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Abstract. There are many varieties of the Butterfly theorem in the Euclidean plane, [2],
[5], [7], but also in the hyperbolic, [6], and the isotropic plane, [1]. In the paper [1] the Butterfly
theorem is proved by using the analytical method on the affine model of the isotropic plane. In
this paper, it is proved by using the synthetic method on the projective model.

It was shown earlier that with any quadrangle inscribed into a circle, an infinite number
of butterfly points is associated which are located on a conic, [5], [6]. Here we prove that the
analogues of those theorems also hold in the isotropic plane.

1. Introduction

The isotropic plane 5 is a real projective plane where the metric is
induced by a real line f and a real point F, incidental with it, [4]. The ordered
pair (f, F) is called the absolute figure of the isotropic plane.

In the affine model of the isotropic plane where the coordinates of the
points are given by

_*% _*2

2

X0 X0
the absolute line f is determined by the equation xy = 0 and the absolute point
F by the coordinates (0,0, 1).

All straight lines through the absolute point F are called isotropic lines
and all points incidental with f are called isotropic points.

Two points A(ay,ay) and B(by, by) are called parallel if they are inciden-
tal with the same isotropic line. Their span is defined by s(A, B) = by — ay.
For two non-parallel points, distance is defined by d(A, B) =b; — a;.

AMS Subject Classification (2000): SIM15, SIN25
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The midpoint of the segment AB is point P4pg such that (AB, PApXaB) = —1
holds, where X4 is the isotropic point of the line AB. Its coordinates are

a1+b1 a2+b2
2 72 '

The pole of the absolute line with respect to the conic k is called the
center of the conic, [4]. Lines through the center of the conic are its diameters.

A conic is a circle if it touches the absolute line at the absolute point.
Therefore it is given by equation of the form y = A,x2+4 x +A¢. It is possible
to choose a coordinate system such that the equation becomes y = Ax2.

2. Butterfly Theorem

The following theorem is proved in [1] by using the analytical method in
the affine model of the isotropic plane. Here it is proved synthetically in the
projective model. To make constructions simpler, the circles of the isotropic
plane are represented in figures by the circles of the Euclidean plane.

THEOREM 1. Let the complete quadrangle ABCD be inscribed into the
circle ¢ of the isotropic plane, figure 1. Let | be a line conjugate to the
diameter s of the circle ¢ with respect to the circle and let P, P, Q, Q' and
R, R’ be the intersections of the line | with the pairs of the opposite sides
AB,CD, AC,BD and AD, BC of the quadrangle ABCD. If L = s N1
is the midpoint of one of the segments PP, QQ’, RR', then it is also the
midpoint of the other two.

PROOF. Let M and M’ be intersection points of the line [ and the circle
¢ and S be the pole of the line s with respect to the circle. Since ! and s
are conjugated line equality (M M’ LS) = —1 holds. From the assumption
that L is the midpoint of the segment PP’ it follows that (PP',LS) = —1.
Thus, L and S are the fixed points of the involution determined on the line
[ by the conics of the pencil ABCD, [3]. The point L bisects every pair of
intersection points of the line / and a conic of the pencil ABCD. Specially,
it holds for the pairs Q, Q" and R, R'. ]

The point L, that on some line / bisects the segments formed by inter-
sections of the pairs of opposite sides of the quadrangle ABC D with the line
[, is called butterfly point of the quadrangle ABCD and the line [ is called
the butterfly line.
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Figure 1.

It is obvious from the proof of Theorem 1 that the condition that the
quadrangle ABCD is inscribed into a circle is not necessary. It can be
inscribed into any conic c¢. Therefore, the more general theorem is valid:

THEOREM 2. Let the complete quadrangle ABCD be inscribed into the
conic ¢ of the isotropic plane. Let | be a line conjugate to the diameter
s of the conic ¢ with respect to the conic and let P,P', Q,Q" and R,R'
be intersections of the line | with the pairs of the opposite sides AB, CD,
AC,BD and AD, BC of the quadrangle ABCD. If L=s N1 bisects one of
the segments PP, QQ’, RR’', then it also bisects the other two.

3. Butterfly points’ curve

It is shown in papers [5] and [6] that in the Euclidean and the hyperbolic
plane there is a butterfly point at every diameter of the circle ¢ in which the
quadrangle ABCD is inscribed. The following theorem is analogous to those
theorems in the isotropic plane.

