hall model 1—cx— Vel +21/P), z>1 a=1,8=1
The Hill plot and fitted Pareto parameter The Hill plot and fitted Pareto parameter

3.0
3.0

Hill estimator

1.0 15 20 25
Hill estimator

15 20 25

1.0

05
05

0.0
0.0

0 100 200 300 400 500 0 100 200 300 400 500

Order statistics k Order statistics k

Figure 4. 100 realizations of the Hill estimator for Cauchy-plus (left) and Pareto-CP (right)
d.f.’s and the corresponding fitted Pareto parameters. Here the dark lines represent the
fitted Pareto parameter computed from the approximation formula (3.5) and the light ones
are the corresponding Hill plots.
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The Hill plot and fitted Pareto parameter The Hill plot and fitted Pareto parameter

20 25
25 3.0
I

20

Hill estimator
15

Hill estimator
15

05
L
05
L

0 100 200 300 400 500 0 100 200 300 400 500

Order statistics k Order statistics k

Figure 5. 100 realizations of the Hill estimator for GPD (left) d.f. and for the Hall model
(right) and the corresponding fitted Pareto parameters. Here the dark lines represent the
fitted Pareto parameter computed from the approximation formula (3.5) and the light ones
are the corresponding Hill plots.
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Figure 6. Box-plots of selected intervals (in %) and the adaptive estimators for Pareto d.f.
from 500 realization for different sample sizes.
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Figure 7. Box-plots of selected intervals (in %) and the adaptive estimators for Cauchy-plus
d.f. from 500 realization for different sample sizes.
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Figure 8. Box-plots of selected intervals (in %) and the adaptive estimators for Pareto-log
d.f. from 500 realization for different sample sizes.
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Figure 9. Box-plots of selected intervals (in %) and the adaptive estimators for Pareto-CP

d.f. from 500 realization for different sample sizes.
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Consider two-dimensional differential system with homogeneities of the 4th order

daxd )
]
i aaﬁ,y(sxo‘xﬁ

2 (j, e, B,7,0 = 1,2), (1)

where the coefficient tensor ag 3y is symmetrical in lower indices in which the comp-
lete convolution holds.

Consider also the group of center-affine transformations GL(2,R) given by the
equalities

' = ax! + B2, 7% =yt + 622, Azdet( : 5 ) £ 0.
Further will use the notations

1 1 1 T 1 2 2
ajn =@, Ay =0, ajee =¢, ajgm =d, agg =e€, ajj; = [, ajj2 =9,
2 2 2 1 2 _
af199 = h, afggg =k, a599y =1, v =2, 2" =y. (2)

According to [1] and taking into consideration (2) the representation operators
of the group GL(2,R) in the space of coefficients and variables of the system (1) will
take the form

0 0 0 0 0 0 0 0 0
M=o =30, = g~ ac T ~ a5 ~ 395, ~ e ~hayp

0 0 0 0 0 0
X2:y%+f%+(Q—G)%+(h—2b)&+(k—30)%+(l—4d)&—

© E. Naidenova, M.N. Popa, V. Orlov, 2007
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—f%—2g§h S 4k
Xg—a:a%/ 46% 3%—2d%— aad (a—4g);f
(b 3h)(%+(c—2k)(%+(d—l)%+eg
Xi=yd 52 00 300 4e3+f A VA VA

dy ob dc od of 8h ok ol
The operators (3) form a four-dimensional reductive Lie algebra [1].

Let @ = (a,b,...,1) € E'(a), where E'9(a) is Euclidean space of the coefficients
of the right-hand sides of the system (1). Denote by a@(q) the point from E'(a)
that corresponds to the system, obtained from the system (1) with coefficients a by
a transformation ¢ € GL(2,R).

Definition 1. Call the set O(a) = {a(q)|¢ € GL(2,R)} the GL(2,R)-orbit of the
point & for the system (1).

Definition 2. Call the set M C FE'°(a) the GL(2,R)-invariant if for any point
a € M its orbit O(a) C M.

It is known from [1] that
dimpO(a) = rankMy, (4)

where M is the following matrix

3a 2b c 0 —e 4f 3g 2h k 0

Mo — —f a—g 2b—h 3c—k 4d-1 0 f 2g 3h 4k
7 a0 3¢ 2d e 0 49—a 3h—b 2k—c l—d —e |’

0 b 2¢ 3d de —f 0 h 2k 3l

(5)

constructed on coordinate vectors of operators (3).

Will use the following notations for the matrix M;: denote by A;jz; the minor
of the 4th order constructed on columns 4, j, k, I, (i, j,k,1 = 1,10); denote by A;gfn
the minor of the 3rd order constructed on lines i, j, k, (i,j,k = 1,4) and columns
I, m, n, (I,m,n = 1,10); and by All will be denoted the minor of the 2nd order

constructed on lines 4, j, (4, = 1,4) and columns k, I, (k,l = 1,10).

For the system (1) two comitants of the first order with respect to its coefficients
are known from [2]

By = (a+ g)2® +3(b+ h)x?y + 3(c + k)zy® + (d + 1)y®

Fy=—fa®+ (a— 4g)a:4y + (4b — 6h)x3y2 + (6¢ — 4/<;)a:2y3 + (4d — l)xy4 + ey, (6)

According to [3], write a transvectant of index k for binary forms f and ¢ as
follows
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k
k (r— k) p—k)! hew O°F e

h=0
where r and p are degrees of these forms with respect to z and y correspondingly.

According to [4], the transvectant (7) on two comitants of the system (1) is a
comitant (invariant) of this system too.

Taking into consideration the above mentioned, the following comitants and
invariants of the system (1) were constructed in [2]:

L= (F5,F5)®, Ly=(Fs5,F5)W, Ly =(F3 F3)®@,
Ly = (F5, F5), L5 = (F5,F5)®,  Lg = (F3, F5)®,
L7 = (L3, F5)®, By =(Ls,L3)®, By=(Li,L1)",
Bs = (L1,Ly)®, By=(Ls,Le)®, Bs=(Ls,Ls)",

((L?”[/5)(2)7[/3)(2)7 Br = ((L7,L7)(2),L2)(2),
Bs = ((((Fs,La)®, F5)®, L5)®, L;)W,
By = (L7, L), L)V, L)@,
Cy = (L1,L1)?. (8)

Bg

Lemma 1. For F5 = 0 the rang of matriz My is equal to four if and only if By # 0,
where By is from (8).
Proof. Taking into consideration (6) from F5 = 0 we obtain

e:f:o7 a:497 b:gh,7 k:gc7 l:4d (9)

As conditions (9) hold the matrix M; takes the form

129 3h ¢ 0 0 0 39 2h 3¢ O
3
Ml(l): 0 39 2h 5¢ 0 O 30 2g 3h 6¢ (10)
6h 3¢ 2d 0 0 0 5h 2¢ 3d O
0 2h 2 3 00 0 h 3c 12d
As conditions (9) hold the invariant B; takes the form
625
By = —?(52 —ATR), (11)
where
R=2cg—h? S=4dg—ch, T =2dh— . (12)

(1)

We note that all nonzero minors of the 4th order of matrix M;"’ up to an constant
108

fact incide with A =—-———D;.
actor coincide wi 1234 625 01
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Hence, for F5 = 0, By # 0 the rang of the matrix (5) is equal to four. Lemma 1
is proved.

Lemma 2. For F5 =0 the rang of matrix My is equal to three if and only if holds
Bl = 07 L3 5—/: 07 (13)
where By, L3 are from (8).

Proof. As conditions (9) hold, considering (1) and (2) the comitant Lj takes the
form

25
Ly = 7(33;2 + Szy + Ty?), (14)

where R, S, T are from (12). Calculations yield that any nonzero third order minor
of the matrix (10) up to a constant factor coincides with one of the following minors:

A3} = —36hR +18gS; A3} = —27cR; Al3} = —9cS;
9
A2 = —§CT; A2t = 36gR; A% =274S;
9
A2l =36gT; A= — 5 (=3hT + 2dR);
ABL = 79T + 278, A1 = 54dR; A1 = 184S,
27

Aggy=9dT; Ay = —18hR; Al = —=-hS;

9
AL = —18hT; A3} = —9¢T + 5@S- (15)

The necessity of the conditions (13) follows from Lemma 1, (14) and(15). It is
evident that, according to (11) for By = 0, S? = 4TR holds and from L3 # 0 (see
(14)) at least one of R, S and T will be nonzero. This fact with ¢? +d?+g¢>+h%? # 0
ensure that at least one of minors (15) will be nonzero. Lemma 2 is proved.

Lemma 3. For F5 =0 the rang of matriz My is equal to two if and only if
L3 =0, F3#0, (16)
where Fy is from (6) and L3 is from (8).

Proof. According to (9) from (14) for Ly = 0 we obtain T = R = S = 0, where
R, S, T are from (12). This implies B; = 0 and from Lemma 2 rangM; < 3. Will
show that in this case rangM; = 2 if and only if

15 15
Fy = 59> + 7hx2y + EcazyQ + 5dy® £ 0. (17)
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And this is ensured by the existence of the following second order minors of the

)

matrix M1(1

3 2

AfF =367, Afy=9h" Af =S¢ Afj=6d”

Lemma 3 is proved.
The next result is evident.

Lemma 4. For F5 = 0 the rang of matrix My is equal to zero if and only if F3 =0,
where F3 is from (6).

From Lemmas 1-4 and equality (4) follows

Theorem 5. For F5 = 0 the dimension of GL(2,R)-orbit of the system (1) is equal
to

4 for By # 0;
3 for B =0, Ls#0;
2 for Ls=0, F3#0;
0 for F3 =0,
where F3 and Fy are from (6), and By, Ls are from (8).

Lemma 6. For F3 =0 the rang of matrix My is equal to four if and only if
3L1Ly 4 105Cy 4 26F5L7 # 0, (18)
where F3 and Fy are from (6), and L1, Lo, Ly, Cy are from (8).
Proof. Taking into consideration (6) from F3 = 0 we obtain
a=—g, b=—h, c=—k, d=—I. (19)

On the other hand, according to [5] such GL(2,R)-transformation exists that the
comitant Fy will take the form Fy = yﬁ’4, where F} is the polynomial of the forth
order on variables, corresponding to the system (1) after the transformation. Due
to this we obtain that f = 0. As this holds from conditions (19) we obtain that the
matrix M, takes the form

-39 —2h -k 0 —e 0 3¢ 2h k O
0 —29g —3h —4k -5l 0 0 29 3h 4k
—4h -3k =21 e 0 bg 4h 3k 21 —e
0 —h -2k -3l 4 0 O h 2k 3

M = (20)

Nonzero 4th order minors of the matrix (20) will coincide up to the numerical factor
with one of the following:

Aqg3s = 12eg?k — 9egh® + 36¢21% — 129ghkl + 72gk> + 72h31 — 48K k2,
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A1g35 = —48eg?l + 156eghk — 108eh® — 30ghl? + 90gk*1 — 60h2kL;
A2z = 60g°k — 459 h*;
Aqoss = 24e% g% + 39eghl + 144egk® — 144eh®k + 135gk1% — 120h212;
Aqoge = 90631 — 60g%hk; Aqgsg = —120eg® — 756> hl;
Aq34s = 36e2gh + 126egkl + 36eh®l — 96ehk? + 909l — 60hkI%;
Aqssg = 135¢%2hl — 1209°k?;  Ay3s6 = —180eg®h — 150¢%kl;
Az = —240eg’k — 225¢%12;
Aosus = —12e2 gk + 27¢*h? — 12egl? + 114ehkl — T2ek® + 60hl> — 45k21%;
Aozss = —30g%kl + 90gh?l — 60ghk?; Agsse = 60eg’k — 135egh? — T5ghkl;
Agsss = 30eg’l — 180eghk — 150ghl%; Asyse = 45eghl — 120egk® — 75gkl%.  (21)

Also holds the equality
3L1L2 + 105C2 + 26F5L7 = —2A1236x8 — 4A1246x7y — 2(A1256 + 3A1346)a;6y2—

—4(A1356 + 209346)2° Y + 2(—5A1231 + Atse10 — 32s56)2 Y —
—4(2A1935 + Aausg)z’y® — 2(3A1245 + Agase) 2y’ — 4A1558y" — 20034595, (22)
Let prove the necessity of condition (18). Assume the contrary, i.e. for 3L;Lg +
105C5 4+ 26 F5 L7 = 0 there exists at least one nonzero 4th order minor of the matrix

M, . Taking into consideration (6), (8), (19) , (21) and (22), from 3Ly Ly + 105C, +
26F5 L7 = 0 we obtain the following series of conditions for coefficients of the system

(1):
I. g=h=k=0; (23)
512
2k? 103
II1. g_o’l_ﬁ’e__W’h#07 (25)
3h? h3 5ht

V. k=—1l=—,e=—— . 2
V. 997 2927 € 16937 g#o ( 6)

With the aid of (21) one can verify that while any of the series of the conditions
(23)—(26) holds, all the 4th order minors of the matrix (20) will be equal to zero.
Thus obtained contradiction proves the necessity of condition (18).

The sufficiency of condition (18) is ensured by equality (22). Lemma 6 is proved.

Lemma 7. For F3 =0 the rang of matrix My is equal to three if and only if
3L1Ly 4+ 105Cs + 26F5L7 =0, Ly # 0, (27)

where F3 and Fy are from (6), and Ly, Lo, Ly, Cy are from (8).
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Proof. In proof we will use the GL(2, R)-transformation from the proof of Lemma
6, and therefore, the equality f = 0 can be assumed. According to Lemma 6, as
first condition from (27) holds for the coefficients of the system (1) besides (19) we
obtain the values (23)-(26).

Consider the conditions (23). The matrix M; takes the form

00 O 0 —e 00 O0 O O
@ _ | 00 0 0 =57 0 0 0 0 O
MT=100 -2 ¢ 0 0002 — (28)
00 0 -3 4 0 0 0 0 3
and the comitant L takes the form
Ly = —21%°. (29)
Hence, it is evident that the condition L # 0 is sufficient and necessary.
l2
Consider the conditions (24). The matrix M; takes the form (with e = _58_l<:)
0 0 -k 0 —e 00 O k£ O
@ |10 0 0 —4k -5/ 0 0 O O 4k
MIB=10 8k 2 e 0 00 3k 2 —e (30)
0 0 -2t -3l 4 0 0 O 2k 3l

and the comitant L; takes the form L, = —%(4k‘:13 +1)2y*. Since k # 0, considering
(30) and (24) we obtain L; # 0 and A%} = —12k3 £ 0, i.e. rangM1(4) =3.

Consider the conditions (25). The matrix M; takes the form (with the values of
the parameters [ and e from (25))

0 2% -k 0 —e 0 0 20 k 0
o | 0 0 —3n —4k =51 0 0 0 3h 4k

M=\ 40 3k —20 ¢ 0 0 4h 3k 2 —e (31)
0 —h -2 -3 4 0 0 h 2 3

and the comitant Ly takes the form

Ly = 3hx + ky)ty2.

4
27h?2
So, as h # 0 we get L1 # 0 as well as A23 = —24h3 £ 0.

Consider the conditions (26).

The matrix M; takes the form M1(2) (with the values of the parameters k, [ and
e from (26)), and the comitant L; takes the form

1
L= ——(2g2 + hy)®.
1 3294( g + hy)

Since g # 0 we obtain L; # 0 and Al23 = 30¢3 # 0, i.e. ranng(z) =3.
Lemma 7 is proved.
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Lemma 8. For F3 =0 the rang of matriz My is equal to two if and only if
Ly =0, F5 #0, (32)
where Fy and Fy are from (6), and Ly is from (8).

Proof. As Cy = (L1, L1)® (see (8)) it is evident that from L; = 0 follows Cy = 0.
Moreover, as L7 is the Hessian of the comitant F5 then, for L; = 0 it follows
Fs = (ax + By)°, a,b € R (see [3]). Considering (8) it is easy to verify that the
transvectant Ly = (((ax+8y)?, (ax+By)®)*, (az+By)®)? = 0. Hence, the condition
L1 = 0 implies 3L1 Ly + 105C5 + 26F5L7 = 0 and then from Lemma 7 follows the
necessity of the conditions (32).

Let prove the sufficiency. Assume L; = 0, i.e. Fs must be of the form F5 =
(ax + By)® (see above). On the other hand, as it was mentioned in the proof of
Lemma 6, we assume f = 0 due to a GL(2,R)-transformation. Hence o« = 0 and
considering (19) and (6) we obtain g = h = k =1 = 0, F5 = ey®. In this case the
matrix M, takes the form

0000 — 0000 0

@ [0 000 0 0O0O0O0 O

Ml_OOOeOOOOO—e (33)
0000 4 000 O0 O

It is evident that for F5 = 0 all 2nd order minors of the matrix Ml(ﬁ) will be equal

to zero, and for F5 # 0 the 2nd order minor A2 = ¢? will be nonzero.
Lemma 8 is proved.
With the aid of Lemmas 4-8 and equality (4) is proved

Theorem 9. For F3 =0 the dimension of GL(2,R)-orbit of the system (1) is equal
to
4 for 3Ly Lo +105Cy + 26F5 Ly 2 0;

3 for 3L1 Ly + 105Cs + 26FsLy = 0, Ly £ 0;
2 for L1 =0, F5#0;
0 for F5 =0,
where Fy and Fy are from (6), and Ly, Ly, Ly, Co are from (8).

Lemma 10. For F3F5 # 0 the rang of matriz My is equal to four if and only if
1213 — 3L3F2 + 6L, Fi #0, (34)

where F3, F5 are from (6) and Ly, L3, Ly are from (8).

Proof. The sufficiency of the condition (34) follows from the equality

12L5—3L3F3+6L1F5 = (Arge7+A1678) 7"+ (401268 +2A1367+2A 1670 +4A078) " Y+

+(A1236 + 5A1269 + 10A 1278 + 9A 1368 + A7 + Ai1g710 + 3A 1689 + 209367 + 8A2679+
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+6A3678) 2y + (401237 + 281246+ 2012610 + 16 A 1279+ 12A 1360 + 240 1378+ 6 A 1468+
+2A16810 + 41789 + 1280368 + 426710 + 12A0689 + 1225679 +4A 4678 )77y + (6 A1238 +
+8A1247+A1256+TA 12710+ 14 A 1289 +3A1346 +5A13610 +40A 1379 +9A 1469 + 18 A 1478+
+A1568+A16910+3A 17810 + 18 A2369 +36 A2378 +8A2468 — Aose7 +8 26810 + 16 Ao7gg—
—2A3467 + 6A36710 + 183689 + 8Au679 + Asers) 2yt + (401239 + 12A 1248 + 4A 1957+
+8A12810 + 12A1347 + 221356 + 1813710 + 36A1389 + 4A 14610 + 3201479 + 21569+
+4A1578 + 2017910 + 402346 + 8Aa3610 + 640379 + 162460 + 3200478 + 4A 26910+
+12A57810+2A 3567+ 12A36810 24 A 3789+ 42 46710 +12A 4680+ 2A5679) 2 Y+ (A12310+
+8A1249 + 6A1258 + 3A12910 + 18A1348 + 8A1357 + 21A13810 + A1456 + 15A14710+
+30A1489 + A1s610 + 8A1579 + A1ggro0 + 1642347 + 3A2356 + 30A23710 + 60A2389+
+8A24610+64A2479+3A2560 +6A0578+8 07910 +6A3460 +12A3478 —3A3568 +6A36910+
+18A37810 — Aus67 + 846810 + 16 Aursg + Asgrio + 3A5680)2°y° + (2812410 + 441250+
+12A1349 + 12A1358 + 813910 + 4A1457 + 18 A14810 + 4A15710 + 8A 1589 + 24A0348+
+12A9357 +36A23810 + 242456 + 32824710 + 642489 + 2095610 + 16 A2579 +4A 28910+
+4A34610+32A3470+12A 37910 — 2A 4568+ 4046010+ 128 47810+ 2856810+ 4 A 5780 ) 20y T+
+(A12510 + 3A13410 + 8A1350 + 6A1458 + TA14910 + 5A15810 + 16A2349 + 18Agz58+
+14A23910 + 8A2457 + 40A24810 + 925710 + 18 A2589 + Azas6 + 18 A34710 + 36 Az480+
+As5610 + 83579 + 638910 — Aases — 204578 + 847910 + Aseoto + 3As7810)7 Y+
+(2A13510 +4A1450 +2A15910 + 423410 + 1280359 + 1200450 + 16 A24910 + 12A25810+
+4A34574+24A34810+6A35710+12A3580 + 4 48910 +2A57010 )23y + (A14510+3A 23510+
+8A2459 + 5A25910 + 6A3458 + 10A34910 + 9A35810 + Aus710 + 244589+

+As58910)2°y"0 + (2824510 + 403450 + 435910 + 2A45810) 7Yy + (Asaz10 + Aase10)y'>,
(35)
where Ayjp, (1 << j <k <1<10) are the minors of the matrix M;.
Let us prove the necessity of the condition (34). Assume the contrary, i.e. sup-
pose that the condition

1213 — 3L3F2 + 6L, F; =0 (36)

is satisfied. We claim that in this case all minors A;;; (1 << j < k <1 < 10) of the
fourth degree vanish. Indeed, since the comitant F3 # 0 is a cubic binary form in x
and y, via a center-affine transformation [3] it can be brought to one of the following
3 canonical forms (depending on its factorization over C):

(i) Ax(x? £y%); (i) Az’y; (iii) Ax®,
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where A # 0 due to F3 # 0. According to [5], these canonical forms can be used in
order to construct the transformed system (1) via the same center-affine transfor-
mation. We shall consider each case separately.

(i) F3 = Ax(2? £ y?). Taking into consideration (6) we obtain the following
values for the coefficients of the system (1):

a=A—g, b=—h, c:j:%A—k, d=—I.

Then considering (36) we get the following relations:

4 1
b=d=c=f=h=1=0, a=4g=-A, k:gc:ig/&.

However for these values of the coefficients of system (1) we obtain F5 = 0 and this
contradicts to lemma’s condition F3F5 # 0.