THEOREM 3. For a given complete quadrangle ABCD inscribed into a
circle ¢ of the isotropic plane there is an infinite number of butterfly points,
figure 2. All of these points are located on a special hyperbola.
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Figure 2.

PROOF. Let s be a diameter of the circle ¢ and S be its pole. Let SC,
SD intersect line s in the points S¢, Sp and the circle ¢ in the points C’, D’.
It holds (CC’,ScS) = —1 and (DD’, SpS) = —1. Lines CD, C'D’ and
s = ScSp are copunctal. Let P= ABN C'D’ and [ = SP. Let L denote the
intersection point of the line / and diameter s and let P’ denote its intersection
with CD. It is easy to see that (PP/,LS) = —1. According to Theorem 1, L
is a butterfly point of the quadrangle ABCD. Thus, it is possible to construct
a butterfly point at each diameter of the circle c.

Let E = AB N CD be a diagonal point of the quadrangle ABCD. After
connecting E with P, P/, L and S we obtain a harmonic quadruple of lines.
Therefore, for every diameter s the line EL is a harmonic conjugate to ES
with respect to the sides AB and CD. The point L is the intersection of the
lines s and EL. This reveals that all butterfly points lie on the second order
curve k generated by a projectivity between the pencils (F) and (E) of lines. i

The curve k from the Theorem 3 is called the butterfly points’ curve or
butterfly curve of the quadrangle ABCD.

REMARK. In the case when the quadrangle ABC D cannot be inscribed
into a circle, butterfly points associated with it form a conic, too. But that
conic is not passing through the absolute point.

Theorem 3 can be proved analytically. More precisely, it holds:
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THEOREM 4. Let the complete quadrangle ABCD be inscribed into the
circle ¢ with equation 'y = Ax2,

A(a,)a?), B(b,Ab%), C(c,Ac?), D(d,Ad?).

2 _
L<S,A2as 2Bs +y>  seR,

ds —

Every point

of the conic
(1) k ... 20Ax>—4xy —2BAx +ay +dy =0,
where
a=a+b+c+d,
p =ab+ac+ad+bc+bd+cd,
y =abc+abd +acd + bcd,
is a butterfly point of the quadrangle ABCD. It has the property of a butterfly
point on the straight line
8s3 —das?+28s —y
4s —a ’

I ... y=2isx — 4

PROOF. The sides of the quadrangle ABCD are lines

AB ... y=Aa+b)x —Aab,
AC ... y=Ma+c)x —Aac,
AD ... y=Ma+d)x —Aad,
BC ... y=Ab+c)x —Abc,
BD ... y=Ab+d)x —Abd,
CD ... y=Mc+d)x —Acd.

The coordinates of the intersections

P(XP, yP)’ P/(xPlayP/)s Q(XQ,YQ)’ Q/(xQ/7yQ/) and R(XR, yR)’ R/(le,le)
of the line / and the pairs of the opposite sides AB,CD, AC,BD and
AD, BC are given with

_aba —vy +2s(B —2ab) — 4as? +8s3
- (@ —4s)a +b — 2s) ’

_ v b) + 2(abB + (a + b)B)s — 4(at(a + b) — 2ab)s® + 8(a + b)s>
P= (@ — 4s)a +b — 25)

xp
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and analogously for the other points.
After short calculation we obtain
Xp+xpr =2s,

2052 —2Bs +y

+yp =24
YPTYP 4s —a

It follows that the point L is the midpoint of the segment PP’. The proof for
RR' and QQ’ is similar. 1

It is obvious that the conic k with the equation (1) is a special hyperbola.

It intersects the absolute line in the absolute point F(0,0,1) and the point
A

1 <O, 1, %) Those points are the contact points of the absolute line f and

two conics of the pencil ABC D: the circle ¢ and the parabola

5/12+a4 x2+y2 —yA%x +@y —aixy =0,

where
0 =abcd,
e=a’+b*+c%+d>

The diagonal points of the quadrangle

a+b—c—-d’ a+b—c—d
G ac — bd ac(b+d)—bd(a +c)
a—b+c—-d’ a—b+c—d ’
H< ad — bc /lad(b+c)—bc(a +d)>

E< ab — cd ab(c+d)—cd(a+b)>

a—b—c+d’ a—b—c+d

satisfy the equation (1). It follows that they lie on the conic k.

The points E, F, G, H, I are the centers of five conics of the pencil
ABCD: three degenerated conics, one circle and one parabola. It can be
concluded that the butterfly conic k is in fact a curve of centers of the conics
of the pencil ABCD.
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Coordinates of the midpoints of the sides of the quadrangle ABCD

a+b .a’+b? c+d . c?+d?
P — P, —
AB( 2 71 2 >a CD( D) 71 2 )
2 2 2 2
a+c ,a“+c b+d ,b°+d
PAC( 2 71 2 >’ PBD( D) 71 D) )7
a+d . a*+d? b+c ,b%+c?
P — P, - A—
AD< 3 A 5 >, BC< 2 A 5

also satisfy the equation (1). In other words, they lie on the conic k, too.
Let us point out theorem proved above:

THEOREM 5. For a given complete quadrangle ABCD inscribed into a
circle ¢ of the isotropic plane the butterfly curve is identical to the curve of
the centers of the conics of the pencil ABCD.
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PROPER ISOMETRIC ACTIONS ON RIEMANNIAN MANIFOLDS

By
J. SZENTHE

(Received November 20, 2008)

The concept of a proper action was introduced by R. S. PALAIS in a paper
where he managed also to extend some fundamental results of the theory of
compact Lie group actions to actions of non-compact Lie groups [5]. A simple
definition of proper action is given below for the case of locally compact
groups.

DEFINITION. Let ®: G x M — M be a continuous action of a locally
compact topological group G on a Hausdorff space M and consider the subset

(A|B)={g € G| D(g,A)N B=0}

of G. The action ® is said to be proper if any two points x,y € M have
neighbourhoods U, V C M such that the closure

(u|vycaG
is compact ([5]; [4], p. 2).

An important property of proper isometric actions was observed by
S.T. YAU. Actually, considering an effective isometric action ®: G x M — M
of a Lie group G on a Riemannian manifold (M, <, >), it has been stated
by Yau that the action @ is proper if G, as a subgroup of the full isometry
group J(M, <,>) of the Riemannian manifold, is closed [6]. The question
as to the validity of the converse of the above statement was raised by
J. C. D1AZ-RAMOS. A positive answer to this question is presented below.
The same positive answer was given in an elegant paper through entirely

The author was partially supported by the Hungarian Scientific Research Fund OTKA
K72537
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different argument by DiAzZ-RAMOS himself, almost simultaneously with the
present one [1].

In order to yield a self-contained presentation of the subject the following
theorem is proved below:

THEOREM. Let (M, <,>) be a Riemannian manifold and ®: GXx M — M
an effective isometric action of a Lie group. The action @ is proper if and only
if G, as a subgroup of the full isometry group $(M, <, >), is closed.

First some basic properties of proper actions are given in the following
lemma which will be applied subsequently.

LEMMA. (1) Let®: GxM — M be an efiective proper action of a locally
compact topological group on a Hausdorft space. Then any stabilizer

G, CG, zeM
of the action is compact.

(2) Let G be a Lie group, M a smooth manifold and ®: G x M — M a
smooth proper action. Then any orbit

Gz)cM, zeM

is a closed smooth submanifold.

The first statment of the lemma is a simple consequence of the definition
of proper actions ([4], pp. 3-4). The second statement is a basic property of
smooth proper actions ([4], p. 18).

The proof of the following proposition is based on the method of Yau
applied in a related situation [6].

PROPOSITION 1. Let (M, <,>) be an m-dimensional Riemannian mani-
fold and

O:GxM-—-M

isometric action of such a Lie group G which, as a subgroup of the full
isometry group $(M, <, >) of the Riemannian manifold, is closed. Then the
action @ is proper.