(ii) F3 = Ax?y. Considering (6) in this case we have

1

a=—g, b:§A—h, c=—k, d=—-I.
Then from the identity (36) we calculate
1
a=c=d=e=f=g=k=1=0, b:§A—h. (37)

In this case the matrix M, takes the form

0 2(A—3h) 0 000 0 2h 0 0
u® 0 0 2A-3h 0 0 0 0 0 3h 0
7| 2(4-3n) 0 0 000 —3A+4h 0 0 O
0 (A —3h) 0 00 0 0 h 0 0

3

and Iy = 2(24 — 15h)x

matrix Mlm are equal to zero.

y2. Tt is easy to observe that all 4" order minors of the

(iii) F3 = Ax>. In the same manner as above in this case we obtain
a=A—g, b=—h, c=—-k, d=—I.

and then from (36) we get

b=c=d=e=h=k=1=0, a=A—g. (38)
For these values of the coefficients of system (1) the matrix M; takes the form
3(A—g) 0 0 00 4f 3¢ 0 0 0
M — —f A—-29g 0 0 O 0 f 29 0 0
L 0 0 000 —A+5g 0 0 0 O
0 0 0 00 —f 0 0 00



CLASSIFICATION OF GL(2,R)-ORBIT’S DIMENSIONS ... 35

and Iy = — [ fz+ (59 — A)ylz*. And we observe again that all 4" order minors of

the matrix Ml(s) are equal to zero. As all possible cases are considered our claim is
proved. This has completed the proof of Lemma 10.

Lemma 11. For F3F5 £ 0 the rang of matriz My is equal to three if and only if
1213 — 3L3F2 4+ 6L, Fi =0, (39)
where F3, F5 are from (6) and Ly, L3, Ly are from (8).

Proof. The necessity follows from Lemma 10.

Let prove the sufficiency. Assume 12L3 — 3L3F2 + 6L F? = 0. Since F3F5 # 0
from the proof of Lemma 10 it follows that we need to consider only two series of
relations among the coefficients: (37) and (38).

If the relations (37) hold then the sufficiency is ensured by the equality

Ry = 3018+ 1015+ 9818 - 6010y

In the case when (38) holds then the sufficiency is ensured by the equality
SRFE = Algte’ + 213+ 301+ 108" — (15 + 3018 + 108"
Lemma 11 is proved.

From Theorems 5, 9 and Lemmas 10-11 follows

Theorem 12. The dimension of GL(2,R)-orbit of the system (1) is equal to

4 for F5s =0, By #0, or
F3=0,3L1Ls +105Cy 4+ 26F5L7 £ 0, or
F3F5(12L% — 3L3F2 + 6L, F}) # 0;
3 for Fs+ By =0, Ly #0, or
F3+3L1Ly+105Cy +26F5L7 =0, L1 #0, or
F3F5 #0, 1203 — 3L3F2 + 6L, F§ = 0;
2 for F5+ L3 =0, F3 0, or
FgELlEO, F57_é0,'
0 for F3 = F5 =0,
where Fy and Fy are from (6), and By, Ly, Lo, L3, Ly, L7, Cy are from (8).

The authors tender thanks to Professor N.I. Vulpe for effective discussion of the
results of the paper.
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Power sets of n-ary quasigroups
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Abstract. In the theory of latin squares and in the binary quasigroup theory the
notion of a latin power set (a quasigroup power set) is known. These sets have a good
property, and namely, they are orthogonal sets. Such sets were studied and methods
of their construction were suggested in different articles (see, for example, [1-5]).

In this article we introduce (k)-powers of a k-invertible n-ary operation (with respect
to the k-multiplication of n-ary operations) and (k)-power sets of n-ary quasigroups,
n > 2,1 < k < n, prove pairwise orthogonality of such sets and consider distinct
posibilities of their construction with the help of binary groups, in particular, using
n — T-quasigroups and n-ary groups.
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Keywords and phrases: Binary quasigroup, k-invertible n-ary operation, n-ary
quasigroup, latin square, n-dimensional hypercube, latin power set, quasigroup power
set, pairwise orthogonal set of n-ary quasigroups.

1 Introduction

In the theory of latin squares the notion of a power set of latin squares or a
latin power set is known. In the articles [1-4] some properties and different methods
of constructing such sets , in particular, sets based and not based on groups, were
considered. In [5] an algebraic approach to the study of latin power set was used
and a new method of constructing quasigroup power sets based on cyclic S-systems
(such systems correspond to a particular case of latin power sets [6]) and on pairwise
balanced block designs of index one (BIB(v,b,r,k,1)) [7] was suggested.

Any power set of latin squares (of quasigroups) is an orthogonal set and can be
used in applications, in particular, by the construction of some codes and ciphers.
Such a ciphering device whose algorithm is based on a latin power set has been
patented [8]. In [4] it was noticed, ” It is obvious that latin power sets based on
non-group tables are more preferable to those based on group tables because the
greater irregularity makes the cipher safer”.

In this article we introduce and study the power sets of n-ary quasigroups, in
particular, prove pairwise orthogonality of such sets, consider distinct posibilities of
their construction.

2 Necessary notions and results

We recall some notations, concepts and results which are used in the article. At
first remember the following denations and notes from [9]. By x] we will denote

© G. Belyavskaya, 2007
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the sequence x;, x;y1,...,2;, ¢ < j. If j <4, then xz is the empty sequence, 1,n =
{1,2,...,n} . Let @ be a finite or an infinite set, n > 2 be a positive integer and let
Q" denote the Cartesian power of the set Q).

An n-ary operation A (briefly, an n-operation) on a set ) is a mapping A : Q" —
@ defined by A(z}) — @41, and in this case we write A(z]) = Tp41.

A finite n-groupoid (Q, A) of order m is a set @@ with one n-ary operation A
defined on @, where |Q| = m.

An n-ary quasigroup (n-quasigroup) is an n-groupoid such that in the equality

A(x?) = Tp+1

each of n elements from z7™! uniquely defines the (n + 1)-th element. Usually a
quasigroup n-operation A is itself considered as an n-quasigroup.

The n-operation E;, 1 <i <n, on Q with E;(z}) = z; is called the i-th identity
operation (or the i-th selector) of arity n.

An n-operation A on @ is called i-invertible for some i € 1,n if the equation

1—1 n _
A(% ,xz‘,ai+1) = Qn+1

has a unique solution for each fixed n-tuple (a’fl, a1, any1) € Q"
For an i-invertible n-operation there exists the i-inverse n-operation M A defined
in the following way:

DA@} ™ e, alyn) = 71 & A]) = 20

for all 27! € Q1.
It is evident that

AT DA, ) = OA@T, A, 2f) = o

and W[DA] = A for i € T,n.
Let ©, be the set of all n-ary operations on a finite or infinite set (). On 2,
define a binary operation @ (the i-multiplication) in the following way:
(2

(A® B)(at) = Alai™, Blat),all),

A, B € Qp, 2] € Q". Shortly this equality can be written as

AE.B B = A(Ei_lva in—l—l)

where F; is the i-th selector.
In [10] it was proved that (£2,;®) is a semigroup with the identity E;. If A; is
(]

the set of all ¢-invertible n-operations from €, for some ¢ € 1,n, then (A;®) is a
1

group. In this group F; is the identity, the inverse element of A is the operation
WA €N, since AQE; =E; 0 A Ao WA=0VA0 A=EFE,.
1 (2 1 (2
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An n-ary quasigroup (@, A) (or simply A), is an n-groupoid with an i-invertible
n-operation for each i € 1,n [9].

Let (z7)r denote the (n — 1)-tuple (:E'f_l,sz) € Q" ! and let A be an
n-operation, then the (n — 1)-operation A,:

Aa(a)i = Al a, 27 )

is called the (n — 1)-retract of A, defined by position k, k € 1,n, with the element a
in this position (with z; = a) [9].

An n-ary operation A on @ is called complete if there exists a permutation @ on
Q" such that A = E1$ (that is A(z]) = E19(z})). If a complete n-operation A is
finite and has order m, then the equation A(z}) = a has exactly m™~! solutions for
any a € @ [10].

Any i-invertible (for some fixed 4, i € 1,n) n-operation A is complete, but there
exist complete n-operations which are not i-invertible for each i € 1,n [10].

For n > 2, an n-dimensional hypercube (briefly, an n-hypercube) of order m is
an m X m X --- X m array with m" points based upon m distinct symbols [11].

n

A hypercube is a generalization of a latin square, which in the case of squares
of order m, is an m x m array in which m distinct symbols are arranged so that
each symbol occurs once in each row and column. A latin square is a 2-dimensional
hypercube of a special type.

In [12] the connection between n-hypercubes and (algebraic)
n-ary operations was established. In addition we note that a k-invertible opera-
tion Ay corresponds to an n-hypercube H with the following property: whenever
n — 1 of the n coordinates, except the k-th coordinate, are fixed, each of the m sym-
bols appears exactly one time in that subarray (in that k-th column). In this case
the mapping L), = AH(a]f_l, r,a}, ) is a permutation on Q for each (@) € Qn1
where (@), = (a]f_l, aj,,)- In the theory of n-quasigroups this permutation is called
the k-th translation of the n-quasigroup (Q, Ax) defined by the (n—1)-tuple (@) [9].

In the case of m-ary operations for n > 2 it is possible to consider different
versions of orthogonality. The weakest is the notion of the pairwise orthogonality.

Definition 1 [12]. Two n-ary operations (n > 2) A and B given on a set Q) of order
m are called orthogonal (shortly, A L B) if the system {A(x]) = a, B(z}) = b} has
ezactly m"~2 solutions for any a,b € Q.

This concept corresponds to two orthogonal n-dimensional hypercubes [12]. Two
n-hypercubes Hi and Hy of order m are orthogonal if when superimposed, each of
the m? ordered pairs appears m™~2 times [15],[11].

Definition 2 [12]. A set ¥ = {A'}, t > 2, of n-operations is called pairwise
orthogonal if any pair of distinct n-operations from X is orthogonal.

In [13] the following criterion of orthogonality of two finite k-invertible
n-operations was established.
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Theorem 1 [13]. Let k be a fized number from 1,n. Two finite k-invertible
n-operations A and B on a set Q are orthogonal if and only if the (n —1)-retract C,
of the n-operation C = B & %) A, defined by ), = a, is complete for every a € Q.

k

Definition 3. We shall say that an n-operation C, given on a set (), has the
k-property if its (n — 1)-retract C,, defined by xy = a, is complete for every a € Q.

Note that any n-quasigroup has the k-property for each k € 1,n since any its
(n — 1)-retract is an (n — 1)-quasigroup.

3 Power sets of n-ary quasigroups and pairwise orthogonality

Let L be a latin square of order m, given on a set () by its rows aq, s, ...,
(which are permutations of @)). Then power [ of L is defined as

L'=(al,dd,...,ab).

If L, L%, ..., L* are all latin squares, then the set {L, L?, ..., L*} is called a latin
power set of size s.

It is known that a binary quasigroup (@, A) corresponds to every latin square L
given on a set @ and if {L, L?,...  L®} is a latin power set, then {4, A% ... A%} is
the corresponding quasigroup power set where Al= A-A-...- A (I times), 1 <1 < s,
(A- A)(z,y) = A(z,y) = Az, A(z,3)) [3] B

Consider an analog of powers for n-operations. Let k£ be a fixed number of 1, n,
A be a k-invertible n-operation.

The power A = A % A % e % A (I times) with respect to the k-multiplication

of n-ary operations is called the (k)-power | of A.

Note that if all (k)-powers A, A%, ... A® are n-quasigroups, then they are dif-
ferent, that is form a set, since the equality A* = A", t,r € 1,s, t > r, implies
AT =E) fort —r < s.

Definition 4. A set ¥, = {A, A%,... A%}r, s > 2, is called a (k)-power set of
n-quasigroups if all (k)-powers of A from Xj are n-quasigroups.

Note that index k after a set shows additionally that the powers in this set are
taken with respect to the k-multiplication of operations.

Using Theorem 1 it is easy to prove the following statement for any k-invertible
n-operations, in particular, for n-quasigroups.
Theorem 2. Let A be a finite k-invertible n-operation and the (k)-powers
A A2 A% s > 2, of A be different. Then the set ¥, = {A, A%,... A%}y, is
a pairwise orthogonal if and only if each of the n-operations A, A%, ..., A5~ has the
k-property.

Proof. At first we remember that all k-invertible n-operations, given on a set @,
form a group with the identity Ej with respect to the k-multiplication, (%) 4 is the
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inverse element of A in this group and (® A)l =) (A), Let 1 <i<s—1,i<j <s.
By Theorem 1 A7 L A" if and only if the n-operation A7 @ (¥ A)" = A7~ has the
k

k-property forany 1 <j—i<s—1. O

For a binary operation A on a set () 2-invertibility means that the equation
A(a,y) = b has a unique solution for any a,b € Q. If A has the 2-property, then the
equation A(z,a) = b has a unique solution for any a,b € @, that is A is 1-invertible
also. Thus, in Theorem 2 all (2)-powers A, A% ... A5~! of a binary (2)-invertible

operation A must be quasigroups, A° can be only (2)-invertible and is true the
following

Corollary 1. Let A be a finite 2-invertible binary operation and the (2)-powers
A A2 A% s > 2, of A are different. Then the set Yo = {A, A% ... A%}s is
orthogonal if and only if A, A%, ..., A5~ are quasigroups.

In [1] the following result (Corollary 5a) with respect to latin power sets which
we shall formulate in the language of quasigroups was proved, where A~ = D 4 is
the right inverse quasigroup for A (A= (z,y) = z & A(z,2) = y).

Proposition 1 [1]. If A, A2, ..., A%, s > 2, are finite quasigroups, then any s succes-
sive quasigroups from (A=Y (A=Y)s=L AL A A% ... A% form an orthogonal
set of quasigroups.

Now we prove that for n-ary case, n > 2, an analogous situation takes place.
Theorem 3. If a set ¥j, = {A, A2, ... A%}y is a (k)-power set of finite quasigroups,
then in the sequence

(B A)s (WA=t (A2 (KA A A% A

every s-tuple of successive n-quasigroups is a pairwise orthogonal set.
Proof. Let 1 <4,j <s,i < j, then A7 @ (M A) = AT @) (4")= AJ~% € %}, so the
k k

n-operation A7~ is an n-quasigroup, all its (n — 1)-retracts are (n — 1)-quasigroups
too, so they have the k-property and by Theorem 2 we have A° L A7. On the
other hand, by the same restrictions on ¢, 7 we obtain (k)(Ai) e A =A"eyy, so
k

(k)(A%) L) (A7) by Theorem 2.

Let 1 <i<s—1,1<j<s—i, then A”@®) (F)(A7)) = AT @ AT = A" € ¥y,

k k

so A" L(®) (A7) by Theorem 2 (see the previous case). O

Corollary 2. If in Theorem 3, in addition, s+ 1 is the smallest exponent such that
AstL = E,. then the sequence from the theorem is A, A%, ..., A®.

Proof. Indeed, by these conditions (¥)A)? = A5+~ for all i € T, . O

Theorem 4. Let (Q, A) be a finite n-quasigroup of the form

n
A(xl) = oy« oo O 1Xf—1 * T * Qg 1Tft] * v ATy
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for some fized k € 1,n, where «; is a permutation of Q for everyi € 1,n, i # k, (Q, ")
is a binary group. Then Xy, = {A, A% ... A%}, is a (k)-power set of n-quasigroups if
and only if in the group (Q,-) the mapping x — x' is a permutation for eachl € 2, s.

Proof. Let an n-quasigroup (@, A) have the form of the theorem, then

A2y = A(aV Y A(x), 20y )) = aa@y - e a1 Ty
(1T« oo - 1Tl - Tk QU 1T g1 v Q) * Qg 1T ]~ or * ATy =
(121 oo g 1Zp—1)? - Tp - (g 1T g1~ oor - AT )2

Taking into account that A'(z}) = A1 (b1 A(x}),x}, ;) we shall obtain by
the same way
Al(az?) = (oxy - o ak_la:k_l)l g (1 TRy + e anazn)l (1)

for any [ € 1, s.
Let A! be a finite n-quasigroup for some [, 2 < [ < s, then it is i-invertible for
each i € T,n, that is for any (n — 1)-tuple (a}); € Q" !,

Al(ail_l7 T, azn—i-l) = Al(ali_:l? Y, a?—i—l) T =Y. (2)

If i € 1,k — 1, then we have

l l
(Q1@1 oo - Q11 - OGT - Q1G]+ oo - A 1Af—1)" * O+ (U1 Qg * oo QU Oy) =

I !
(@11 - G101 - QY - Q1G] - e Q—1Gk—1)" ~ A~ (A1 Qg1 * oo - UG

< o = y. Doing the respective cancelation we obtain
(a-aiz-b)' = (a-ay-b)' &z =y, (LaRyair) = (LaRyaiy) © x =y,

where a = aqay - ... - j_16;-1, b = ;116541 - ... - g_1a5—1, Legx = a -z, Rpx = x - b.
Changing z (y) with ozi_le_lL;lx (ozi_le_lL;ly), we obtained

= yl & ozi_le_lL;l:E = ozi_le_lL;ly Sr=y

by each ¢ € 1,k — 1.
Let ¢ € k+ 1,n. Then from (2) it follows

l !
(a1 + oo ap—10k—1)" * - (At 1At * oo " Q1A * GT * Q] Qg ] * oo * Q) =
l l
(alal Tt ak—lak—l) Cap (O 1Qg 1 e Q11  OGY Q1 ig] e anan)
S =y,

(c'aia:'d)l:(c-aiy'd)l@x:y

where ¢ = Qp1apq1 - o - Q_1Gi—1,d = Qp1Giq1 - .. - Qpay. Then 2t =yl &z =y
for all [ € 1, s (see the previous case).
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Thus, if all (k)-powers A, A%, A3 ..., A® are n-quasigroups, then in the group
(Q,-) the mapping 2 — ! is a permutation for each [ € T, .

Conversely, let all mappings © — 2, I € 2 s, be permutations in the group (Q, -).
Then all k-powers A, A%, A3 ..., A® | defined by (1) are different, that is they form
a set. Indeed, if Al(z}) = A"(27), 1 <r,t < s and ¢t > r, then from (1) we have

.’L’twkyt — xrxkyr7 xt—rxkyt—r = xp
for any x,y € Q. Setting y = e (the identity of the group (Q,)) in the last equality
we obtain that 2"z}, = 2, and /™" = e for t —r < s and any x € Q. But by the
conditions all mappings  — 2!, I € T, s, are permutations, so we have contradiction.

It remains to show that all (k)-powers are n-quasigroups. For that we can prove
(2) fixing an arbitrary (n — 1)-tuple (a}'); of elements of @) and making the inverse
transformations corresponding to the case i € 1,k — 1 (i € k+ 1,n). That is every
(k)-power [ of the finite n-quasigroup (Q, A) is i-invertible for any i € 1,n, i #
k. But the n-operation A’ is always k-invertible as a power with respect to the
k-multiplication. Thus, (Q, A') is an n-quasigroup for each I € T,s and the set
Y ={A, A% ... A%}, is a (k)-power set of n-ary quasigroups. d

Corollary 3. Let (Q,+) be an abelian group of order m, m = pflpgl...pft be

decomposition in prime multipliers, p1 < ps < ... < p¢, p1 > 3, k be a fived element,
1<k <n, (Q,A) be an n-quasigroup of the form:

A(z}) = a1y + agwe + oo + Q1 Tk—1 + T + Qpr1Tpa1 + oor + T,

where all o;; are permutations. Then X = {A, A% ..., A=Y is a (k)-power set of
N-qUuasigroups.

Proof. In an abelian group of order m with the zero 0 all mappings ¢ — 2z,
x — 3z,...,(p1 — 1)x are permutations. Otherwise, lz =ly = l(zv —y) =0if x # y,
2 <l < py1, it means that in the group (Q,+) there exists an element which has
the order smaller than p;. We have contradiction with Lagrange’s Theorem stating
that the order of any subgroup (and the order of any element) divides the order of
a finite group [14]. Now use Theorem 4. O

For a finite elementary abelian group (that is a group which is a direct power of
a group of a prime order [14]) from Corollary 3 immediately follows

Corollary 4. If in Corollary 3 (Q,+) is an elementary abelian group of order
m=p', p>3, then ¥ = {A, A%, ... AP~} is a (k)-power set of n-quasigroups.

Corollary 5. Let in Corollary 3 the order of an abelian group (Q,+) be a prime
number p, p > 3 and an n-quasigroup A have the form

Al}) =z1+ 22+ ... + 2,

then Yy = {A, A%, ..., AP~} is a (k)-power set of n-quasigroups for each k € T,n.
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Remark. Note that in general ¥ # ¥ if k # [, since powers of an n-quasigroup A,
taken with respect to the k-multiplication and with respect to the [-multiplication
of n-operations, can be different.

Corollary 6. Let X = {A, A% ... AP~1}, be a (k)-power set of n-quasigroups of
Corollary 4 or 5, then ¥} = {Ey, A, A2, ..., AP~ Yy is a (cyclic) group with respect
to the k-multiplication of n-operations.

Proof. By Theorem 4 the (k)-powers of an n-quasigroup A in these sets have the
form (1). By [ = p where p is a prime number in that case we obtain AP = E}, since
aP = e in the group (@, -) with the identity e for each a € Q. O

Recall that an n-quasigroup (@, A) is called an n — T-quasigroup if there exist a
binary abelian group (@, +), its automorphisms «;, as, . .., a, and an element a € @
such that

A(x) = arzy + aomo + o 4+ 1 Tp—1 + T + W1 Thg1 + - F T +a (3)

for all 2] € Q™ [16].

Corollary 7. Let (Q,A) be an n — T-quasigroup of (3) with ay = € (the iden-
tity permutation) for some fived k, k € 1,n, where (Q,A) is an abelian group
of order m = pflpgl...ptﬁt, pr < p2 < -+ < p, p1 = 3. Then the set

Y ={A A% ... AP'*71}, is a (k)-power set of n-quasigroups.

Proof . Follows from Theorem 4 and Corollary 3, taking into account (with respect
to the element a) that (@, A) is an abelian group. O

Consider an n-ary group (@, A) [9]. By Theorem of Gluskin-Hossu this n-group
has the form
A(z) = 21 - 0xo - 0223 - .. - 0"y - a, (4)

where (Q,-) is a binary group, @ is its automorphism such that fa = a, 6" 'z =
ara~!. In this case we say that (Q, A) is an n-group over the binary group (Q,-).

For an n-group over an abelian group (it is a particular case of n—T-quasigroups)
we have the following

Corollary 8. Let (Q, A) be an n-group of (4) over an abelian group of order m =
pflpgl...pft, pL < p2 < .. < py, p1 > 3. Then Xy = {A A2 ... AP s a
(1)-power set of n-quasigroups, ¥, = {A, A% ... AP»=}, is an (n)-power set of
n-quasigroups. Moreover, if the automorphism 6 has order k, 2 < k <n — 1, then
Y1 = {A, A% AP0y ds also a (Ik + 1)-power set for each | such that

2<lk<n-1.

Proof. In this case 8" 'z, = z,, and 6 = ¢ for each [ such that 1 < [k <n —1
and all statements are true by Corollary 7. O
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Existence and uniqueness results for a class

of nonlinear differential problems
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Abstract. We investigate the existence and uniqueness of the strong and weak

solutions to a nonlinear differential system with boundary conditions and initial data.
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1 Introduction

Let H be a real Hilbert space with the scalar product < -,- > and the associated

norm || - ||. We shall investigate the nonlinear differential system
du,, (1) — v (t
N (R Y AC)
dt h

(S)
dvu, Un41(t) — up(t
Bty 4 =000 B (1)) 5 g0,
dt h

n=12..., 0<t<T, in H,

with the boundary condition

(BC) vo(t) € —a(ug(t)), 0<t<T

and the initial data

(IC) un(0) = upo, v(0) =vpo, n=1,2,...,

where ¢, > 0,d, >0,Vn=1,2,..., h >0, and A, B, o are multivalued operators

in H which satisfy some assumptions.

© Rodica Luca, 2007
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This problem is a discrete version with respect to x (with H = IR) of the hyper-

bolic problem

ou v
E(t7gp) + %(t,lﬂ) + A(U(ta$)) > f(tv$)7

(S)o

%(t,x) + %(t,:n) b Bo(tz)) 3 g(t, ),

x>0, t>0, in R

with the boundary condition

(BC)g v(t,0) € —a(u(t,0)), t>0

and the initial data

(IC)o u(0,x) = up(x), v(0,2) =vo(z), > 0.

The above problem (S)o+(BC)o+(IC)o has applications in electrotechnics (the
propagation phenomena in electrical networks) and mechanics (the variable flow
of a fluid) [5, 6, 13]. The system (S)g for x € (0,1) or x € (0,00), subject
to various boundary conditions has been studied by many authors: V. Barbu,
V. Iftimie, G. Moroganu, R. Luca, etc (see the papers [2, 3, 7, 9, 12]). The problem
(S)+(BC)+(IC) is a generalization of the problem studied in [10], where the opera-
tor o : H — H is everywhere defined and single-valued. The methods used in this
paper to prove the maximal monotonicity of the operators A and A+ B (see below)
are different than those used in [10]. We also mention the papers [10, 11] where we
investigated the system (S) with n =1,2,..., N (N > 1) with some boundary con-
ditions and initial data. Although the proposed problem appeared by discretization
of (S)o+(BC)o+(IC)g, our problem also covers some nonlinear differential systems
in Hilbert spaces. For the basic concepts and results in the theory of monotone
operators and nonlinear evolution equations of monotone type in Hilbert spaces we
refer the reader to [1, 4, 8, 13].

We present the assumptions that we shall use in the sequel

(H1) The operators A : D(A) C H — H, B : D(B) C H — H are maximal
monotone, possibly multivalued, 0 € A(0), 0 € B(0).

(H2) The operator a : D(a) C H — H is maximal monotone, possibly multival-
ued, with D(«) # 0.
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(H3) D(A) N D(«) # 0.
(H4) i) The operator « is bounded on bounded sets.

ii) (int D(a)) N D(A) # 0.
(H5) The constant h > 0.
(H6) The constants ¢, >0, d,, >0, ¥Vn > 1.

2 The results

We shall write our problem (S)+(BC)+(IC) as a Cauchy problem in a certain
Hilbert space, and we shall apply the theory of nonlinear evolution equations of
monotone type.

We consider the Hilbert space X = 12(H) x [2(H), where I3(H) = {(un)n C H,

i un||? < oo} (= 13(H)), with the scalar product
< ((n)ns (Vn)n)s (@n)ns (Tn)n) >x=< (un)n, @n)n >p2 () +

< (Vn)n, Wn)n > (= Zh<un,un>+2h<vn,vn
We define the operator A: D(A) C X — X, with

D(A) = {((un)n, (vn)n) € X, u1 € D(a)},

At wn)o) = {((2=2) (B2 ) ) with € o)}

and the operator B : D(B) ¢ X — X, with D(B) = {((un)n,(vn)n) € X,
un, € D(A), v, € D(B), Vn>1, {(cpA(un))n} C1*(H), {(dnB(vy))n} C I*(H)},
B((un)m (Un)n) = {((Cn’Yn)m (dn(sn)n)a Tn € A(Un)y on € B(Un)y Vn > 1}-

Theorem 1. If the assumptions (H2) and (H5) hold, then the operator A is maximal

monotone in X.

Theorem 2. If the assumptions (H1), (H5) and (H6) hold, then the operator B is

maximal monotone in X.

Theorem 3. If the assumptions (H1), (H2), (H3), [(H4)i) or (H4)ii)], (H5) and
(H6) hold, then the operator A+ B is mazimal monotone.
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Using the operators A and B our problem (S)+(BC)+(IC) can be equivalently

expressed as the following Cauchy problem in the space X

{ T (t) + AU W) +BU) > F1)
U(0) = Vo,

where U = ((un)n, (vn)n), Uo = ((uno)n; (Uno)n),  F = ((fn)ns (gn)n)-

The main result for our problem (S)+(BC)+(IC)<(P) is

Theorem 4. Assume that the assumptions (H1), (H2), (H3), [(H4)i) or (H4)ii)],
(H5) and (H6) hold. If uigp € D(A) N D(a), uno € D(A), Vn > 2, vy € D(B),
Vn > 1 with (uno)n, (Vno)n € P(H), {(cnA(tuno))n}, {(dnB(vno))n} C 12(H), (that
is Uy € D(A)ND(B)), and (fn)n, (gn)n € W0, T;1?(H)
(H
[0

(P)

), then there exist unique
functions up, v, 1> 1, (up)n, (Vn)n € WH(0,T;12(H)), ui(t) € D(A) N D(w),
un(t) € D(A), Vn > 2, v,(t) € D(B), Vn > 1, Vt € [0,T], that verify the system
(S) for allt € [0,T), the boundary condition (BC) for allt € [0,T) and the initial
data (IC). Moreover uy,, v,, n > 1 are everywhere differentiable from right in the

topology of H and

dTu, Uy — U1 \°
= n nA n) — 7 5 217
o (f enA(uy) 3 > n
dTon _ —dB(v)—MO n>1, te[0,T)
dt - gn n n h Y - 9 9 bl

with vo(t) € —a(ui(t)), Yt e€[0,7).

Remark. If Uy € D(A)ND(B) and F € LY0,T;X) then by [1, Corollary
2.2, Chapter III] the problem (P)<(S)+(BC)+(IC) has a unique weak solution
U € C([0,T); X), that is there exist (Fy), € WHY(0,T; X), F, — F, as k — oo,
in LY0,T; X) and (Ug)r € WH(0,T;X), Up(0) = Uy, Uy, — U as k — oo in
C([0,T]; X), strong solutions for the problems

TR0+ (A% B)UL) 3 Filt) for aa. € (0.7), k=12,

3 The proofs

The proof of Theorem 1. The operator A has D(A) # () and it is well defined in
X; if ((un)ns (vn)n) € D(A) then A((up)n, (vn)n) € X. The operator A is monotone;
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indeed

[oe) — —
U — Uy — U +u
Ty > 4 3 < M T 2 T

n=1

Up — Ty >= — < vg —Tg,u; —up >>0, YU = ((un)n, (Vn)n),

U= ((ﬂn)m (ﬁn)n) € D(A)v VAS A(U)v Z € A(U)v
up € D(a), w € D(a), w9 € —a(uy), Vo€ —a(uy).

To prove that A is maximal monotone, it is sufficient (and necessary) to show
that for any A (equivalently there exists a A > 0 such that) R(I + A\A) = X

(see [4, Proposition 2.2]). We consider A = h and we shall prove that for any
Y = ((xn)n, (Yn)n) € X, the equation

I+hA)U)>Y (1)
has a solution U = ((up)n, (vn)n) € D(A).

The equation (1) is equivalent to

{ Up + Up — Up—1 = Tp,

Un+un+1 — Up = Yn, N = 1727’
with vy € —a(uq).

(2)

We look for a solution for (2) in the form

un:uiﬂ—ui
_ 1 2 =1.2
Up =0, +v,, n=172,..

where ((u})n, (v}),) is a solution to

*

.., in H (3)
with vf =0,
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and ((u2)n, (v2)n) = a((pn)n; (qn)n), where a € H will be determined below and

n

(Pn)ns (n)n) € (12(IR))? is solution of the system

p1t+qr=p
PntGn—Gn-1=0, n=2,3,... (4)
Qn +Pn+1 —Pn=0, n=1,2,..., Withp>0, in IR.

The problem (3) has a solution. To prove this, we consider the operator Ay :
D(-AO) =X - X, AO((un)na ('Un)n) = (('Un - 'Un—l)ny (un-‘rl - un)n): vg = 0. Then
the problem (3) is equivalent to

U+ AyU) =Y. (5)

The above equation (5) has solution, because the operator Ay is maximal monotone
in X. Indeed, Ap is monotone

<A0(U)—A0(U),U—U>X=Zh<vn—?}n_1 —Up +Up—1,Up — Up > +

n=1

(o]
+Zh < Upt] — Up — Upt1 + Un, Uy — Uy >= 0, where vg = vg = 0.
n=1
In addition, Ay is single-valued, everywhere defined and continuous. By

[4, Proposition 2.4] we deduce that the operator Ay is maximal monotone and so
the equation (5) (< the problem (3)) has a (unique) solution.

Using the same argument used before, we deduce that the problem (4) (here
H = IR) has a unique solution ((pp)n, (¢n)n) € I2(IR) x I2(IR). We shall deduce
in what follows the sequences (py)n, (¢n)n by a direct computation (we shall need

p1s q1)-
We set p; = r. Then by (4) we have

pr=7r qu=p—T,
Pn = An—lr — Zp—2p, N > 27 (6)
Gn = Dp—1p — 2p—17, N > 2,

where Ag =1, A; =2, Ay =5 Ay =13, A, =34, As =89,...,
zo=1, 21=3, 20=8, 23=21, z4=2055,...
The sequences (Ay,)n, (zn)n satisfy the recursive relations
Ap =301 —Apa, No=1, A =2,

Zn =32Zp—1—2pn-2, 20=1, z1 =3.
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Using the characteristic equation A> — 3\ + 1 = 0 with the solutions A2 =

3++5

, we obtain for (A,), and (z,), the formulas

2
1 [(3+v5\ " VBE+1 [3-v5\ V5-1
e () e (5 5]
n+1 n+1
zn:% (Lf) _<3_2\/5>  n=0,1,2,... (7)

Then by (6) we obtain

1| 3+vB\ VBt B\ (VE-1
== |75 S p| | S|

1 <3+\/3>”_1<\/3+1 3+\/5>
p— r|+

= I\T 2 2 2
n—1
+ (3 _2\@) <\/g2_ ! P+ 5 _2\/5r> . (8)

The only bounded sequences (pp)n, (¢n)n Which satisfy the relations (6) (of the

345
2

n—1
form (8)) are that in which the coefficient of < ) in (8) is 0. Therefore

we obtain the condition

\/5+1p_3+\/5

2
(qn)n € I*(IR), solutions for (4)

() w5

1 5—1
r—p=0 = r= \/_2 p. Then the condition

r = 0 is also satified. In this way we found the sequences (py,)n,

n
— > 1.
5 5 P 5 )p, Vn>1

Evidently u, = u} +u2 = ul +ap,, n>2and v, = v} +v2 = vl +aq,, n>2
verify the relations (2); for n = 2,3,... and (2)3 for n = 1,2,... We shall determine
a € H such that

up +vy —vo =21, vo € —alu1) < ul+u4ovl +v?—vg =121, vo € —alug)
& ultapitvitaq—vy =1, vo € —a(ul+ap) & apit+aq € —a(uitap) &

5—1 3—VH 5—1 5—1
\/_2 ap + 2\/_ap € —uo <u% + \/_2 ap) & apta (u% + \/_2 ap) 30,
9)
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where u? is the solution for (3).

We denote z = ap; then the equation (9) is equivalent to
o+1
\/_2—1— z+a(uj +2)20.
We obtain the equation
A1(z) + A2(2) 30, (10)
1
where Ay : H — H, Ai(z) = \/324_ z and Ag: D(Ay) C H — H, D(Ag) =

{z € H, u} + 2 € D(a)}, A2(2) = a(u] + 2). The operator A; is single-valued,
everywhere defined, strongly monotone and continuous (so maximal monotone) and
the operator Ag is maximal monotone. Then by [1, Corollary 1.3, Chapter II] we

deduce that the operator A1+ As is strongly maximal monotone in H, so the equation

(10) has a (unique) solution z € D(Az). Then a = z verifies the relation (9).
So we proved the existence of solution U = ((un)n, (vn)n) € D(A) of the system (2)

or equation (1). Therefore the operator A is maximal monotone in X. Q.E.D.

The proof of Theorem 2. We suppose without loss of generality (for an easy
writing) that A and B are single-valued. By (H1), D(B) # ). Because B is defined
by a standard product construction, this operator is evidently monotone. Moreover
B is maximal monotone, thatis YA >0 R(I+AB) =X < VY = ((zn)n, (Yn)n) €
X 33U = ((un)n, (vn)n) € D(B) such that U + MB(U) = Y. The last relation is

equivalent to

((un)ns (vn)n) + A((enA(un))ns (dnB(vn))n) = (Tn)n, (Yn)n) <

Il
—
8
3
S~—
3

=

{ (tn)n + AMenA(un))n

{ Un + AenA(uy) = xp
(Un)n + AdrnB(vn))n

Un + )\dnB(Un) =Yn, n>1

I
—
<
3
~—
3

up = (I + AepA)~Yay,) = J)‘f‘cn(:nn), vp = (I 4+ XdpB) Y yn) = J)]iln(yn), Vn>1.
Because A(0) =0 we have Jl‘f(O) =0,Vu>0and

174 @) = FHO <l = 11 @) < llell, Yo e H, Vp>0.

Similarly by B(0) = 0 we deduce JE(O) =0, Yu > 0 and HJf(x)H < ||z||, Vz €
H, Vi > 0. With this remark we have

o) o) 00 00

A B
D IR @) P <Y llaall <00, DI, W) I <D gl < oo,
n=1 n=1 n=1 n=1
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so U = ((up)n, (vn)n) € D(B). Q.E.D.

The proof of Theorem 3. The operator A+ B : D(A)ND(B) C X — X has
D(A)ND(B) = {((un)n, (vn)n), ur € D(A) N D(a), u, € D(A), Vn > 2, v, €
D(B), ¥Yn>1, with {(caA(un))n}, {(dnB(vn))n} C I2(H)} # 0, by (H1), (H3).

First, we suppose (H4)i) holds. The operator A + B is monotone (A, B are
monotone). To prove that A + B is maximal monotone, we shall show that for any
Fo=((fn, (g%),) € X the equation

U+ A(U)+BU) > Fy (11)

has at least a solution U € D(A) N D(B).
For let Fy € X be given. The equation (11) is equivalent to

wn + =2 e Alun) S
g~ (12)
n+1 — Un 0
vn—l—?+dnB(vn) 3¢, n=12,...,
with vy € —a(uy). (13)
We consider the following approximate problem
UM+ A(UMN + BA(U?) 3 Fy 14
U € D(A), A>0,

where B((un)n, (vn)n) = ((cnAx(un))n, (dnBa(vn))n) with Ay, B the Yosida ap-
proximations of A, respectively B, (A) = +(I — J{Y), By = (I - JP)).

Because Ay, B) are everywhere defined (D(A)) = D(B)) = H), single-valued,
monotone, continuous, we deduce that B) is also everywhere defined in X, single-
valued, monotone and continuous, VA > 0. As A is maximal monotone operator
(Theorem 1), then it follows that A + B} is maximal monotone, ¥ A > 0. Therefore,
for any A > 0 the problem (14) has a solution U* = ((u)n, (vp))n) € D(A). The

problem (15) is equivalent to

u) + T"_l + cpAx(u)) 3 fO
WAy — ud (15)
o+ A B(u)) 368, n=1,2,...,

vy € —a(u}), (u € D(a)). (16)
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Let U = (1), (v9),) € D(A), v € D(a). We denote
= ((F2)n: (ga)n) 1= U° + A(U) + BA(U"), A >0. (17)

The set {B)\(U°); A > 0} is bounded in the space X; indeed
IBAUN% = D bl An(ud)|* + drl| Ba(vp)[1*) <

n=1
<Y h(e )| A% (up) 1P + d2 || BY(w)1?) = BTk, VA >0,
n=1

(where AY is the minimal section of 4, that is A%(x) € A(x), ||A%(@)|| = inf{|ly||, y €
A(x)}, Yo € D(A)).

We deduce by the above inequality and (17) that | F\||x < const., YA > 0,
(const. is a positive constant independent of \).

Using (14) and (17) (we substract them and we multiply the obtained relation
by U* — U in X), we get

[U=U°x < |Fo—-Fallx = [UMx < [U°lx+|Follx +[Fallx < const., YA > 0.

o0
We deduce that Z h(||ud|?+ |lv}?) < const. Because {u?; A > 0} is bounded
n=1

in H, by (H4)i) we deduce that {vj); A > 0} is also bounded in H. So we obtain
that {A(U*); A > 0} is bounded in X. By (14) we get {B\(U*); A > 0} is bounded
in X, ||BA(U)|lx < const., YA >0, so

Zh lenAx (@) + | dnBa(0)]|?) < const., VA > 0. (18)

We shall prove in what follows that the sets {(u})n; A > 0}, {(v))n; A > 0} are
Cauchy sequences (in [2(H)). For this, let U = ((u})n, (v))n), U* = ((uh)n, (vh)n),
A, > 0, be solutions for (14), u € D(a), v} € —a(u}), v} € D(a), v§ € —a(uf).
Then by (14) we have U* + Z* + B\(U*) = Fy, U* + Z' + B,(U*) = Fy, Z* €
AUY), ZF e A(UH) and U —UH + Z> — ZF + B\(U*) — B,(U*) =

We multiply the above relation by U* — U# in X and after some computations
we obtain

o

Dl =l + o — o) Z{cn [< An(up) = Au (), I (up) = T3 () > +

n=1

+ < Ax(up) = Au(ul), AN () — pAy(ulh) >] + du[< Ba(v) = Bu(vh), I3 (vy)—
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—J7(0}) > + < Ba(vp) = Bu(vh), ABa(vp) — uB(vf) >}
Because Ay (u))) € A(J{H(u))), Ba(v)) € B(JE(v))), YA > 0 ¥n > 1, by the

above inequality we deduce

o0

o0
A A
>y — bl + llop — oh1) Z en(AllAx(up)|1? + HAM(UZ)HQJr

n=1

A © Iz
Jrgllflx(uﬁ)ll2 + §HAA(U?L)||2 + §\|Au(uﬁ)ll2 + | A (uf) [1P)+

A A Iz Iz
+dn (M| Ba(vp)|I* + 5\\Bu(v7’i)\\2 + E”BA(U:;)W + §|!BA(UQ)|!2 + §HBu(v¢i)H2+
]| Bu(vi)|I*)] < comst.(A+p), VA, >0, (by (18)).

Therefore
S (hd — b2+ [l — o]2) < const.(A+ ), VA, >0,
n=1
We deduce that {(u})n; A > 0} and {(v)),; A > 0} are Cauchy sequences in I2(H).

Then, there exist )l\lr%(ui;)n = (Un)n, )1\11%(212)” = (Un)n, in I[2(H), (evidently

u) = Up, V) — v, as A — 0, in H,Vn > 1).
Because u? — wuj, as A — 0, in H, {v); A > 0} is bounded in H, so on a

subsequence vj — v, as A — 0 (vg € H), v} € —a(u7) and « is demiclosed, we

deduce that u; € D(a) and vg € —a(uy), that is (13).

Then, by u’\ — u, and v)‘ — v, as A — 0, we deduce that JA )‘ — Up,
JPv) — vy, as A — 0, Vn > 1. Because {A)(u)); A > 0}, {Bx(v)); )\>0} n>1
are bounded (by (18), for any n fixed we have ||c, Ax(u))|| < const., YA > 0, so
[ Ax(up)| < - const ,VA>0)and A, B are demiclosed, we deduce that u,, € D(A)
and Ay (up)) — pn, as A — 0 (p, € H), pp € A(uy), v, € D(B) and By(v)) — qn, as
A— 0 (g, € H), qgn € B(v,), Vn > 1 (eventually on some sequences). By passing
to A — 0 in (15), (16) we deduce that U = ((up)n, (vn)n) is a solution for (12) and
(13). By (12) we obtain (¢, A(upn))n, (dnB(vp))n € 12(H), so U € D(A) N D(B) and
A + B is maximal monotone in X.

If (H4)ii) holds, by Theorem 1 and Theorem 2 we have that A and B are maximal
monotone with int D(A) = {((un)n, (vn)n) € X, w1 € int D(a)} and so int D(A) N
D(B) # 0. Therefore, by [4, Corollaire 2.7] we deduce that A + B is maximal
monotone. Q.E.D.
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The proof of Theorem 4. By Theorem 3, the operator A + B : D(A) N
D(B) ¢ X — X is maximal monotone in X. Using [1, Theorem 2.2, Corollary
2.1, Chapter III] we deduce that for Uy = ((uno)n, (vno)n) € D(A) N D(B) and
F = ((f)n, (gn)n) € WHY(0,T; X), the problem (P)<(S)+(BC)+(IC) has a unique
strong solution U = ((un)n, (vn)n) € WH*(0,T; X), U(t) € D(A) N D(B), Vt €
[0,7). By considering the equation (P); in the interval [0,T + ¢], with £ > 0 (by
extending correspondingly the functions f,, g,, n > 1) we obtain U(T') € D(A) N
D(B). The solution U is everywhere differentiable from right and d:l_—tU(t) = (F(t)—
A(U(t)) — B(U(®)))°, Vt € [0,T), that is the relations from the conclusion of the

theorem are verified. In addition we have
dtU 0 t
2wl < lro) - _
[0 <o -awn-swor], + [
If U and V are the solutions of (P) corresponding to (Uy, F), (Vo,G) € (D(A) N
D(B)) x W0, T; X), then

dF

— T).
o (s)|| ds, Vtel0,T)

X

[U#) = V(©)lx < 10U = Vollx +/0 [1F(s) — G(s)lxds, Vt€[0,T].

Q.E.D.
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1 Preliminaries

First we should recall some notions and results related to the biharmonic maps
between Riemannian manifolds, as they are presented in [6] and in [7].

Harmonic maps f : (M,g) — (N, h) between a compact Riemannian manifold,
(M,g), and a Riemannian manifold, (N,h), are the critical points of the energy
functional E(f) = 3 [, |df|?vy and it is proved (in [4]) that the corresponding Euler-
Lagrange equation is 7(f) = traceVdf, where 7(f) is called the tension field of f.
If the manifold M is not compact f is said to be harmonic if 7(f) = 0. The critical
points of the bienergy functional E»(f) = 1 [,,|7(f)[?v, are called biharmonic maps.
In [6] the Euler-Lagrange equation for Fs is given

o(f) = —A7(f) — traceRY (df  7(f))df =0,

where RV (X,Y) = VxVy — VyVx — V(x,y]- The equation m3(f) = 0 is called the
biharmonic equation. Note that the harmonic maps are also biharmonic. Then the
main interest is to find the non-harmonic biharmonic maps, which are called proper
biharmonic maps.

2 Cartan-Vranceanu spaces

Let us consider the following two-parameter family of Riemannian metrics, called
the Cartan-Vranceanu metrics,

n

da + dy; I yida; — xidy; 12
dsfm = Yo R [d - #] 1
i = L T mGr+ o S 2 TGl + 4D M)

© Dorel Fetcu, 2007
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defined on (2n+1)-dimensional manifold M, where M = R?**! if m > 0, and

1
M = {(x17y17x27y27"'7xn7yn72) S R2n+1’x? +yz2 § __7i - 17”}
m

if m < 0. The biharmonic curves in 3-dimensional Cartan-Vranceanu spaces are
characterized in [2] and, moreover, their explicit parametrizations is given in the
cited paper. For the 3-dimensional case another results are obtained if m =0, # 0
and if { = 1, m # 0. Thus, if m =0, [ # 0 then (M, ds? ) is the Heisenberg group,
Hs, and the biharmonic curves in this space are studied in 1. fl=1, m#0
the biharmonic curves are studied in [3]. In (2n+1)-dimensional case, if m = 0,
I # 0 then (M, dsl%m) is the generalized Heisenberg group, Ha,11, and a study of
biharmonic curves in this space was given in [5].

In the following let us consider a (2n+1)-dimensional Cartan-Vranceanu space
(M, ds%m), with m # 0, and the elements of M are of the form X = (z1,y1, 22,92, ...
weey Ty g}n, z). We can define a global orthonormal frame field on M by

2i—1 Zal‘i 2 aZ’ 21 Zayi + 2 82’ 2n+1 aZ’

for i = 1,n, where F; = 1 + m(z? + y?). The Levi-Civita connection of the metric
dslz’m is given by,

VB, F2j1 = 20;;my; Ea;,

Vi, Eaj = 26 5ma;Fai—1,

Vg, 1 Eaj = 5ij(_2myiE2i—1 + %E2n+1)a

V gy Fajo1 = 6;5(—2ma; Eyi—1 — 5Foni1), (2)
Va1 Boic1 = Vi, Eany1 = —5 By,

V Eani1 Boi = Vi, Eopi = $Bo1,

V1572n+1E2n-i-1 =0,

for 4,5 = 1,n. Also, one obtains

[Eai—1, Eaj—1] = 0, [Ea;, Eoj] = 0,
[E2i—1, Eont1] = 0, [Ea, Eopy1] =0,
[Eai—1, Eaj] = 0ij(2ma; By — 2my; Eoi—1 + 1 Eopy1),

The curvature tensor field of V is
R(X,Y)Z =VxVyZ -NVyVxZ -V xyZ,
and the Riemann—Christoffel tensor field is
R(X,Y,Z,W) =g(R(X, Y)W, Z),
where X, Y, Z, W € x(R?"*1). We will use the notations

Rabc - R(Eaa Eb)Ea Rabcd = R(an Eb7 Ea Ed),
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where a,b,c,d = 1,2n + 1. Then the non-zero components of the curvature tensor
field and of the Riemann-Christoffel tensor field are, respectively

Ri2i—1)2j-1)¢2k) = ——2 ik B2 + 25ikE2j7
R2i—1)@2j)@2j-1) = E2z: i # J
Rizi—1y@iyon—1y = il — 4m) Bn; + 5 Eny,,
Ri—1)2j)2i) = Ezg 1, & # ],
R2i—1)2i)(2k) = —0ik (42 4m) By — & Boy_1, 3)
Rioi—1y@en+1)(2i-1) = —2%E2n+1,
R 1)(2n+1)(2n+1) ; TE2-1,
R2iy2j)2k—1) = 5kE2z 4L 5kE2] 15
Ri2iyent1)2i) = E2n+17
R(2z)(2n+l)(2n+l) E227
( 2., .
R(2i—1)(2j—1)(2i)(2j) = —127 P F
Rii—1y2j)(2j-1)20) = — 710 1 # J»

a2
R2i)(2i-1)(2i-1)(2) m, ()

Rpiy@i-1)2j-1)2) = 5 Z#Ja
Riont1)(2i-1)(2i-1)(2n+1) =~ —z,
| Bentn@i@ientl) = — 7

for i,5,k =1,n.

3 Biharmonic curves in (2n+1)-dimensional
Cartan—Vranceanu spaces

Let v: I CR — (M, ds%’m) be a non-inflexionar curve, parametrized by its arc
length. Let {T', N1, ..., N2, } be the Frenet frame in (M, ds?, ) defined along v, where
T = ~' is the unit tangent vector field of v, Ny is the unit normal vector field of
v, with the same direction as V7T and the vectors Ny, ..., Na, are the unit vectors
obtained from the following Frenet equations for ~.

VT = x1Wi
VN = —x1T+ x2V2
VrNop—1 = —Xon—2N2n—2 + x2n-1N2n
VrNo, = —X2n-1N2n—1
where x1 = ||[V2T|| = ||[7(%)|, and x2 = x2(8),..., Xoan = Xon(s) are real valued

functions, named the curvatures of v, where s is the arc length of ~.
In [2] is proved the following result

Proposition 3.1. Let v: I CR — (N™ h), n > 2, be a curve parametrized by arc
length from an open interval of R into a Riemannian manifold (N,g). Then 7 is
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biharmonic if and only if

x1x; =0
03 2 B
X1 — X7 — x1x5 + x1R(T, N1, T,Ny) =0
2xix2 + X1Xh + X1 R(T, N1, T, No) = 0 (6)
X1X2X3 + XlR(T, Ny, T, Ng) :_0
x1R(T,N1,T,Ny) =0, k=4,n.

Using Proposition 3.1 and equations (4), after a straightforward computation,
one obtains

Theorem 3.2. Let v : I C R — (M,ds?, ) be a curve parametrized by its arc
length. Then v is a proper biharmonic curve if and only if

x1 € R\ {0},

Xi+x3=—m,

X/2 =12, (7)
X2X3 = 13,

e =0, k=4,2n,

with ng, k = 1,2n, given by

m = —R(T, Nl,T, Nl) = —4mz ng 1N1 — TQZN2Z 1) + (8)
=1

n

2
3 [Z(TQiNfi—l - TQi_le")}

l n
4 (T2n+1 + (N2 +1) )
=1

4

and
Nk = _R(T7N17T7Nk) = (9)

n
= —dm (T NP — TuNZ ) Ty N — TuNZ )
i=1
312 3 AN i . 12
4 Z(T21N22 1 T2i—1N12Z) Z(T%ngl_l _ T2i—1N]32) _ —N12”+1N]3"+17
=l i=1

for k =2.2n, where T = Y 2" T, F, and Ny, = 2" N2E,,.
From the second equation of (7) follows immediately

Corollary 3.3. Ifl =0 and m < 0 then all biharmonic curves of (M, d312,m) are
geodesics.

In order to find a proper biharmonic curve v : I € R — (M, dsﬁm), v =
(x1(8),y1(8), 2(8),y2(8), ..., T (8), yn(s), 2(s)), let us suppose that the components

of its tangent vector T'(s) = +/(s) are Tp;—1(s) = w, Toi(s) = W,

Tont1(s) = cosa, for i = 1,n, where 3; are smooth functions, s being the arc
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length of v, and « € (0, ) is a constant. Working this way is suggested by the fact
that T is a unitary vector field and by the paper [2], where it is proved that, in
dimension 3, the tangent vector is of this form for all proper biharmonic curves of
Cartan—Vranceanu spaces.

The covariant derivative of the vector field T is given by

n
VTT = Z[(Téi—l — meiTgiTQi_l + 2ma:,-T22i + lTQiT2n+1)E2i—1+
=1

+(Ty; — 2ma; T Toi—1 + 2my;To; 1 — 1Toi—1Tony1)En) + T4y Bons1 =

n .
sin o .
= E Jn (—A;sin i E9i—1 + A; cos fiEa;),
i—1

where ) ) ]

sin G; sin « cos 3; sin «
Vn vn
Next, assume that A; = A, for any i = 1,n (that is the values of A;’s are the

same for all indices). It follows, from the first Frenet equation, that x; is given by

2

+ 2my; —lcosa.

x1 = ||VrT| = |Asina|.
Suppose that Asina > 0. Then
x1 = Asina (10)
and

n
1 .
Ny = Z %(— sin 3; Eo;—1 + cos B; Fa;).
=1

The system T = ' is equivalent with

z _ cosfsina
L m(zf + ;) N
Yy sin B;sina |
= , 1=1,n, 11
1+ m(z? +y?) vn (11)
sin
2 =cosa + é > (s sin B — yi cos ;).
x vn

Assume that 3] # 0, for any ¢ = 1,n. By derivation of (10), taking into account
that x1; must to be constant, one obtains

2ma;x, + 2my;y, o

i .
! L+m(z?+y2) 7

From the last equations we have
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where b; are constants. If we take b; = b to be independent of 7, one obtains

b cos G; sin «

T
W(s) = —REERE, i~ T, (12)
)

z(s) = (cosar)s + %(Sin2 )s.

Again using the facts that x; is a constant and the terms A; do not depend on 7 it
follows that (] must be constants which values are the same for all indices. Hence

14+ m@2?+y?)  n+mbisin’a
B b B bn

g=C

, 1 =1,n.

Thus

n 4+ mb? sin? «

() = —————— - s+ d;, 13
5i(s) L (13
where d; are constants.

From expressions of x1, 1" and Ny we have, after a straightforward computation,

n

B cos o
VrNi+xaT =)
i=1 v

(cos B; Ei—1 + sin (B; Fa; )+

l
+ (5 sin o + A sin o cos a) Eont1,

where B = (—% + mesinzoz + lcosa)cosa — é = —Acosa — L. From the second

2

Frenet equation we have X% = |V N1+x1T||> = B? cos? oz+(% sin a+ A sin a cos ).
It follows that xo is a constant. Now, since —m; = (477” —1?)sin? o + % and n, = 0,
k > 2, the curve + is biharmonic and non-geodesic if and only if the second and
the fourth equations of (7) hold. From the second equation, after a straightforward

computation, one obtains that
4
A2+Alcosa—(—m —1%)sin? a = 0. (14)
n

Assume that m > 0. If 12 + (22 — 512)sin® @ > 0 then, solving equation (14),
one obtains

—lcosa + \/12 + (192 — 5/2) sin? o

A= )
2
and
—(nl + \/12 + (48 — 572) sin? a)
b= o + (15)
dmsin® o
2
\/(ﬂl cosa + \/12 + (192 — 512) sin? a) + 16nmsin? a

+

4dm sin? o
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Since x1 # 0 one obtains A # 0. Then 4Tm —124£0.

For the values founded for b, from the third Frenet equation, it follows that
x3 = 0, and then the fourth equation of (7) holds.

We obtained
Proposition 3.4 Let (M, dsim) be a (2n+1)-dimensional Cartan-Vranceanu space
such that m >0 and 22 — (2 £0. Letv: 1 C R — (M,dsl%m),

v = (21(8), y1(8), 22(8), Y2(8), s T (8), yn (), 2(8)),
be a curve parametrized by its arc length, given by

b cos 3; sin «

IEZ(S) = T,
bsin (; sin «
yz(s) = = 17”7

NLD

z(s) = (cosar)s + %(sin a)?s.

where o € (0,7), 3 are given by (13), b is given by (15) and I?+ (X2 —5/2) sin® o >
0. Then v is a biharmonic curve and it is not a geodesic.
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Abstract. We consider the propositional provability intuitionistic logic 1 A intro-
duced by A.V. Kuznetsov [2]. We prove that there are infinitely many classes of
formulas in the calculus of T2, which are pre-complete with respect to functional ex-
pressibility in 72. This result is stronger than an ealier one stated by the author in

(1].
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In the present paper we extend the result established in [1] to a wider class of
logics, which includes the provability-intuitionistic logic I itself. The last one is the
logic of propositional provability-intuitionistic calculus I® proposed and formalized
by A.V. Kuznetsov [2, 3]. It is based on formulas built in an usual way from
propositional variables p,q,r,... (may be indexed) by means of logical connectives
&,V, D, -, A. The axioms of I® consist of well-known axioms of the intuitionistic
propositional calculus and three additional A-axioms:

(p D Ap), (1)
((Ap > p) D p), (2)
(((p2>9) Dp) D (AgDp)). (3)

Its rules of inference consist of traditional rules of substitution, and modus ponens
and the rule of necessitation ﬁ. An extension L of the logic I? is defined as usual
as any set of formulas which contains the axioms of I® and is closed with respect
to the rules of inference of the calculus I®. In the following let us denote by L any
extension of 2 if other things are not stated. By equivalence of formulas A and B,
denoted A ~ B, in the logic L we understand the formula ((A D B)&(B D A)).

Let us remind the notion of A-pseudo-Boolean algebra [2, 3] as a system of type
A=< E;&,V,D,7,A >, where < F;&,V, D, > is a pseudo-Boolean algebra and
operation A satisfies the relations

r < Az, (Ax D z) ==, Az <yV(yDx).

These algebras serve as algebraic models for logic I® [2, 3]. Valid formulas on the
algebra 20 are defined as usual. It is also known that the set of valid formulas on

© Andrei Rusu, 2007
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2 constitutes an extension of I [3], it is called the logic of the algebra A, and it is
denoted by L.

We consider the A-pseudo-Boolean algebra € =< FE;&,V,D,—, A >, where F
is the chain of elements 0 = 79 < 7, < --- < 1, and for any elements « and (§ of
¢ we assume that a&f = min(a, 3), oV = maz(a, ), a O f =1 when o < 3,
aDf=0Fwhena>pf8 ~a=aD0, At =741 fori =0,1,..., and Al = 1.

By a formula realization [5, 6] of the A-pseudo-Boolean algebra 2l into the proof
(provability) logic L we undestand a mapping f from the algebra 2 into the set of
formulas such that if we examine the formulas up to equivalent ones, then f is an
isomorphism between the algebra 2 and some subalgebra of the Lindenbaum algebra
of the logic L. Let us build a formula realization of the algebra € into the logic I*.
So, we have first of all to map each element of € into the set of formulas. Consider
the mapping f is as follows:

f(m) = A%, i=1,2,...
Let us prove the following

Lemma 1. For any elements B and v of the algebra € the next deductions in the
I2 logic take place

= (f(B&y) ~ (F(B)&f (1)), (4)
BV~ (FB) VM), ()
=B 27) ~ (f(B) 2 (), (6)

= (f(=8) ~ ~f(B)), (7)
= (f(AB) ~ Af(B)). (8)

Proof. Let us consider arbitrary elements § and + of the algebra €. Let prove first
the relation (4). If 3 =1 or v = 1 then the statement (4) is obvious. Let § # 1 and
v # 1. Since elements 3 and 7y are arbitrary we can consider that 3 = 7; and v = 75,
where ¢ < j. Then &y = 1;&7; = 7;. So,

F(B&y) = f(8) = f(m) = A, )
The axiom (1) admits the following generalization
Fp > AFp, where k=0,1,2,... (10)

Taking into consideration the last relation (10) we have the following sequence of
equalities ' _ '

(f(B)&f (7)) = (f(r)&f (75)) = A'0&AT0 = A0. (11)
So the relation (4) follows from (10) and (11).
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The proof of the statement (5) is analogous to the proof of the deduction (4).

Let us prove the relation (6). We will consider two possible cases for elements /3
and 7, when a) <+, and b) 3 > ~.

Let § < 5. Then obviously f Dy =1, and f(6 D7) = f(1) =1= (p D p).
If B # 1 and v # 1, then we can consider as above that there exist i and j, where
i,5 = 0,1,2,... and ¢ < 7, such that 8 = A0 and v = AJ0. Thus we have that
F(8) = A0, f(7) = A0, ((8) > f(7)) = A0 > AT = 1,

Now let 8 > . Then 8 D v = v, and f(8 D v) = f(vy). Obviously, v # 1.
So, there exists an integer positive j such that v = AJ0, and thus f(3 D7) = AJ0.
Now, let us evaluate f(8) D f(v). If 8 = 1, then, obviously, f(3) D f(y) =1D>
AJ0 = AJ0. Suppose 3 # 1. Then there exists an i > j such that § = A0, and
f(B) D f(y) = A0 D AI0 = AY0.

Now let us to prove the relation (7). If 5 =1 then f(8) =1, =8 =0, ~f(B) =
-1 = 0. Suppose 8 # 1. Then there is an i such that 3 = A’0. Obviously, =3 = 0,
and —f(3) = ~A0 = 0.

Finally, let us look at the last statement (8) of the lemma. If 5 = 1 then (8)
follows obviously. Suppose 3 # 1. Then there exists an i such that = A0, and
f(AB) = f(AAD) = F(AT0) = A0, AF(B) = Af(A0) = AAD = A1,

Comparing the last two sequences of statements we conclude (8). Lemma is proved.
Next lemma is a generalization of the previous lemma.

Lemma 2. For any formula F(p1,...,pn) of the provability-intuitionistic logic IA
and for any elements B, ..., Bn of the algebra € the following relation is true in I®

F f(F[pl//Bla"'7pn//8n]) ~ F[pl/f(ﬁl)w'- 7pn/f(ﬁn)]

The proof can be easily done by induction over the structure of the formula F
and using the relations proved in Lemma 1.

On the basis of Lemma 2 we conclude that examining formulas up to equivalent
ones in the logic I the mapping f is an isomorphism between the algebra ¢ and some
subalgebra of the Lindenbaum’s algebra of the logic I®. This fact means that f is
a formula realization of the algebra € into the logic I®. We see from the definition
of this formula realization that it puts into correspondence only unary formulas
to elements of €. So, we get next theorem as a consequence from Lemma 1 and
Lemma 2.

Theorem 1. The mapping [ defined above is a formula realization of the algebra €
into the provability-intuitionistic logic I™.

Next lemma ilustrates a usefull property of the formula realization f defined
above.

Lemma 3. The formula realization f of the algebra € into the logic I® puts into
correspondence to any element 5 of € such unary formula f(3) that the equality
holds

fBh] =28 (12)
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Proof. Really, let element G be someone from €. Then, obviously, it is either equal
to the unit 1 of the algebra, or there exists an index k such that 8 = 7. Recalling
that f(r,) = A¥(p&—p) we get that the result of substitution A*(p&—p)[y] does not
depend on the element ~, and, moreover,

AF(p&—p)[y] = 7.

The last relation together with the fact that element g is an arbitrary element of €
ensure us the validness of (12) from the lemma. The lemma is proved.

Definitions regarding expressibility in logics were proposed by A.V. Kuznetsov
[7, 8, 9]. A system of formulas ¥ is said to be complete (with respect to functional
expessibility) in the logic L if any formula of the language of logic L can be obtained
from variables and formulas of ¥ applying a finite number of times the following two
rules: the weak rule of substitution and the rule of replacement by equivalent formula
in L. The system of formulas ¥ is called pre-complete (with respect to functional
expressibility) in the logic L if it is incomplete in L, and for any formula F', which
is not expressible in L via ¥ the system X U {F'} is complete in L. They say the

formula F(p1,...,pn) conserves on the algebra A the predicate R(xq,...,xy) if for
any elements a;; € A (i =1,...,m;j =1,...,n) the relations
R[Oéll, e ,Oéml], e ,R[aln, e ,Oémn]

imply the truth of the predicate
R[F[all, . ,aln], . ,F[aml, N ,amn]].

In the following let L be any extension of the provability-intuitionistic logic 12,
which satisfies the relation I® C L C L€. Let us denote by K; the class of all
formulas that preserves on the algebra € the predicate z < 7; (i =0,1,...).

Lemma 4. The classes Ko, K1,... are two by two distinct with respect to set
inclusion.

Really, suppose r < s and let us consider classes K, and K,;. Can be checked
the relation
(A™M0op) e K.\ K,, A%0€ K, \K,.

So, the classes Ky, K1,... are two by two distinct with respect to the set inclusion.

Lemma 5. Let f be the formula realization of the algebra € into the logic I® that
was defined ealier. Then for any element G of this algebra and for any j = 0,1,2,...
the formula f(3) belongs to the class K if and only if the folowing relation holds

B8 < A0. (13)
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Proof. Let element (3 satisfy the relation (13) from the lemma. We have to show
that the formula f(3) conserves the relation R; on the algebra €. Let an arbitrary
element vy € € conserve the predicate R; on €, i.e. R;(7) holds. Then, using (13) and
the equality f(5)[y] = § already proved ealier in Lemma 3, we obtain the relation
F(B)] < AJ0, ie. the relation R;(f(8)[y]. So, we get that f(3) € K;.

Conversely, let element  do not satisfy the condition (13). Then, since elements

of € form a chain, we get _
6> A0.

After that, using again the above mentioned equality (12) we get the inequality

f(B)] > Ao,

which is equivalent to the fact that R;(f(83)[v]) is false. Subsequently, the formula
f(B) does not belong to the class K;. The lemma is proved.

Lemma 6. Let L be any logic such that I® C L C LE. Then the classes of formulas
Ky, K1, ... are pre-complete with respect to expressibility in the logic L.

Really, according to Lemma 4, no one of these classes is complete with respect
to expressibility in the logic L. Let us prove that for any j = 0,1,... the class Kj
is pre-complete in L. Let B(pi,...,pn) be any formula which does not belong to
the class K;. Then, according to the definition of the class K there exist elements
081, ..., 0, of the algebra € such that for any ¢ = 1,...,n we have

but _
B[Bi,...,8.] < A0

is false. Since all elements of € form a chain we get the strict inequality on the
algebra € ‘
A0 < B[ﬁl,...,ﬂn],

which implies the relation
A0 < B[By, - .-, Ba)-
The last statement implies also
(A7 D BBy, ..., B)) = 1.

In view of the above defined formula realization f of the algebra ¢ in the logic I?,
the last formula conducts us to the relation

= F(ATY0 D BBy, ..., Ba)) ~ f(1).

Applying Lemma 2 to the left part of the above equivalence, we get that
= (F(ATF10) D f(B[B1s -+, Ba])) ~ F(1).
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Reminding ourselves that f(A7710) is the formula A7*10 and f(1) is 1, and applying
once again Lemma 2 to formula B, we get the deduction

= (AT D BIf(B1), .-, f(Ba)]) ~ L.

The left hand side of the last equivalence can be represented as

H (A0 D 1)/ BIf (Br), - F(B)]] ~ 1.

Let us note that the formula (AJ10 D 7) belongs to the class K;. Apart from this,
since elements (3;, when i = 1, ..., n, satisfy the condition 5; < AJT10, the formulas
f(B;) also belong, according to Lemma 5, to the class K;. That is why the last
deduction shows that the formula 1 is expressible in the logic I by means of the
formula B and of the formulas of the class K;. We shall show that any formula F' is
expressible in I via system K ;U {1}. Let ' do not contain the variable 7. Then
it is sufficient to take the formula F'&m, which belongs to the class K, and to use
the following fact
F ~ (F&m)[m/1].

Thus it is proved that the system K; U {B} is complete in [ A and the more so, it
is also complete in the logic L. So, lemma is proved.
Now we can state the folowing results.

Theorem 2. Let L be any logic such that I® C L C LE. The classes Ko, K1, . ..
constitute a numerable collection of distinct two by two pre-complete in the logic L
classes of formulas.

In 1956 A.V. Kuznetsov [10, 11] have proved that for any finite-valued logic L
there exists an algorithm which permits to recognize whether a system of formulas
is complete with respect to functional expressibility in L. He have shown that there
exists theoretically a finite collection of pre-complete classes of formulas in that
logic. Unfortunately, the proposed algorithm is very computationally inefficient.
Next theorem establishes that even such algorithm is impossible for any logic L that
satisfies the condition I2 C L C L€.

Theorem 3. Let L be any logic such that I® C L C L&. The traditional formulation
of the theorem of completeness with respect to functional expressibility in terms of a
finite collection of pre-complete classes of formulas in the logic L does not exist.
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Abstract. We investigate a linear convolution of criteria and possibility of its ap-
plication for finding Pareto set in the vector variant of the well-known combinatorial
p-center problem. The polynomial algorithm which transforms any vector p-center
problem to a solvable problem with the same Pareto set is proposed. An example
which illustrates the work of algorithm is performed.
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Keywords and phrases: p-center problem, Pareto set, algorithm of linear convolu-
tion (ALC), solvability by ALC.

1 Introduction

Wide and important class of the best choice problems is the vector (multicriteria)
problems in which the quality of decision making is estimated by several criteria at
once. Ome of the main method of vector optimization is scalaring. Scalaring is
a process of transforming vector problem of finding best alternatives to a scalar
problem with aggregated (generalized) criterion which is a convolution of criteria.
Such convolution of criteria usually depends on parameters. The central concept in
vector optimization is a Pareto principle of optimality. And an important method of
finding Pareto-optimal solutions (efficient alternatives) is based on linear convolution
of criteria. But this approach cannot always guarantees to find the whole Pareto set.
In these cases we say that the vector problem is unsolvable by ALC. Many classes of
the vector problems which are solvable by ALC were found by Koopmans, Karlin,
Geoffrion, Kuhn, Tucker, Saaty and others. The history review of this question was
presented in [1] (see also [2]).

We investigate the possibility of application of ALC to finding all Pareto set in
vector variant of the well-known combinatorial p-center problem, i. e. the problem
of best locating p facilities (see, for example, [3-5]). In this paper it is shown that
there exist (see, theorem 1) vector p-center problems which are unsolvable by ALC.
Analogous results for various kinds of vector discrete optimization problems (sales-
man problem, optimal spanning tree, perfect matching and others) were obtained
earlier in [6-11].

Using the well-known sufficient condition of solvability [12] we build an algorithm,
which transforms any vector p-center problem to an equivalent solvable problem.

© Vladimir A. Emelichev, Evgeny E. Gurevsky, 2007
*This work is supported by program of the Ministry of Education of the Republic of Belarus
”Fundamental and application studies” (Grant 492/28).
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Earlier in the works [12-15] similar algorithms were built for the vector trajectory
problems with another kinds of partial criteria.

2 Basic definitions and notations

We consider the vector (s-criteria) variant of the p-center problem. Let us use
the following definitions:

Ny, ={1,2,...,m} is the set of possible locating points of facilities (equipment,
warehouses, providers etc.),

N, is the set of clients,

Dy = [df]] € R™*™ is a matrix of costs connected with delivery of product from
point ¢ € N,,, to point j € N,, by criterion k € N;.

The vector D = (Dq, Da, ..., Dy), composed from matrices of costs, is called a
system of costs.

Let 1 <p <m—1and T be some system of nonempty subsets (p-centers) of the
set N, such that

|t| =p, VteT.

As usual (see, for example, [10-14]), all the elements of set T" are called trajectories.
We define the vector function on 7™

f(t,D) = (fl(t7D1)7f2(t7D2)7' . afs(t7Ds))7

where
. .k .
Jills D) = sy = g k€N
The s-criteria (vector) m x n-dimensional p-center problem is understood as the
problem of finding Pareto set (the set of efficient trajectories)

PY(T,D)={teT: vteT (t%t’)},

where % is the negation of binary relation E, which specifies the Pareto principle of

optimality:
t =t & [(t.D) 2 [(¢,D) & f(t,D) # f(¢',D).

mXn (T7
D), D € R™*" can be interpreted as an extremal problem on graphs or on networks.

It consists in locating p facilities and assigning clients to them in order to minimize
the maximum distance between a client and the facility to which it is assigned. If
we want to optimize the location of p facilities by several criteria then it leads us to
the above multicriteria variant of the p-center problem.

Following [7-9], the problem Z% . (T, D), s > 2, is called solvable by ALC if

This problem is denoted by Z$,.,.(T, D). Scalar (single-criterion) problem Z}

P(T, D) = Z%(T, D),
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where
=(T,D)= | T,
AEAS
A ={A=(A\A2 A > =1, AM>0, keN},
k=1
T(\) = Argmin{(\, f(t, D)) : t € T}
and (X, f(t,D)) = > A fr(t, Dy) is a linear convolution of criteria fi(t, D), k € Ns.

=1

k
Thus, the problem ZJ . (T, D) is solvable if for any efficient trajectory t* €

P*(T, D) there exists a vector A* € A® such that
(A", f(t*, D)) = min{(\*, f(¢t,D)) : t € T},

i. e. any trajectory t* € P*(T, D) can be found as a solution of a scalar minimiza-
tion problem with function which is a linear convolution of partial criteria with an
appropriate vector A* € A%,

Otherwise, if there exists a trajectory t* € P*(T, D) such that for any vector
A € A? the inequality

(A, f(t", D)) > min{(\, f(¢t,D)) : t € T}

holds, then the problem Z? . ..
in this case we have

(T, D) is called unsolvable by ALC. It is evident, that
=(T,D) c P*(T, D).

3 Insolubility

The set of trajectories T is called primitive if the following two conditions hold:
1) there exist three pairwise different trajectories t;, t2 and t3 such that

ict;\t, i=1,2,3,

where

= |J (tnntn),

1<r1<re<3

2) for any trajectory t € T\ {t1,t2,t3} the equality
tNN3=10

holds.
Thus, in the case, where the set T' is primitive, the number of possible locating
points of facilities m > 4.

Theorem 1. For any primitive set of trajectories T there exists a system of costs
D such that the p-center problem Z% . . (T,D), p > 1, s > 2, m >4, n>1, is
unsolvable by ALC.
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Proof. First we consider the case where s = 2. Let t1, t9, t3 be the three trajectories
of set T described above. Let the matrices Dy = [df]] e R™*" k=1, 2, have the
following form

0 0 0 a a a
a a a 0 0 0
Dy = b b b . Dy— b b b ’
c c c c c c
c c c c c c

where ¢ >a >b>a/2 > 0.

Then, taking into account the primitivity of set T', we obtain the vector evalua-
tions of trajectories of T

f(t1,D) = (0,a),
f(t2, D) = (a,0),
f(ts, D) = (b,b),
ft,D) = (c,e) VteT\{t1,ta,t3}.

Therefore we have P?(T, D) = {t1,t,t3} and for any vector A € A? the following
relations hold

(A, f(ts, D)) =b>a/2 >min{(\, f(t;, D)) : i = 1,2} > min{(\, f(¢,D)) : t € T}.
(1)

It follows that the theorem is valid in the case s = 2.

Finally, the theorem (s > 2) can be proved if the matrices D; and Dy are the
same as before, and

Dy =Dy, ke 3,4,...,s.

As a result we obtain the following vector evaluations of trajectories:
f(t1,D) =(0,qa,a,...,a) € R?,

f(t2, D) = (a,0,0,...,0) € R?,
F(ts, D) = (b,b,b,...,b) € R®,
f(t,D) = (c,c,...,c) e R® Yt eT\{t1,ta,t3}.
Therefore we have P*(T, D) = {t1, t2,t3} and any vector A € A® satisfies relations

(1)

Theorem 1 has been proved.
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4 Algorithm

_ Each of five stages of algorithm W, which builds a transformed system of costs
D consists of s steps (s > 2).

Stage 1. Step k € Ng. For any number j € N, we sort all the elements

dr.. i € N,,, of j-th column of matrix Dj:

YR

diy; 2 diy; 2 ... 2 dj ;.

Stage 2. Step k € Ns;. We delete all the elements of the following sequence
from matrix Dy,

dédb o dE L e N, (2)

1150 Yi2j? iq]?
where ¢ = p — 1.
Stage 3. Step k € N,. We sort the rest of elements of matrix Dj, in ascending

order:

k k k

by <bs <...<by, (3)
where u = n(m — p 4+ 1). Of course, all the elements stay on the same places in
matrix Dy.

Stage 4. Step k € Ns;. We transform the elements of (3) by the following
recurring formula

bE, if r =1,2,
R S it AF(rr—1)=0, r=3,4,...,u, (4)

bE 4 s(bF_ | — bE) + b, if AF(r,r—1) >0, r=3,4,...,u,
where AF(v, w) = bF — b5, As a result we obtain b¥, b5, ..., bF.
Stage 5. Step k € N;. Instead of elements of sequence (2), deleted on the step

2, we write the number bﬁ + 1, 1. e. for any j € N, we set

d=db, = =df =L

1] 12]

_ As aresult of the work of the algorithm ¥ the system of costs D is replaced by
D= (Dl, Dg, N ,Ds), where Dk = [dfj]mxn

Remark 1. It is easy to see that for any number k € Ny and for any trajectory ¢,
the inequality fi(¢, Dy.) < bF + 1 holds.

5 Substantiation of algorithm

s (T, D) is solvable by ALC.
To prove this we use the known sufficient condition of solvability for the vector dis-
crete problems [12] and formulate it in the form convenient for us. Let us introduce
a new definition.

First we prove that the obtained vector problem Z?
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For any natural numbers s > 2 and h > 1 the set composed of h pairwise different
numbers is called (s, h)-regular if after sorting these numbers in ascending order

ar <az <...<ap
under h > 3 the inequalities
s-0(r+1,1) <6o(r+2,1), r € Njp_2

hold, where §(u,v) = a, — ay.

Remark 2. It is evident that for any s > 2 the set composed of one or two different
numbers is (s, 1)- or (s,2)-regular, respectively.

In these terms for any s-criteria discrete problem Z°

t i k € N,

fe(t) — min, k€ N,

where s > 2, fi(t) € R, |T| < oo, the following known sufficient condition of
solvability is valid.

Theorem 2. ([12]) If for any number k € Ny the set, composed of h(k) differ-
ent values of k-th partial criterion fi(t) on the set T, is (s, h(k))-regular, then the
problem Z° is solvable by ALC.

It is easy to see that for any number k € N the set of h(k) different numbers of
sequence
BB
obtained as a result of the Stage 4 of algorithm W, is (s, h(k))-regular. Hence, taking
into account Remark 1, we conclude that the set of h'(k) (h'(k) < h(k)) different
values of the k-th criterion fi(t, D) on the set T is (s, h'(k))-regular, and therefore
in view of Theorem 2 the problem Z%,..,,(T, D) is solvable by ALC.
Taking into account algorithm W, we conclude that for any two trajectories ¢
and t’ the following formula
t=taet =t
D D
(T, D) and Z%

holds, which implies that the vector problems Z7 . . s o(T,D) are
equivalent, i. e. the equality P*(T, D) = P*(T, [)) is valid.

It is easy to see that the complexity of Stages 1 and 2 of algorithm W is
O(snmlogym). Since the Stage 3 is a multi-way merging of ordered numerical
sequences then the complexity of Stage 3 is O(sn(m —p + 1)logyn) (see, for exam-
ple [16]). The complexity of Stages 4 and 5 of algorithm ¥ are O(sn(m — p + 1))
and O(sn(p — 1)) respectively.

Summarizing the said above, we conclude that the following theorem holds.

Theorem 3. The algorithm ¥ transforms any vector p-center problem Z% .., (T,
D), s > 2, to the equivalent p-center problem Z% .., (T, D), which is solvable by ALC,

moreover the complezity of algorithm U is O(sn(mlogym + (m —p+ 1)logyn)).
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In view of Remark 2 Theorem 3 implies

Corollary 4. The problem Z;, ., (T, D) is solvable by ALC if for any k € Ny the
inequality h(k) < 2 holds.

In the partial case, where p = 1, the complexity of algorithm W is O(smn logy mn).

6 Example

We consider 2-criteria 2-center problem with 5 x 2-dimension, i. e. s =2, p =
2, m = 5, n=2 Let T = {tl,tg,tg,t4}, tl = {1,2}, t2 = {2,3}, t3 = {3,4}, t4 =
{47 5}7 D = (D17D2)7

4 0 2 6
0 6 1 10
D, = 6 4 |, D= 0 4
10 2 8 0
8 1 10 3

Then the problem Z2, (T, D) has the following vector evaluations of trajectories

f(t1, D) = (0,6),

f(t2, D) = (4,4),
f(ts, D) = (6,0),
f(ts, D) = (8,8).

It is easy to see that P?(T,D) = { 1,ta,t3}, and the problem Z2 ,(T,D) is
unsolvable, because for any vector A\ € A% we have

<)\,f(t2,D)> =4>3> min{()\,f(t,-,D» 11 € ]\[4}7

i. e. ty ¢ ZX(T, D).
Using algorithm ¥, we transform the system of costs D to D = {ﬁl, 152}.
Stage 1. Let us sort all the elements of each column for each matrix D; and
D5 in ascending order

42 01 23 64
ot 65 12 10°
D= 63 4* |, Dy=1| ot 43
105 23 g+ !
g 12 10 32

Stage 2. Delete from each column of matrices D; and Dy one (¢ =p—1=1)
maximal number:
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42 0! 23 ¢4
0! 12
D= 6% 44 |, Dy=| ot 43
23 g4 o
g4 12 32

Stage 3. Sort the rest of elements of each matrices D; and Dy in ascending
order, and put them in matrices By and Ba, respectively:

42 0! 23 ¢4
0! 12
D=1 6% 4% |, Dy=| ot 43 |,
23 g4 ot
gt 12 32

Bt = (b}, b, ..., b)) = (0,0,1,2,4,4,6,8),
B% = (b3,b3,...,b3) = (0,0,1,2,3,4,6,8).

Stage 4. Transform the numbers of matrices B; and Bs according to the formula
(4):
B! = (b}, b3, ...,0%) = (0,0,1,4,12,12, 30, 68),

B2 = (b2,03,...,6%) = (0,0,1,4,11,26, 58, 124).

Stage 5. In each column of matrix D; on the deleted number place (Stage 2)
we put the number . .
b, +1=1bg+1=0609,

and in each column of matrix Dy we put the number
b2 +1=03 +1=125.

As a result we obtain the problem Z2 (T, INJ), where

12 0 4 58
0 69 i 1 125
Di=1| 3 12 |, D2=| 0 26
69 4 124 0
68 1 125 11

Since

f(t1,D) = (0,58),
f(t2, D) = (12,26),
f(t3, D) = (30,0),

f(ts, D) = (68,124),



LINEAR CONVOLUTION OF CRITERIA IN THE VECTOR P-CENTER PROBLEM 81

we have P?(T, D) = P%(T,D), i. e. the problems Z2, (T, D) and Z2,,(T, D) are
equivalent. Moreover, suppose

A =(0.9,0.1),
A =(0.6,0.4),
A3 =(0.1,0.9),

we obtain
<)‘17f(t17b)> = mln{<)‘17f(tl7b)> S N4} = 587

(A2, f(t2, D)) = min{(\2, f(t;, D)) : i € Ny} = 17.6,
(A, f(ts, D)) = min{(\’, f(t;, D)) : i € Nu} =3.
Hence, P?(T, D) = Z2(T, D), i. e. the problem Z2_,(T, D) is solvable by ALC.
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Abstract. We describe here the locally compact abelian (LCA) groups all of whose
closed polythetic, respectively, copolythetic subgroups have commutative rings of con-
tinuous endomorphisms. We also determine the LCA groups all of whose polythetic,
respectively, copolythetic quotients by closed subgroups have commutative rings of
continuous endomorphisms.
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1 Introduction

The problem of characterizing the abelian groups with commutative endo-
morphism ring was first considered by T. Szele and J. Szendrei in [11], where,
among other things, certain important special cases were completly solved. Later
L. C. A. van Leeuwen [7] noted that, if X is an abelian group, then every finitely
generated subgroup of X has a commutative endomorphism ring if and only if X is
isomorphic to a subgroup of Q or of Q/Z.

Inspired by the above mentioned paper of T. Szele and J. Szendrei, we initiated
in [10] the study of LCA groups with commutative ring of continuous endomor-
phisms. In the present paper, we continue in the same direction by extending the
L. C. A. van Leeuwen’s result to this more general setting. Some other results
of this nature will also be established. To be more explicit, we need a couple of
definitions.

Definition 1.1. An LCA group X is said to be
(i) polythetic if it contains a dense finitely generated subgroup.

(ii) copolythetic if there exists a continuous injective homomorphism from X into
a group of the form T™ for some n € N.

Let £ be the class of LCA groups. For X € L, we let E(X) denote the ring of
continuous endomorphisms of X.
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Our aim here is to determine the groups X € £ such that every closed polythetic,
respectively, copolythetic subgroup G of X has a commutative ring F(G). We also
determine the groups X € L such that every polythetic, respectively, copolythetic
quotient of X by a closed subgroup G, indicated as usual by X/G, has a commutative
ring E(X/G).

2 Notation

Since this paper continues the work of [10], we employ here the notation and
terminology introduced there.

In addition, £y will denote the subclass of £ consisting of those groups which
have a compact open subgroup, and + will stand for the algebraic direct sum.

For any p € P and X € L, we let ¢,(X) denote the p-primary component of X,
and

S0(X) = {q € P [1(X) # {0}}.

Given a family (A;);er of subgroups of X, > .c; A; will designate the minimal
subgroup of X containing | J;c; A

If M is a set, |M| will stand for the cardinality of M.

We shall also use the groups of integers, Z, and of rationals, Q, both taken
discrete, and the groups of reals, R, and of reals modulo one, T, both taken with
their usual topologies.

3 Polythetic subgroups

In this section we characterize completly the groups X € £ such that every closed
polythetic subgroup G of X has a commutative ring F(G). By use of duality, we
obtain also the characterization of those groups X € £ which have the property that
for every closed subgroup G of X such that X/G is copolythetic, the ring E(X/QG)
is commutative.

We start with some preparatory lemmas.

Lemma 3.1. Let X € L. For any a,b € X such that a € k(X) and {(a) N (b) = {0},
we have (a,b) = (a) x (b).

Proof. Since (a) is compact, (a) + (b) is closed i in X [6, (4.4)]. It is then easy to
see that (a,b) = (a) + (b), so that (a,b) = (a) + (b), and hence (a,b) = (a) ® (b)

by [1, Proposition 6.5]. O

Lemma 3.2. Any group X € L with {0} # k(X) # X has a closed polythetic
subgroup G such that E(G) is not commutative.

Proof. Pick any a € k(G) and b € X \ k(G). Since (b) = 7Z [6, (9.1)], we have
(a) N (b) = {0}, so that (a,b) = (a) x (b) by Lemma 3.1. We can take G = (a,b). O




COMMUTATIVITY OF ENDOMORPHISM RINGS 85

Lemma 3.3. Let X € L and S = {p € P | X, # {0}}. If every closed polythetic
subgroup of X has a commutative ring of continuous endomorphisms, then, for each
p € S, either X, is torsion and X|[p] is isomorphic to Z(p) or X, is torsionfree and
every its compact subgroup is topologically isomorphic to Zy.

Proof. Fix any p € S. If X, were mixed, we could find two elements a,b € X, such

that 1 < o(a) < oo and o(b) = oo, i.e. such that (a) = Z(p") for some n € Ng and
(b) =2 Zj [1, Lemma 2.11]. It would then follow from Lemma 3.1 that

(a,b) = Z(p") X Zp,

which would contradict the hypothesis because Z(p") x Z, is polythetic and
E(Z(p"™) x Zp) is not commutative. Consequently, X,, must be either torsion or
torsionfree. In the former case, we conclude from [4, Ch. 2, §4, Théoréeme 2| that

X[p] = Z(p)'® x Z(p)”

for some cardinal numbers «, 3 with o + 8 > 1. But, in view of the hypothesis,
X can contain no copy of Z(p) x Z(p). Therefore we must have o + § = 1, and
so X[p] = Z(p). In the second case, let G be a nonzero compact subgroup of X,.
Then G = Z; for some nonzero cardinal number v [6, (24.25)]. Since our hypothesis
ensures that X contains no copy of Z, x Z,, we must have vy =1,s0 G =2 Z,. U

We now can dispose of the important case of topological primary groups in L.

Theorem 3.4. Let p € P. For a topological p-primary group X € L, the following
statements are equivalent:

(i) Ewvery closed polythetic subgroup of X has a commutative ring of continuous
endomorphisms.

(ii) X is topologically isomorphic with one of the groups Qy, Z,, Z(p>) or Z(p™)
for some n € N.

Proof. Assume X is nonzero and satisfies condition (i). By Lemma 3.3, we know
that either X is torsion and X [p] is isomorphic to Z(p) or X is torsionfree and every
its compact subgroup is topologically isomorphic to Z,,.

If the former case occurs, we claim that X is isomorphic with either Z(p™)
or Z(p") for some n € N. To see this, it will be enough, in view of L.C.A. van
Leeuwen’s result mentioned in the introduction, to show that X is discrete. Pick
a compact open subgroup V of X. By the structure theorem for torsion compact
abelian groups [6, (25.9)], V is topologically isomorphic to a group of the form
[Lic; Z(p™), where the set {n; | i € I'} is finite. As

Vipl € X[p] = Z(p),

it follows that I cannot contain more than one element, so V is finite, and hense X
is discrete. This establishes the claim.
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In the latter case, fix a compact open subgroup W of X and a topological group
isomorphism f from W onto Z,. Also let 7 denote the canonical injection of Z, into
Qp. Since Q,, is divisible and W is open in X, no f extends to a continuous open
homomorphism h from X into Q, [6, (A.7)]. Pick any x € ker(h). Since X is a
topological p-primary group, p™x € W for sufficiently large m € N. We then have

p"x € ker(f) = {0},

so z = 0 because X is torsionfree. It follows that h induces a topological isomorphism
of X onto an open subgroup of ), and hence X is topologically isomorphic with
either Q, or Z,. This proves that (i) implies (ii).
The converse implication is clear in view of [7] and the fact that every nontrivial
closed subgroup in the groups Z, and Q, is topologically isomorphic with Z,,. O
As a consequence, we obtain the solution to the considered problem in the case
of topological torsion groups in L.

Corollary 3.5. For a topological torsion group X € L, the following statements are
equivalent:

(i) Ewvery closed polythetic subgroup of X has a commutative ring of continuous
endomorphisms.

(ii) For each p € S(X), X, is topologically isomorphic with one of the groups Qp,
L, Z(p*>°) or Z(p™) for some n, € N.

Proof. Assume (i). Since X € L is a topological torsion group, we have

X = H (Xp; Up),
peS(X)

where, for each p € S(X), X, is the topological p-primary component of X and U,
is a compact open subgroup of X, [1, Theorem 3.13]. Pick any s € S(X), and let G
be a closed polythetic subgroup of X,. Further, letting

Ts - X5 — H (Xp; Up)
peS(X)

denote the canonical injection, put G' = ns(G). Then G’ is a closed polythetic
subgroup of [],cq(x)(Xp;Up), so that E(G’) must be commutative. Since E(G) =
E(G"), E(G) is commutative as well. It follows that every closed polythetic subgroup
of X has a commutative ring of continuous endomorphisms, so that, by Theorem
3.4, X is topologically isomorphic to one of the groups Qg, Zg, Z(s>) or Z(s™) for
some ng € N.

Assume (ii), and let G be a closed polythetic subgroup of X. Since k(G) = G,
G is compact [1, (5.40)(c)]. It follows that for each p € S(G), Gp is a compact
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subgroup of X, so that G, is topologically isomorphic with either Z, or Z(p"») for
some n, € N. Since, by [10, Lemma 3.4],

E@G) = [ B@G)),

peS(G)

we conclude that F(G) is commutative. O

The next lemma shows that the case of groups in £ consisting entirely of compact
elements and having a nonzero connected component reduces to the case of compact
and connected groups.

Lemma 3.6. Let X be a group in L such that ¢(X) # {0} and k(X) = X. If
every closed polythetic subgroup of X has a commutative ring of continuous endo-
morphisms, then X is compact and connected.

Proof. We shall show first that X, C ¢(X) for all p € P. For this purpose, fix
any p € P and let C), denote the topological p-primary component of ¢(X). As is
well known, C, is dense in ¢(X) [1, Corollary 4.18(a)], so that C), and hence X, is
nonzero. In view of Lemma 3.3, we distinguish two cases.

Case (a): X, is torsion and X|[p] is isomorphic to Z(p). Then X[p] has no non-
trivial subgroups, so that

X[p] = Cylp] € e(X).

To apply induction, assume X[pF] C ¢(X) for some k € Ny, and choose any
a € X[p**1]. Since pa € X[p¥] C ¢(X) and since ¢(X) is divisible, there exists
¢ € ¢(X) such that pa = pc, and so

b=a—ce X[p] C ¢(X),

whence a = b+ ¢ € ¢(X). As a € X[pF*!] was arbitrarily chosen, X [pFT!] C ¢(X).
Consequently, X[p‘] C ¢(X) for all i € Ny, and hence

X, = |J X' € e(X).

1€Np

Case (b): X, is torsionfree and every its nonzero compact subgroup is topo-
logically isomorphic to Z,. Pick an arbitrary nonzero x € X,. We assert that

() Ne(X) # {0}. For if not, then choosing any nonzero z’ € C, we would cer-

tainly have (z) N (2/) = {0}. By Lemma 3.1, this would imply that

which contradicts the hypothesis because () = Ly = (2/). Consequently, we must
have (x) N¢(X) # {0}, and hence

@ Ne(X) = (@)
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for some m € N. In particular p"z € ¢(X), and so p"z = p™z for some z € ¢(X),
because of the divisibility of ¢(X). Then z — z € t(X,) = {0}, and hence z = z €
¢(X). Since z € X, was arbitrary, we have X, C ¢(X). Thus either case leads us to
the conclusion that X, C ¢(X).

We now are ready to show that X is compact and connected. Let

V={V |V isa compact open subgroup of X}.

Since k(X) = X, it is clear that X = (J;,¢), V. We will be done if we show that every
V €V coincides with ¢(X). To this end, pick an arbitrary V € V and let ¢ denote
the torsionfree rank of the discrete group V*. We have ry # 0, since otherwise it
would follow that V* is torsion, and so V' would be totally desconnected [6, (24.26)],
which is however impossible because ¢(X) C V. By [5, §16] or [9, §3], there exists an
injective homomorphism f : Z("0) — V* such that V*/im(f) is torsion. The adjoint
mapping f* is then a continuous open homomorphism from V' onto T [6, (24.40)].
Letting K = ker(f*), it follows that V/K = T" [3, Ch. 3, §2, Proposition 24], and
hence V/K is connected. Also, since

K = A(V,im(f)) = (V*/im(f))*

[6, (24.38) and (23.25)] and V*/im(f) is torsion, K is totally disconnected
[6, (24.26)]. It follows that K = J[,cg ) Kp [1, Proposition 3.10], and thus

K= > K,

pES(K)

[6, (6.2)], whence K C ¢(X) because by the above every K, is contained in ¢(X).
Taking account of [6, (5.34)], we then have

V/e(X) = (V/K)/(c(X)/K),

so that V/c¢(X) must be connected. Since V/c(X) is certainly totally disconnected
[6, (7.3)], this can occur only when V' = ¢(X), and the proof is complete. O

We now consider the case of compact and connected groups in L.

Theorem 3.7. Let X € L be compact and connected. The following statements are
equivalent:

(i) Ewvery closed polythetic subgroup of X has a commutative ring of continuous
endomorphisms.

(ii) X is topologically isomorphic to a quotient of Q* by a closed subgroup.

Proof. Assume X is nonzero and satisfies (i). If ¢(X) = {0}, then X = (Q*)*
for some cardinal number o > 1 [6, (25.8)]. We must have o = 1, since otherwise
X would contain a copy of Q* x Q*, which is a contradiction because Q* x Q* is
polythetic [1, (5.40)(b)] but E(Q* x Q*) is not commutative.
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Now suppose t(X) # {0}, and pick any p € P with ¢,(X) # {0}. We know from
Lemma 3.3 that X, = ¢,(X) and X|[p] = Z(p). Since X, is dense in X [1, Corollary
4.18(a)], it follows that X = t,(X). Also, since X is divisible [6, (24.25)], t,(X)
is divisible too, so that t,(X) is algebraically isomorphic to Z(p>) [9, Lemma, p.
33]. To see that X is topologically isomorphic to a quotient of Q* by a closed
subgroup, it will be enough in view of [6, (24.11)] and Pontryagin duality theorem
to show that X* is isomorphic to a subgroup of Q, i. e. that X* is of rank 1. Pick
any nonzero v € X*. Since o(y) = oo, we will be done if we show that X*/(v) is
torsion [9, Proposizione 1, p. 23]. But

(XH/ ()" = AX, ()

[6, (23.25)], so that in order to show that X is topologically isomorphic to a quotient
of Q* by a closed subgroup, it will suffice to show that A(X, (7)) is totally discon-
nected [6, (24.26)]. Assume not, and let C' = ¢(A(X, (7))). By [1, Corollary 4.18(a)],
C) is then a nonzero subgroup of X, = t,(X), so that C), = ¢,(C), and hence C,, is
divisible. As t,(X) is algebraically isomorphic to Z(p>), we must have C), = t,(X),
and so

X = (%) = Ty = o(A(X, (1)),

whence X = A(X, (7)), which contradicts our assumption that v # 0. Consequently,
X must be topologically isomorphic to a quotient of Q* by a closed subgroup.

For the converse, assume (ii). It follows from [6, (24.11)] that X* is topologi-
cally isomorphic to a subgroup of Q. Let GG be a closed polythetic subgroup of X.
Since G* = X*/A(X*,G) and since every quotient of Q by a nonzero subgroup is
isomorphic to a divisible subgroup of Q/Z, we conclude that G* is isomorphic either
to a subgroup of Q or to a subgroup of Q/Z. By the result of [7] mentioned in the
introduction, it follows that in either case E(G*) is commutative, so that in view
of [10, Lemma 3.1] E(G) is commutative as well. The proof is complete. 0

We are now ready to prove the main theorem of this section, which describes the
groups X € L such that every closed polythetic subgroup G of X has a commutative
ring E(G).

Theorem 3.8. For a group X € L, the following statements are equivalent:

(i) Ewvery closed polythetic subgroup of X has a commutative ring of continuous
endomorphisms.

(il) X is topologically isomorphic to one of the groups:
(1) R, (2) a subgroup of Q, (3) a quotient of Q* by a closed subgroup,
(4) Hpes(X)(Xp5 Up), where, for each p € S(X), X, is topologically isomorphic
to either Qp, Zy, Z(p™), or Z(p™») for some n, € N, and U, is a compact open
subgroup of X,.

Proof. Assume (i). If X ¢ Lo, we can write X = V @Y, where VY are closed
subgroups of X such that V = R? for some d € Ny and Y € Lg [6, (24.30)]. Since V'
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is of course polythetic [1, (5.40)(e)], E(V) must be commutative, so that we must
have d = 1. Also, since X # k(X), we deduce from Lemma 3.2 that k(X) = {0}, so
Y is discrete and V is open in X. If Y were not the zero group, it would follow that,
for every nonzero a € Y, V+4(a) is an open and hence closed subgroup of X satisfying
V 4+ (a) 2 R x Z. This is a contradiction because R x Z is polythetic [1, (5.40)(f)]
and E(R x Z) is not commutative. Consequently, in this case X = R.

Now let X € Ly. In view of Lemma 3.2, we must have either k£(X) = {0} or
k(X) = X. If the former case occurs, X is discrete and torsionfree, and hence it is
isomorphic to a subgroup of @, by the result of [7] mentioned in the introduction.
Assume the latter. If ¢(X) = {0}, it follows from Corollary 3.5 that

X = H (Xp; Up),
peES(X)

where, for each p € S(X), X, is topologically isomorphic to one of the groups
Qp, Zyp, Z(p>) or Z(p™») for some n, € N, and U, is a compact open subgroup of
X,. Finally, if ¢(X) # {0}, we conclude from Lemma 3.6 that X is compact and
connected, and hence X is topologically isomorphic to a quotient of Q* by a closed
subgroup, according to Theorem 3.7.

The converse is clear. O

Dualizing the preceding theorem, we obtain the description of groups in £ all of
whose copolythetic quotients by closed subgroups have commutative rings of conti-
nuous endomorphisms.

Corollary 3.9. For a group X € L, the following statements are equivalent:

(i) Ewvery copolythetic quotient of X by a closed subgroup has a commutative ring
of continuous endomorphisms.

(ii) X is topologically isomorphic to one of the groups:
(1) R, (2) a subgroup of Q, (3) a quotient of Q* by a closed subgroup,
(4) HpeS(X)(Xp3 Up), where, for eachp € S(X), X,, is topologically isomorphic
to either Qp, Z,, Z(p>), or Z(p"») for some n, € N, and U, is a compact open
subgroup of X,.

4 Copolythetic subgroups

In the present section, we characterize the groups X € £ such that every closed
copolythetic subgroup G of X has a commutative ring E(G). By utilizing duality,
we also get the description of those groups X € L which have the property that
for each closed subgroup G of X such that X/G is polythetic, the ring F(X/G) is
commutative.

We will obtain these results as a consequence of a number of lemmas. The
first two of these establish, for certain particular types of groups, some necessary
conditions.
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Lemma 4.1. Let X be a group in L such that every its closed copolythetic subgroup
has a commutative ring of continuous endomorphisms. If X = A® Y, where A is
topologically isomorphic with either R or T, then Y is torsionfree.

Proof. If ¢(Y') were nonzero, it would contain a copy of Z(p) for some p € P. Since
A is topologically isomorphic with either R or T, it would then follow from Lemma
3.1 that X contains a copy of either Z x Z(p) or Z(p) x Z(p), a contradiction. O

Lemma 4.2. Let X be a group in L with t(X) # {0}. If every closed copolythetic
subgroup of X has a commutative ring of continuous endomorphisms, then k(X) =
X and X[p] = Z(p) for all p € Sy(X).

Proof. Pick any p € Sp(X). By [4, Ch. 2, §4, Théoreme 2|, we have
X[p] = Z(p) x Z(p)”

for some cardinal numbers «a, (3 with o + 3 > 1. Since X cannot contain copies

of Z(p) x Z(p), we must have « + = 1, and so X|[p] = Z(p). If there existed

x € X \ k(X), it would then follow from Lemma 3.1 that X contains a copy of

Z x Z(p), contradicting the hypothesis. O
We continue with two simple lemmas that will be usefull in the sequel.

Lemma 4.3. If G € L is copolythetic and contains no copy of T, then G is discrete.

Proof. By the definition of copolythetic groups, there exists for some n € Ny an
injective h € H(G,T™). Let K be a compact open subgroup of G. Then h(K) is
closed in T", and hence h(K) is topologically isomorphic to a group of the form
T™ x F, where m is an integer satisfying 0 < m < n and F is a direct sum of at
most n —m finite cyclic groups [3, Ch. VII, §1, Proposition 11]. Since h is injective,
its restriction to K establishes a topological isomorphism of K onto h(K) [2, Ch. I,
§9, Théoreme 2, Corollaire 2], and so

K>T"x F.

As G does not contain copies of T, we must have m = 0, so that K is finite, and
hence G is discrete. O

Lemma 4.4. Let K be a closed subgroup of an abelian topological group Y such that
K = A® B for some subgroups A, B of K. For any closed subset C' of A, C + B is
closed in'Y.

Proof. Let ¢ denote the canonical projection of K onto A. We have C+B = ¢~ 1(C),
so that C' 4+ B is closed in K and hence in Y. O

The following two lemmas establish, for certain particular types of groups, some
sufficient conditions.

Lemma 4.5. If X is a torsionfree group in L all of whose nonzero discrete subgroups
are of rank one, then every closed copolythetic subgroup of X has a commutative ring
of continuous endomorphisms.
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Proof. Let G be a nonzero closed copolythetic subgroup of X. If G ¢ L, we can
write G = A @ B, where A = R¢ for some d € Ny and B € L£;. We must have
d =1, since otherwise GG would contain discrete subgroups of rank greater than one.
Further, being torsionfree, X contains no copy of T. As B is clearly copolythetic, it
then follows from Lemma 4.3 that B is discrete, so that either B = {0} or B is of
rank one. But the latter is impossible. To see this, assume the contrary and pick
any nonzero a € A. Since (a) is closed in A, it follows from Lemma 4.4 that (a) + B
is closed in X. As (a) + B is countable, we deduce from [8, Corollary, p. 23] that
(a) + B is discrete, a contradiction because (a)+ B is, in our case, of rank two. Thus
B = {0}, and hence E(G) is commutative.

In case G € Ly, it follows again from Lemma 4.3 that G is discrete, and hence
of rank one, so that E(G) is commutative.

Lemma 4.6. If X = A XY, where AZ T and Y is a torsionfree group in L with
kE(Y) =Y, then every closed copolythetic subgroup of X has a commutative ring of
continuous endomorphisms.

Proof. Since T is compact, it is clear that X = k(X). We also have
Xlp] = Alp] x Y[p] = Tp| = Z(p)

for all p € P. It follows in particular that X cannot contain copies of T x T. Indeed,
if there existed a closed subgroup K of X satisfying K = T x T, then, picking any
p € P, we would have

K[p] = T[p] x T[p] = Z(p) x Z(p),

contardicting the fact that X[p] = Z(p).

Now, fix an arbitrary nonzero closed copolythetic subgroup G of X. If G contains
no copy of T, it follows from Lemma 4.3 that G is discrete, so G = k(G) = t(G).
Since

t(X) = t(A) x t(Y) =2¢(T),
we conclude that G is isomorphic to a subgroup of Q/Z, and so E(G) is commutative
by [11, Theorem 1].

Suppose next that G contains closed subgroups topologically isomorphic to T.
Since for any cardinal number v the group T" is splitting in £ [6, (25.31)(b)], we
can write G = B @ C for some closed subgroups B,C of X with C =2 T. Now, B
must be torsionfree since otherwise X would contain a copy of Z(p) x Z(p) for some
p € P, in contradiction with the fact that X[p] = Z(p). Moreover, since X cannot
contain copies of T x T, B contains no copy of T. As B is clearly copolythetic, it
follows from Lemma 4.3 that B is discrete. Therefore

B = k(B) = #(B) = {0},

so G =2 T, and hence E(G) is commutative. O

We now combine the above results to obtain the desired description of groups
in £ all of whose copolythetic subgroups have a commutative ring of continuous
endomorphisms.
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Theorem 4.7. For a group X € L, the following statements are equivalent:

(i) Ewvery closed copolythetic subgroup of X has a commutative ring of continuous
endomorphisms.

(ii) X satisfies one of the following three conditions:

(1) X is torsionfree and every its nonzero discrete subgroup is of rank one.
(2) X 2T xY, where Y is a torsionfree group in L with k(Y) =Y.

(3) X contains no copy of T, k(X) = X, t(X) # {0}, and X|[p] = Z(p) for
all p € Sp(X).

Proof. Assume (i). We consider first the case when X is torsionfree. Pick an
arbitrary nonzero discrete subgroup G of X, and let M be a maximal free subset of
G. Then

zeM

[9, Proposizione 1, p. 23]. Note also that every subgroup of G, being discrete, is
closed in X [6, (5.10)]. If G were not of rank one, we would have |M| > 1, so that
X would contain a copy of Z x Z, contradicting the hypothesis. Thus G must be of
rank one. As G was chosen arbitrarily among the nonzero discrete subgroups of X,
we conclude that in this case X satisfies (1).

Next suppose that ¢(X) # {0}. It follows from Lemma 4.2 that k(X) = X and
X|[p] = Z(p) for all p € Sy(X). Therefore, if X contains no copy of T, we are led
to (3). If, on the other hand, X contains a closed subgroup A = T, we can write
X =AY for some closed subgroup Y of X. Then, for each p € Sy(X), we have

X[pl= Apl®Y[p] and Alp] = T[p] = Z(p),

so that, in view of the above mentioned fact that X|[p| is simple, Y [p] = {0}. It
follows that ¢(Y) = {0}, and hence X satisfies (2).

Now assume (ii). If X satisfies (1), then Lemma 4.5 shows that (i) holds. In case
X satisfies (2), the validity of (i) follows from Lemma 4.6. Finally, suppose that
X satisfies (3), and let G be a closed copolythetic subgroup of X. It follows from
Lemma 4.3 that G is discrete, so G = k(G) = t(G), and hence

Gz P G,

PESH(G)

Since, clearly, G,lp] = X[p] = Z(p) for all p € Sy(G), we conclude that G is
isomorphic to a subgroup of €B,cg, () Z(p™), so that E(G) is commutative by
[11, Theorem 1]. O

By use of duality, we obtain the description of groups in £ all of whose polythetic
quotients by closed subgroups have commutative rings of continuous endomorphisms.
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Corollary 4.8. For a group X € L, the following statements are equivalent:

(i) Ewery polythetic quotient of X by a closed subgroup has a commutative ring of

continuous endomorphisms.

(ii) X satisfies one of the following three conditions:

(1) X is densely divisible and every its compact quotient by a proper closed
subgroup is of dimension one.

(2) X 2 Z XY, whereY is a densely divisible and totally disconnected group
in L.

(3) X s a totally disconnected group with no quotients by closed subgroups
topologically isomorphic to 7Z, ﬂpepﬁ # X, and X/pX = Z(p) for all
p € P such that pX # X.
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Abstract. In the article the n-dimensional autonomous Darboux type differential
systems with nonlinearities of the 2"® degree are considered. With the aid of theorem
on integrating factor the particular invariant GL(n,R)-integrals are constructed as
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Consider the system of differential equations

dﬁ'
dt

= ala® + al ez’ = Pi(x,a) (j,onf=T,m5 n>2), (1)

where coefficient tensor @ , is symmetrical in lower indices, in which the comp-

lete convolution holds. The system (1) is considered with the action of the group
GL(n,R) of center-affine transformations [1], and = = (z',22%,...,2") is a phase
variable vector of the system.

Suppose that system (1) admits (n — 1)-dimensional commutative Lie algebra

with operators

Xa=8)o  (=Tma=Tn—T) 2)
and 5
A:Pj(ﬂj‘,a)— (]Zl,n) (3)

ozl
Consider the determinant constructed on coordinates of operators (2)
follows

—
w

=
o}
»n

1 2 3 gn
R R
& 3 & .. &
A= .. (4)
711—1 5721—1 ?z—l 53—1
pt p2 p3 . pn

From [2] it follows that holds
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Theorem 1. If n-dimensional differential system (1) admits (n — 1)-dimensional
commutative Lie algebra of operators (2), then the function p = %, where A # 0
from (4), is the integrating factor for Pfaff equations

1 i—1 i+1 n
61 e 1 1 e é‘l
1 i—1 §i+l n
Z+ _1 cee _1 _1 cee _1 Z _ . _ . . _
E (_1) / ]1 ]i—l gji-i-l ]n dz' =0 (Z - 1777‘7 J = 17n - 1)7
i=1 Jj+1 j+1 j+1 o Syl
Pl Pi—l Pi-i-l P

defining a general integral of the system (1).

Following [3], consider system (1) in a "Darboux” like case, i.e. system (1)
written in the form

dzI . . ,
— = aa® + 207 R(2) = Pl(2,0) (joa=Tm n>2), (6)

where R(z) # 0 is a homogeneous linear polynomial with constant coefficients in
coordinates of the vector x.

According to [4] will treat invariant GL(n,R)-integrating factors and invariant
GL(n,R)-integrals of the system (6) with n =2,3,4,5, ...

1. Case n = 2. Will denote the invariants and comitants of the system (1) as
follows

J— o — « (07 - (07 A O
Lo =uagl, Iro=aglag?, Kio=ag'c*r*eq a,,

(7)

« « 7 a
P o= aaiﬁxﬁ, Py = ag;aafﬁxﬁ, Kig= aﬁ}/xﬁx“/xa%alaz,

where the first of lower indices for I, K, P and K from (7) shows the degree of
invariant or comitant with respect to coefficients of the system (1), and the second
lower index shows the dimension of the system (n = 2). In [4] it is shown that
invariant condition which differs the system (6) from (1) is the following: K 12=0.
In the same paper with the aid of Theorem 1 and expressions (7) is proved

Theorem 2. System (1) with IN(LQ = 0 and n = 2 has the invariant GL(2,R)-
integrating factor w of the form pu=! = Ky 9®99, where K19 =0 and

@272 = 8[1,2P1,2 — 12P2’2 + 3(]1272 — 1272) =0

are invariant particular GL(2,R)-integrals of this system.
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2. Case n = 3. Following [3] will denote the invariants, comitants and covariants
of the system (1) as follows

Lz =agl, Iaz3=aglag?, I33=aglag?ags,
i /81 /82 « (6% (6%

K33 = aa)aazaq2c™ 3;55355152537 8)
_ a1 .0 _ a1 02 .0 _ a1 00,03 0

Py 3= Qg g% Py 3= Uyl 5T P33 = A3 0a; Qg 5T

o o g .03
Ki3= aﬁﬁ/xﬁaﬂx 207 Caranas

where the meaning of the lower indices for I, K, P and K is the same, and the vector
r1 = (21,22, 23) is cogradient [5] to the phase variable vector z = (z!, 22, 23). The
vectors z and 7 are independent. In [3] it is shown that invariant condition which
differs the system (6) from (1) is the following: K; 3 = 0. In the same paper with

the aid of Theorem 1 and expressions (8) is proved

Theorem 3. System (1) with I~(173 = 0 and n = 3 has the invariant GL(3,R)-
integrating factor w of the form pu=! = K3 3®3 3, where K33 =0 and

®33=1/3(I13 — 3N 3ls+2I53) — 3/2(I23 — 17 3) P13 — 4l13Ps3 + 4P53 =0

are invariant particular GL(3,R)-integrals of this system.

3. Case n = 4. Consider the next invariants, comitants and covariants of the
system (1)

_ a1 _ Q1,00 _ a1 00,03 _ Q1,00 03,04
‘[174 = Qq; s [274 = QayQads ‘[374 = Q3007 Aay» ‘[4,4 = QayQa; a5y

_51ﬁ2a253a4aro¢ococ4 _ 401
Kgyq = Aoy oy g2 Gy Uyt Qb T T3 6P €81 828381, 1,4 = aalﬁznﬁ,

)

(9)

a1 aa2

P4 = agja,;

B8 — 401 02,03 .03 — 401 502 ja3 04 .03
57, Ps 4 = g} 0q; Gy 5T, Py 4 = g 0q; Ggs Gas g% s

o o a9 Q3 .00
Ki4= aﬁﬁ/xﬁzn“/:n 2r7° x5 €0 anasan s

where the meaning of the lower indices for I, K, P and K is the same, and the vectors

z1 = (21,22, 23,27) and 2y = (23,723,723, 23) are cogradient to the phase variable

vector z. One can verify easily that invariant condition which differs the system (6)
from (1) is the following: K4 = 0. With the aid of Theorem 1 and expressions (9)
it is proved the following

Theorem 4. System (1) with I~(174 = 0 and n = 4 has the invariant GL(4,R)-
integrating factor p of the form p~' = Kg.4®P44, where K4 =0 and

Pyq=Lyg—2(4/5L34P1 4+ LoaPoy+ L1 aPss+ Pya) =0 (10)
are invariant particular GL(4,R)-integrals of this system. In (10) we have
Liy=—I14, Loy= 1/2(11274 —1Iy4), L3a=1/6(3114l24— 2134 — 15,4),

Lua = 1/24(8I1 4I34 — 61s4 — 617 4 T2 4 + 313, + I ),
where Iy, 4 (k=1,4) are from (9).
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4. Case n = 5. Consider the next invariants, comitants and covariants of the
system (1)

_ _ 0100 _ a1 ,02 03
‘[175 ) [275 = Uy lais [375 = Q3007 Aasy»

_ Q1 Q2,03 04 _ 01,00 08 0 O
‘[475 = QqyAa) 005003, [575 = Qa5 o) Aan Aoz Aoy

_ B B2 as, B3, a4,05,01 a7, 08,09 .01 .03 .06 010 405
K10,5—aa1aa2aa3aa4ao¢5aagaa7aagaagaam$ T2TPXT X E B B9 B384 85 ) (11)

P 5= agiﬁxﬁ, Py5 =a%lal? z0, P35 =a%a%?al? zP,

a2 Va8 ag a1 a3
_ 01,09 03 04 ,3 _ O] 02 Q3 04 05 ﬁ
Pys = agiagiagia,, 527, P55 = aglagiagiagia,’ sx7,

% 91 a3 04 O
Kis= aﬁ“/‘/pﬁx’y‘raz‘rl Lo T3 Eajazazasas;

where the meaning of lower indices for I, K, P and K is the same, and the vectors

z; = (z}, 22,23, 7}, 2%), (i =1,3) are cogradient to the phase variable vector z. As

it is easy to see the invariant condition which differs the system (6) from (1) is the
following: K5 = 0. With the aid of Theorem 1 and expressions (11) is proved the
following

Theorem 5. System (1) with I~(175 = 0 and n = 5 has the invariant GL(5,R)-
integrating factor p of the form p~' = Ki05P55, where K195 = 0 and

$s55=Lss —2(5/6LasPis+ LssPas+ LosPss+ LisPas+ Ps5) =0  (12)
are invariant particular GL(5,R)-integrals of this system. In (12) we have
Lis=—Is, Lys=1/2(I{5 — I55), Lss=1/6(3I15l25—2I35—1I} ),

Lys=1/24(811 5135 — 6145 — 611 5Io5 + 3155 + I} 5),
L575 = —1/120(]1575 _10[%,51275+20[12,5I3,5+15IL512275_3011,51475_2012,513,5+24I575)7
where Iy 5 (k =1,5) are from (11).

5. The general case n > 2.
Write the center-affine invariants, comitants and covariants in general case of
system (1) as follows

_ o _ Q1,00 _ Q1 Q9,038 _ Q1 Q9 03 «
Il,n — aa17 I2,n — aa2aa17 I3,n - aagaalaagv "'yIn,n - aanaalaaz‘“aaz,la
_ B B2 a9 B3 oy 05 Ba a7 Q8 ,Q9 Am—1 .1 O3 1.6 10 « B
Km,n = aalaazaaSaa4aa5aa6aa7aa8aa9aam...aam rxrPrPr LTI nEﬁlm,Bn?

_ 01 B _ a1 02 .0 _ a1 00,03 03
P, = g, 51", P, = g4 04, 577, Ps,, = g3 0G; g gT7 5 s

’
Q1 502 03 (20) g
Pon= Ugyy, Aos O -0 627,

I~(17n = aibxaxﬁxmxf%g‘*...azg'LQaﬁlg%gn,

(0470417052, '-'7am7-'-7an757517527 75n = 17”7 m = Ta n Z 2)



MULTI-DIMENSIONAL DARBOUX TYPE ... 99

where €3,3,8,..3, 1S a unit n-vector, and the vectors z; = (:17},:1712, s,
(i = 1,n — 2) are independent cogradient vectors [5] to x .
Remark 1. System (1) with K, = 0 has the form (6), where R(z) = %le,n-

Will call the systems written in the form (6) a Darboux type differential system
(analogically to the case when n = 2 in [4]).

As it is easy to see the center-affine invariant condition differ the system (6) from
(1). Indeed, it is true that for system (6) with IN(Ln =0, we have P, ,, = (n+1)R(x).

One can verify that the next theorem generalizes cases 1-4

Theorem 6. System (1) with I~(17n =0 andn = 2,3,4,5 has the invariant GL(n,R)-
integrating factor p of the form

N_l = Km,nq)n,ny

where Ky, , = 0 and

n

q)n,n = Ln,n_2( Ln—l,npl,n+Ln—2,nP2,n+Ln—3,nP3,n+---+L1,nPn—1,n+Pn,n) =0

(14)
are invariant particular GL(n,R)-integrals of this system, and L;, (i = 1,n) are
the coefficients of characteristic equation of the system (1) as follows

n—+1

A"+ Ly A"+ Lo A" 2+ o4 Ly 1o A+ Ly =0 (15)
and they can be expressed though the invariants from (13) by the recurrence formula

1 o
Lipn=—UTin+LicinLlipn+LiconLon+ ...+ LinLic1,) (1=1,n). (16)

With the aid of the cases 1-4 it is easy to verify that holds the next

Theorem 7. System (1) with IN(Ln =0 and n = 2,3,4,5 has the first invariant
GL(n,R)-integral of Darbouz type [6] as follows

Klaor =C (17)

if and only if I, = 0, where Ky, ,, I~(17n,117n are from (13), and ®,, ,, is from (14).
The proof of Theorem 7 for system (6) follows from the equation

AK@n ) = -LK, o

m,n > nn m,n < n,n’
where A is from (3).
Remark 2. There exists the assumption that Theorems 6 and 7 hold for n > 6.

One can verify that holds
Remark 3. Expression Kp,, = 0 from (13) is the invariant particular GL(n,R)-

integral for linear system %2 = aa® (a=T,n).
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GL(2, R)-orbits in a competing species model

Raluca Mihaela Georgescu, Elena Naidenova

Abstract. A particular model with two parameters describing the dynamics of two
competing species is analyzed from algebraic viewpoint involving the GL(2, R)-orbits.

Mathematics subject classification: 34C14.
Keywords and phrases: Differential system, parametric portrait, Lie algebra of the
operators, GL(2, R)-orbit, first integral.

1 Introduction

In this paper we study a particular family of planar vector fields modelling the
dynamics of two competing populations and corresponding to a couple of similar
species of animals which compete with each other for a common food supply.

The competition between two species is modelled by the competitive Lotka-
Volterra system

1 = xi(r —ane — apxa),
(1)

&y = x2(ry — a1z — axrs),

where x1, 9 represent the number of the populations of the two species, r1, 7o,
represent the growth rate of the species, and a;; > 0, 4,7 = 1,2, represent the
competitive impacts of species j on the growth of species i.

The model we study in this paper is proposed as an application by M. W. Hirsch,
S. Smale and R. L. Devaney in [2] and has the form

1 = z1(a—z1 — axs),

(2)

j}2 = :Eg(b—bl‘l—:Eg),

where x1, xo represent the number of the populations of the two species, and a and
b are positive parameters. The system (2) is a particular case of (1).

In [3] the equilibrium points are found and the phase portrait and the parameter
portraits are determined. Herein we determine the GL(2, R)-orbits of the system (2)
and construct the corresponding Lie algebra. Then we determine the first integrals
of the system (2) for particular values of the parameters a and b.

© Raluca Mihaela Georgescu, FElena Naidenova, 2007
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2 GL(2, R)-orbits of the system (2)
In the tensorial form the system (2) reads
il = al 2% + aiﬁa:amﬁ, (J,a,0=1,2). (3)
The dimensions of the GL(2, R)-orbits of the system (3) are given by

Theorem 1. [1]. The GL(2, R)-orbits of the system (3) has the dimension:
4, if K5(Ko + f8) # 0,
OT'K5§é07 K9+6507 K, %07 W1§é07
or K 20, Kg+3=0, K1 =0, Ko Z0, Wy #0,
or Ks =0, K1 20, I #0;
3; ZfK5§é07 K9+6507 K1¢07 leov
OTK5§—£07 K9+/3507 Kl EO7 K2§—£07W2:07
OT'K5§é07 K9+6507 Kl EO) K2EO7K7¢07
O’I”Kg,EO, K1§_’30, 1420, Kgiéo;
2) ZfK5§—£07 K9+/6£07 K1507 K2507 K7EO7
0’/“K5EO, K1§é0, 14:0, KQEO,
or Ks =0, K1 =0, Ky # 0;
0, ifK5EO, KlEO, KQEO,
where ﬂ = 27[8 - Ig - 18]7, Wl = K1(2K11 — [1K5 - 2K1K2) + KQK@,
Wy = 3KyKy — 2K3K5, the invariants I, Iy, Iy, Ig, Iy and the comitants
Ky, Ko, K5, K¢, K7, Ky, K11 having the forms [6]:

L=a), I, = a;agqag,yepq, I; = af,‘,agqa%qusrs, Ig = af,‘,,agqagsagyepqem,
Iy = ag‘ragqa%ai(;qusm, K1 =agg, Ky =ahax®e?, K3 = agagwxv,
Ky = agﬁmaxﬁxpapq, K¢ = agﬁaféaﬂx‘s, K7 = ag‘yafléw“’x‘g, Kg = agpagqalﬁx‘S’
K = agagﬂ/:nﬁx'yznqepq.
For system (2) we have ai = a, a} =0, a? =0, a2 = b, a}; = —1, al, = —a/2,
a%Q =0, a%l =0, a%Q =-b/2, a%Q = —1. Therefore, in our particular case, we obtain

1
hi=a+b Iy=7(2+a)(a-b)2+D),

I = —a*/4+a/2 — 3a®b/8 +ab/2 + b/2 — a*b* /4 — 3ab®/8 — b? /4,
Ig=—a%/4+a/2 —a®b/8 4+ b/2 — a®b? /4 — ab® /8 — b? /4,
Io=—(a+2)(b+2)(a+b+2ab—4)/8, Ki=—(1+b/2)z — (1+a/2)y,
Ky = (a—b)ay, Kz=—(a+0b/2)x — (b+a*/2)y,

Ks = (b—1)2%y — (a — Day?, Ko = (1+b/2)2* + (a + ab+ b)zy + (1 +a/2)y?,
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Kr = (1+b?/4)2% 4 (a + ab/2 + b)zy + (a®/4 + 1)y,
Kog=(1—ab/2—b/2)x — (1 —a/2—ab/2)y, K11 = (b* — a)zy + (b — a®)xy?,
B =-20b-1)>%*a—1)% W =2*y*(a+b+2ab—4)(a —b)/2,
Wy = (a + 2ab + b%/4 4 3ab? /4 — b* — 3b)z>y + (5a®b/2 — 5ab® /2 — 2b 4 2a)x?y*—
—(3a%b/4 — a® + b — 3a + a®/4 + 2ab)xy?,
whence, the theorem holds

Theorem 2. GL(2, R)-orbits of the system (2) has the dimension:
4, ifa#lorb+#1,
2, ifa=b=1.

3 The parametric portrait and the phase portraits for
the system (2)

The number and the nature of the equilibrium points of the system (2) are
studied in [3]. Namely, from the biological viewpoint (z,y > 0) and for a,b > 0,
in the parametric portrait there are 12 strata (Fig. 1), i.e. there are 12 topological
nonequivalent corresponding phase portraits (Fig. 2).

Fig. 1 The parametric portrait

0 DA 2

a=0, b=0 a=0.5, b=0 a=2, b=0.5
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" 205, b2 0, b=2 a1, b=05

7 .\\17 - ' - = — <

<

Cas05, b=05 a=1, b=0.5

Fig. 2. Phase portraits for (2)

Remark 1. The case 11 in Fig.2 corresponds to the orbit of dimension 2, and the
others to the orbit of dimension 4.

4 Lie algebras and some first integrals of the system (2)

To complete our algebraic investigation of the system (2), we attempted to con-
struct Lie algebras for each system from Section 3. We supposed that system (2)
admits the Lie algebra corresponding to the linear group of transformations having
as generator the operator [5]:

0 0
X_&%—i_&a_y’ (4)

where
& =Ar+By+C, & =Dx+ Ey+ F.

It was found that the only system which admits such an algebra correspond to the
orbit of dimension 2. One can verify using CSA Mathematica or Maple that the
system (2) on the orbit with dimension 4 does not admit such algebra. Similarly
we have found that this systems does not admit Lie algebra having as generator the
operator (4) with coefficient vectors as follows:

1. &= A1x2 + Asxy + A3y2 + Ajgx + Asy + Ag,

& = lez + Boxy + Bgy2 + Byx 4+ Bsy + Bg;

2. & = A12® + Aoy + Aszy® + Agy® + Asx + Agy + Ar,
&9 = B12® + Box?y + Bswy® + Byy® + Bsx + By + Br;

3. 61 = A1x4 + Agaz?’y + A3x2y2 + A4xy3 + A5y4 + AG.%' + A7y,
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& = Biz* + Boa®y + Bsz®y® + Byxy® + Bsy* + Bex + Bry;

_ Az + By + Ch
D1x+E1y+F1’

_ Asz + Boy + Co

4. = .
& Dox + Eoy + Fy

)

Assume that 2! =z, 22 =y. So, following [3] we have considered the cases:

1. The system (2) for a = b = 1 corresponds to the case 11 (Fig.2). As this system
is on the orbits with dimension 2, it admits the one-dimensional Lie algebra with
0 0
operator X = —aza—+aza—. By means of this operator the first integral F; = y_ Ch
x Yy x

was found.

2. The system (2) for a = b = 0 corresponds to the case 0 (Fig.2). It admits the
1
first integral Fo = —— + — + Cy = 0.
y

3. The system (2) for a # 0, b = 0 corresponds to the case 1 (Fig.2). It admits
the first integral

F3 = <y“ <—§> r (—a, —3) ar — y* <—§> I'(—a)ax + e%aya + Csax—

a 1
—eyyazlt)a L=t =o.

4. The system (2) for b # 0, a = 0 corresponds to the case 7 (Fig. 2). It admits
the first integral

b b
Fu = (:pb <—g> I'(-b)by — 2 (—%) T (—b, —%) by — bes b + Oy by+

Remark 2. The integrals F; - F4 can not be expressed by center-affine invari-
ants and comitants of the system (2). Moreover, integrals F3, F; contain Gamma-
functions.

Remark 3. For the system with ab # 0, a # 1 and b # 1 the authors were not able
to find the first integral.

Throughout the paper the Computer Algebra Systems Maple 9.5 and Mathema-
tica 5 were widely used.
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Minimum Cost Multicommodity Flows
in Dynamic Networks
and Algorithms for their Finding

Maria Fonoberova,* Dmitrii Lozovanu |

Abstract. We consider the minimum cost multicommodity flow problem in dynamic
networks with time-varying capacities of arcs and transit times on arcs that depend on
the sort of commodity entering them. We assume that cost functions, defined on arcs,
are nonlinear and depend on time and flow, and the demand function also depends on
time. Moreover, we study the problem in the case when transit time functions depend
on time and flow. The modification of the time-expanded network method and new
algorithms for solving the considered classes of problems are proposed.

Mathematics subject classification: 90B10, 90C35, 90C27.
Keywords and phrases: Network flows, dynamic networks, multicommodity flows,
dynamic minimum cost flow problem.

1 Introduction and Problem Formulation

In this paper we study the dynamic version of the nonlinear minimum cost multi-
commodity network flow problem, which generalizes the classical static flow problem
and extends some dynamic problems considered in [1,3,4]. We consider this problem
on dynamic networks with time-varying capacities of arcs and transit times on arcs
that depend on the sort of commodity entering them, what means that the transit
time functions on the set of arcs for different commodities can be different. We
assume that cost functions, defined on arcs, are nonlinear and depend on time and
flow. Moreover, we assume that the demand function also depends on time. To
solve the considered dynamic problem, we reduce it to the static one on a special
time-expanded network, the structure of which differs from the standard one intro-
duced by Ford and Fulkerson in [3]. We propose algorithms for solving the general
minimum cost multicommodity flow problem and its variants with different forms of
restrictions by parameters of network and time. We also consider dynamic networks
with transit time functions that depend on flow and time and elaborate methods for
solving problems on such networks.

© Maria Fonoberova, Dmitrii Lozovanu, 2007

*The research described in this publication was made possible in part by Award No. MTFP-
1019A of the Moldovan Research and Development Association (MRDA) under funding from the
U.S. Civilian Research and Development Foundation (CRDF)

fThe research is partially supported by Award CERIM-1006-06 of the Moldovan Research and
Development Association (MRDA) and the U.S. Civilian Research and Development Foundation
(CRDF)

107



108 MARIA FONOBEROVA, DMITRII LOZOVANU

The minimum cost multicommodity dynamic flow problem asks to find the flow
of a set of commodities through a network with given time horizon, satisfying all
supplies and demands with minimum cost such that link capacities are not exceeded.
We consider the discrete time model, in which all times are integral and bounded
by horizon T'. The time horizon is the time until which the flow can travel in the
network and defines the makespan 7 = {0,1,...,7} of time moments we consider.
Time is measured in discrete steps, so that if one unit of flow of commodity & leaves
node u at time t on arc e = (u,v), one unit of flow arrives at node v at time ¢ + 7%,
where 7¥ is the transit time on arc e for commodity k. Without loosing generality,
we assume that no arcs enter sources or exit sinks. Accordingly the sources are
nodes through which flow enters the network and the sinks are nodes through which
flow leaves the network.

We consider a directed network N = (V, E, K,w,u,T,d, ) with set of vertices
V, set of arcs E and set of commodities K = {1,2,...,q} that must be routed
through the same network. A dynamic network NN consists of capacity function
w: B x K x7T — R;, mutual capacity function u: £ x 7 — Ry, transit time
function 7: E x K — R4, demand function d: V x K x 7 — R and cost function
0: ExRy xT —R,. So, 7. = (t},72,...,72) is a vector, each component of which
reflects the transit time on arc e for commodity & € K. Such formulation of the
problem extends models studied in [1,2,4,5]. The demand function d¥(t) satisfies
the following conditions:

a) there exists v € V for every k € K with d*(0) < 0;

b) if d¥(t) < 0 for a node v € V for commodity k& € K then d%(t) = 0,
t=1,2,...,T;

) > ) di(t)=0,Vk e K.

te7T veV

Nodes v € V with } .+ d®(t) < 0, k € K, are called sources for commodity F,
nodes v € V with Y°,.7 d(t) > 0, k € K, are called sinks for commodity k and
nodes v € V with 3_,.7 d%(t) = 0, k € K, are called intermediate for commodity k.

A multicommodity dynamic flow in NV is a function z: £ x7 — R that satisfies
the following conditions:

Sooabt-th - > ak)=di), VteT, VveV, Vke K; (1)

e + (v e (v
i}igéo) B
> ab(t) S ue(t), Vte T, Ve € E; (2)
keK
0 <zF(t) <wh(t), YteT, VeecE, Vk e K; (3)
a¥(t)=0,Vec E, t=T—71F+1,T, Vk € K, (4)

where E~(v) = {(v,2) | (v,2) € E}, E*(v) ={(z,v)]|(z,v) € E}.

Here the function = defines the value z¥(t) of flow of commodity k entering arc

e at time t. It is easy to observe that the flow of commodity k does not enter arc
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e at time t if it will have to leave the arc after time T'; this is ensured by condition
(4). Capacity constraints (3) mean that at most w¥(t) units of flow of commodity k
can enter arc e at time ¢t. Mutual capacity constraints (2) mean that at most ue(t)
units of flow can enter arc e at time ¢. Conditions (1) represent flow conservation
constraints.

To model transit costs, which may change over time, we define the cost function
we(xl(t),22(t),...,2&(t),t) which indicates the cost of shipping flows over arc e

entering arc e at time t. The total cost of the dynamic multicommodity flow x is
defined as follows:

c(z) = Z Z Spe(xé(t%xz(t)v o ad(t), ).

teT eeE

The object of the minimum cost multicommodity dynamic flow problem is to find a
flow that minimizes this objective function.

It is important to notice that in many practical cases the cost functions are
presented in the following form:

el (), 22(t),...,xl(t),) = Y el (t), ). (5)

keK

The case when Tf =0,Vee E,Vk € K and T = 0 can be considered as the
static minimum cost multicommodity flow problem.

2 The Main Results

We show that the minimum cost multicommodity flow problem on network N
can be reduced to a static problem on an auxiliary network N7, which we name
the time-expanded network. The advantage of this approach is that it turns the
problem of determining a minimum cost dynamic flow problem into a classical static
minimum cost flow problem on the time-expanded network, which we regard as a
static representation of the dynamic network.

2.1 Constructing the Time-Expanded Network for the General
Case of the Problem

So, we study the general case of the considered minimum cost flow problem when
transit times on an arc are different for different commodities. We define the time-
expanded network N7 = (VT ET K, d" w”,u”, o) as follows:

=T
LV : ={vt)|veV, teT}
2. VT ={e(w(t)|v(t) eV, e E~(v), te T\ T}

3. VT, =V uvT;
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4. ET: ={e(t) = (v(t),e(v(t))) |v(t) € V' and corresponding e(v(t)) € VT, t €

{eF(t) = (e(v(t)), 2(t+7F)) | e(v(t)) € T7T, 2(t+7F) € VT, e=(v,z) €
th—Tf, ke K};

. =dF(t) for v(t) € VT, ke K;
. =0fore(v(t)) e VT, ke K;

W T wh(t), ifl=kfor eF(t) € FT, ke K;
e () 0, if 14k foreb(t) e B, ke K
and wé(t)T — oo for &(t) € ET, l € K;

9. ugyl: = ue(t) for e(t) = (v(t), e(v(t))) € ET,
’I,Lek(t)TZ = oo for eF(t) € ET, ke K;

T T
10. gog(t) ($é(t) ,:E%(t) e ,a:g(t)T):
(v(t), e(v(t))) € ET;

T T —T
cpz;v(t)(a:ik(t) 7m3k(t) 7”’7ka(t)T): =0foref(t) c £, ke K.

= po(xl(t),22(t),...,2d(t),t) for e(t) =

The correspondence between flows in the dynamic network and the static time-

expanded network is presented by the following lemma.
Lemma 1. Let 27: ET — R, be a multicommodity flow in the static network
NT. Then the multicommodity flow x: E x T — Ry in the dynamic network N
can be defined in the following way. Let ef(t) = (e(v(t)), z(t + 7F)) € FT, e(t) =
(v(t),e(v(t))) € ET. Then the dynamic flow z.(t) on arc e = (v, z) is determined
as follows: z¥(t) = mlzk(t)T = x,lg(t)T7 Vke K, VteT.

If v: ExT — Ry is a multicommodity flow in the dynamic network N, then the
multicommodity flow 27 : ET — R, in the static network NT can be determined as
follows. Let x¢(t) be a dynamic multicommodity flow on arce = (v, z) € E. Then the
tuple (xg(t)T,Eé(t)T) = a:e(t)T 18 a corresponding static multicommodity flow, where

zzp’ is a static multicommodity flow on additional arc €(t) = (v(t),e(v(t))) €
~ T _ :

ET, at that $§(t) = 2F(t), Vk € K; CUE(t)T = (Ilfel(t)T,IIfe2(t)T,...,xeq(t)T) is a q
dimension vector of static multicommodity flows on arcs e*(t) = (e(v(t)), z(t+7F)) €

—=T T T

E |, ke K, at that :Elgk(t) =2k (t); $lek(t) =0, | #k.

Proof. To prove the first part of the lemma we have to show that conditions (1)—(4)
for defined above x in the dynamic network N are true. These conditions evidently
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result from the following definition of multicommodity flows in the static network

NT.
k T 2k T kT
Z Toprky — Z Tery = dyy o
e(t—7F)eEt (v(t)) e(t)eE~ (v(t)) (6)

VteT, Vo) e VT, Yk € K;

Z zh < ue(t , Ve(t) e ET, VteT; (7)
keK
0<ak,’ <wly’, Ve(t) e BT, VteT, VkeK; 8)
ek =0, Ve(t) e B, t=T — 7k + 1T, Vk € K. (9)

In order to prove the second part of the lemma it is sufficient to show that
conditions (6)—(9) hold. Correctness of these conditions results from the procedure
of constructing the time-expanded network, correspondence between flows in static
and dynamic networks and the satisfied conditions (1)—(4). O

The following theorem holds.

Theorem 2. If z*7 is a static minimum cost multicommodity flow in the static
network NI, then the corresponding according to Lemma 1 dynamic multicommodity
flow =* in the dynamic network N is also a minimum cost one and vice-versa.

Proof. Taking into account the correspondence between static and dynamic multi-
commodity flows on the basis of Lemma 1, we obtain that costs of multicommodity
flow in the time-expanded network N7 and multicommodity flow in the dynamic
network N are equal. Indeed, to solve the minimum cost multicommodity flow
problem in the static time-expanded network N7T, we have to solve the following

problem:
Z Z (’De 6(t () ’:L‘Z(t)) — min
teT e(t)eET

subject to (6)—(9). O

2.2 The Case of the Problem with Separable Cost Functions and
without Mutual Capacity of Arcs

The minimum cost flow problem with separable cost functions (5) and without
mutual capacity constraints for arcs allows us to simplify the procedure of con-
structing the time-expanded network. In this case we don’t have to add a new set
of vertexes VT and a new set of arcs ET. In that way the time-expanded network
NT is defined as follows:

={v)|veV, teT}k
={ef(t) = (W), 2(t +TF)) e =(v,2) € E, 0<t<T —7F ke K};
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3. dfy" = dit) for v(t) e VT, k € K;

4wl T wk(t), ifl=kfor e(t) € ET, k € K;
“Wery © T 0, ifl £k for e*(t) € ET, k € K;

5 ol T(xl T).  F(ak(t),t), ifl=kforeF(t) e ET, ke K;
nPerry Wery )T if 1 £k for ef(t) € ET, k € K.

The correspondence between flows in the dynamic network N and the static
network N7 is defined as follows. Let z7: ET — R, be a multicommodity flow
in the static network NT. Then the following flow 2: E x 7 — R, where
zh(t) = a:';k(t)T, Ve € E, Vk € K, Vt € T, represents the multicommodity flow
in the dynamic network N. If z: F x 7T — R, is a multicommodity flow in the
dynamic network N, then the flow 27: ET — R, where xlgk(t)T =zk(t), xlek(t)T =

0, VeF(t) € ET, Vk € K, | # k, represents the multicommodity flow in the static
network N7

As above, it can be proved that if z*7 is a static minimum cost multicommodity
flow in the static network N7, then the corresponding dynamic multicommodity
flow x* in the dynamic network N is also a minimum cost flow and vice-versa.

2.3 The Case of the Problem with Common Transit Times on Arcs
for Commodities

In the case of the minimum cost flow problem with common transit times for
each commodity the time-expanded network also can be constructed in more simple
way without adding a new set of vertexes VT and a new set of arcs EZ. Thus the
time-expanded network N7 is defined as follows:

LVE ={vt)|veV, teT};
2. ET: ={e(t) = (v(t),z2(t + 7)) e = (v,2) EE, 0 <t <T — 7. };
3. T = dE(t) for v(t) € VT, k € K;

4. ug(t): = uc(t) for e(t) € ET;

5. wlg(t)T: =wk(t) for e(t) € ET, k € K;

T T
6. @ly(@ly w2y ol ) = (@l (), 22(0), ... 2d(1), 1) for e(t) € ET.

€ rre

In this case the correspondence between flows in the dynamic network N and
the static network N7 is defined in the following way. Let 2’: ET — R, be a
multicommodity flow in the static network N7. Then the following flow z: Ex7 —
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e
flow in the dynamic network N. If z: F x7 — R, is a multicommodity flow in the

dynamic network N, then the flow 27: ET — R, where xlg(t)T = 2F(t), Ve(t) €
ET, Vk € K, Vt € T, represents the multicommodity flow in the static network N7

R, where a:k(t) = xlg(t)T, Ve € B, Yk € K, Vt € T, represents the multicommodity

As above, it can be proved that if z*7 is a static minimum cost multicommodity
flow in the static network N7, then the corresponding dynamic multicommodity
flow x* in the dynamic network N is also a minimum cost flow and vice-versa.

3 The Algorithm and Examples

On the basis of results from the previous section we can propose the following
algorithm for solving the minimum cost multicommodity dynamic flow problem. In
such a way, to solve the minimum cost multicommodity flow problem in N we have
to build the time-expanded network N7 for the given dynamic network N, after
what to solve the classical minimum cost multicommodity flow problem in the static
network N7 and then to reconstruct according to Lemma 1 and Theorem 2 the
solution of the static problem in N7 to the dynamic problem in N.

In the following we construct in different cases the time-expanded network N7
for the dynamic network N given on Fig. 1 with two commodities.

€,

Figure 1. The dynamic network

The set of time moments we consider is 7 = {0,1,2,3}. The transit times on
each arc for each commodity are defined in the following way: 7'611 = 2, 7'621 =1,
chlz =1, 7'622 =3, 7'613 =1, 7'623 = 2. The mutual capacity, individual capacity, demand
and cost functions are considered to be known.

The time-expanded network N7 for the dynamic network N in the general case
is represented on Fig. 2. The time-expanded network N7 for the dynamic network
N in the case of separable cost functions and without mutual capacity of arcs is
represented on Fig. 3. The time-expanded network N7 for the dynamic network
N in the case of common transit times for each commodity with 7., =1, 7., = 1,

Tes = 2 is represented on Fig. 4.
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Figure 2. The time-expanded network

Remark 1. The proposed above approach can be used to solve some more general
cases of the minimum cost dynamic multicommodity flow problem such as the prob-
lem when only a part of the flow is dumped into the considered network at the time
0, when flow storage at nodes is allowed and when the cost functions also depend on
the flow at the nodes. The same reasoning to solve the minimum cost flow problem
in the dynamic networks and its generalization can be held in the case when, in-
stead of the condition (3) in the definition of the multicommodity dynamic flow, the
following condition takes place: w*(t) < zF(t) < w’*(t), Vt € T, Ve € E, Vk € K,
where w’*(t) and w”*(t) are lower and upper bounds of the capacity of the arc e

& &
respectively.

Remark 2.The maximum multicommodity dynamic flow problem also can be solved
by reduction to a static problem in an auxiliary time-expanded network N7, which
is defined as above but without demand and cost functions.

4 Determining the Minimum Cost Flows in Dynamic Networks
with Transit Time Functions that Depend on Flow and Time

In the problems studied in the previous sections the transit time functions are
assumed to be constant at every moment of time for each arc of the network. A
more general class of dynamic multicommodity flow problems can be obtained if the
transit time functions Tek, Ve € E, Vk € K, depend on flows and on time. From
the practical point of view we can state that the transit time function possesses the
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Figure 3. The time-expanded network (case of separable cost functions and without
mutual capacity of arcs)

property of being a non-negative and non-decreasing function. So, we will assume
that the transit time function is a non-decreasing non-negative step function. First
we will describe the method for solving the minimum cost single-commodity flow
problem in dynamic networks with transit time functions that depend on flow and
time. Then the dynamic multicommodity flow problem with transit time functions
that depend on flows and time can be solved by using the similar approach extended
to the multicommodity case of the problem. The detailed elaboration of the time-
expanded network method for such class of the problem can be obtained for the
case of separable transit-time functions 7% (z!, 22,..., 23 t) = a1 k(b t), Ve €
E, Vt € T, Yk € K, where the functions 7%(2?,t) satisfy the conditions described
below.

4.1 The Minimum Cost Dynamic Flow Problem with Transit Time
Functions that Depend on Flow and Time

Let us formulate the minimum cost single-commodity flow problem in dynamic
networks with transit time functions that depend on flow and time. Let be given
a directed network N = (V, E, v/, u”,7,d, ¢) with set of vertices V and set of arcs
E, lower and upper capacity functions v/, u”: E x T — R, transit time function
7: Ex7T xRy — Ry, demand function d: V' x 7 — R and cost function ¢: E x
R+ x7 — Ry. As above, we consider the discrete time model, in which all times are
integral and bounded by a time horizon 7', which defines the set 7 = {0, 1,...,T} of
time moments we consider. We suppose that all flow is dumped into the network at
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—
I
o

\”

Figure 4. The time-expanded network (case of common transit times for each com-
modity)

time 0 and the supply is equal to the demand, i.e. >, > <y du(t) = 0. Without
losing generality, we assume that no arcs enter sources or exit sinks.

A dynamic flow in N is represented by a function z: F x 7T — R4, which defines
the value z.(t) of flow entering arc e at time ¢. Since we require that all arcs must
be empty after time horizon T, the following implication must hold for all e € F
and t € 7: if z.(t) > 0, then t + 7e(z(t),t) < T. The dynamic flow z must satisfy
the flow conservation constraints, which mean that at any time moment ¢t € 7T for
every vertex v € V the difference between the total amount of flow that leaves
node v and the total amount of flow that enters node v, is equal to d,(t). The
dynamic flow x is called feasible if it satisfies the following capacity constraints:
ul(t) < z.(t) <ul(t), Vte T, Ve€ E.

The total cost of the dynamic flow x is defined as follows:

F(l‘) = Z Z Spe(xe(t)7 t)'
teT ecE

The object of the minimum cost dynamic flow problem is to find a feasible flow that
minimizes this objective function.

4.2 The Method for Solving the Problem

We propose an approach for solving the formulated problem, which is based on re-
duction of this problem to a static one on a special auxiliary time-expanded network
NT. We define the network N7 = (VT ET d” /7, u"", ¢T) as follows:
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LV ={v(t)|lveV, teTh

2. VT = {e(w(t)|v(t) eV, e€c E-(v), t € T\ T}

{eP(t) = (e(v(t)), z(t+712)) |e(v(t)) € TN/T, 2(t+718) € VT, e=(v,z) €
t<T -7 pe P}

7. dl,: =dy(t) for v(t) €V, k€ K;
dg(v( y: =0 for e(v(t)) e VT,

8. ey Ts = (1) for &) = (v(t),e(v(1))) € BT
uay " = ug(t) for €(t) = (v(t), e(v(?))) € BT

Ulep(t)Ti =2t 1(t) for eP(t) € FT, p € P, where a;_g(t) = 0;
u ep(t)T: = a2b(t) for eP(t) € ET, p e P;

9. ol (zam™): = pe(ze(t), t) for e(t) = (v(t),E(v(t))) € ET;
cpz;,(t)(a:ep(t)T): = ¢p for eP(t) € E" , p € P, whereeg < g9 < -+ <
€|p| are small numbers.

To make the notations more clear we construct a part of the time-expanded
network for the fixed moment of time ¢ for the given arc e = (v, z) with the transit
time function presented by Fig. 5.

ol _ — — > x(t)
X=2 x*=4 =7

Figure 5. The transit time function
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The constructed part of the time-expanded network is given on Fig. 6, where
lower and upper capacities are written above each arc and the cost is written below
each arc.

Figure 6. The constructed part of the time-expanded network

The following lemma gives the correspondence between flows in the dynamic
network and the time-expanded network.

Lemma 3. Let 27: ET — R, be a flow in the static network NT. Then the flow
x: ExT — Ry in the dynamic network N can be defined in the following way. Let
eP(t) = (e(v(t)),z(t + 7)) € ET, e(t) = (v(t),e(v(t))) € ET. Then the dynamic
flow z(t) on arc e = (v, z) is determined as follows: z¢(t) = :EgT(t) = ZEZ;,(t), VteT,

T, e 20, 0.

Ifx: ExT — Ry is a flow in the dynamic network N, then the flow 7 : ET —
R, in the static network NT can be determined as follows. Let x.(t) be a dynamic
flow on arc e = (v,z) € E. Then the tuple (:Eg(t)T,Eg(t)T) = :Ee(t)T is a corresponding
static flow, where xzT is a static flow on additional arc €(t) = (v(t),e(v(t))) € ET,

where p € P is such that x

at that a:g(t) = z.(t); Te? = (a:el(t)T,xez(t)T,...,xe\p\(t)T) is a |P| dimensional
vector of static flows on arcs eP(t) = (e(v(t)),z(t + 7)) € ET, p € P, at that
xz;,(t) = 2o (t) if ze(t) € (2271(t), 28 (1)) or xz;,(t) = 0 otherwise.

The proof of this lemma is similar to the proof of Lemma 1.

The following theorem holds.

Theorem 4. If z*7 is a static minimum cost flow in the static network NT, then
the corresponding according to Lemma 8 dynamic flow x* in the dynamic network
N is also a minimum cost flow and vice-versa.

In such a way, the minimum cost multicommodity flow problem in the dy-
namic network can be solved by static flow computations in the corresponding time-
expanded network. To solve the minimum cost flow problem in dynamic networks
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with transit time functions that depend on flow and time we construct the time-
expanded network, then solve the static minimum cost flow problem and reconstruct
the solution of the static problem to the dynamic problem.
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