PROOF. The distance function d: M x M — R of the Riemannian man-
ifold will be also applied below. Let x, y € M be arbitrary points and U,
V their neighbourhoods which are open balls of center x, y respectively and
of radius ¢ > 0O such that both the open balls of radius 3¢ of x and of y are
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normal neighbourhoods. It can be assumed that (U|V)#0 holds as well. In

order to prove that (U] V) is compact it will be shown first that an arbitrary
sequence

{gi€ Glie N} C(UIV)
has a convergent subsequence. In fact, it can be assumed without loss of
generality that the point

x' = lim ®(g;,x) € W
1 —00

exists, where W is the open ball of center y and radius 3¢; namely, this can
be achieved by substituting the original sequence of isometries by a suitable
subsequence, considering that @, (x) € W, i € N holds. Fix now a geodesic
segment

0:[0,A] = M
ﬁith 0(0) = x such that its image S = o([0,A]) is included in the closed ball
U. Put z = g(A), it can be assumed that the point
7' = lim @z
1—00
exists as well; namely, the normal neighbourhood U is mapped to a normal
neighbourhood U; of @y, (x) with compact closure by the isometry @y,
i € N; and U; is included in the normal neighbourhood W of y for i € N.
Thus the original sequence of isometries can be replaced by a suitable one
such that z’ exists, if necessary. The sequence {®@; | i € N} is pointwise
convergent on S. In fact, if s € S, then
s’ = lim Dy, s
1—00
exists and it is the metrically corresponding point of the geodesic segment S’
with endpoints x’,z’ (see e. g. [3], vol. I, pp. 163-175). Fix a0 < 0 < & such
that the normal neighbourhood

N ={qeM|d(g,S) <0}

of S exists and has a compact closure. The above normal neighbourhood of S
is the union of a solid tube and of two half balls provided that 0 is sufficiently
small. There is no loss of generality by assuming that the sequence

{@g, | i €N}

is pointwise convergent on NéO as well with limit points in Néo, the normal

neighbourhood of S’ with radius 0; in fact, this can be achieved again by
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taking a suitable subsequence of the isometries, if necessary, considering the
construction of the normal neighbourhoods of geodesic segments.

Consider now an arbitrary point w € M and a piecewise smooth curve
from x to w. Then there is a geodesic polygon inscribed in the above curve
consisting of geodesic segments 0y,...,0, such that there is a & > 0 for
which the correponding normal neighborhood

N
of the geodesic segment oy, with radius 0, as constructed above, exists for
k =1,...,n. Then the sequence lim;_,,, @, which is pointwise convergent

on the normal neighbourhood NéO is pointwise convergent on the set

1
Ny U...UNy

as well. Therefore the above sequence of isometries is convergent in the point
w too. Thus the above sequence of isometries is pointwise convergent on M
to an isometry ®g: M — M, where g € F(M, <,>). Since an isometry of
the Riemannian manifold is an isometry of the metric space (M,d) as well,
the pointwise convergence of the above sequence is a uniform convergence
on any compact set of (M,d). Therefore the above sequence of isometries
is convergent in the compact-open topology of (M, <, >) (see e. g. [2], pp.
267-269). But the topology of (M, <,>), which is given in the MYERS—
STEENROD theorem, is the compact-open one (see e. g. [3], vol I, pp. 45-50);
thus the sequence {g; | i € N} is convergent to the above given element g in
the topology of #(M, <, >). But since G is closed in J(M, <, >),

g e(U|V)C GCIWM,<,>).

1s valid.

Consider now a sequence {g; € (U|V) | i € N}. It will be shown that
even this sequence has a convergent subsequence. In fact, fix a sequence

{U; c¥M,<,>)|j € N}

of neighbourhoods of the identity e such that N{Uj | j € N} = {e} holds,
and also a neighbourhood V; of e for each j such that

v}cu,, jeN

is valid. Take now for each j a sequence {g;; € (U|V) | i € N} such that
gi =lim;_, g;; and

-1 -1 .
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also holds. There is no loss of generality by assuming that
g = lim g;;
1—00

exists; in fact, the sequence {g;; | i € N} can be substituted by a convergent
subsequence if necessary. Then g;; € gU*; holds if i is sufficiently great. But
then

8i € 8iili C gV C gU,
is valid. Thus g = lim; .., g; holds. This shows that any sequence of

elements of (U|V) has a subsequence which converges to an element of

(U| V). Consequently, the action @ is proper. 1

PROPOSITION 2. Let ®:G x M — M be a proper effective isometric
action of a connected Lie group G on a Riemannian manifold (M, <, >). Then
G, as a subgroup of the full isometry group of the Riemannian manifold, is
closed.

PROOF. Consider the canonical action W: #(M, <,>) x M — M of the
full isometry group and
®:GxM—M

which is the restriction of P to the action of the subgroup G C F(M, <, >).
It will be shown first that at any point z € M the stabilizer G; of ® is equal

to the stabilizer G; of ®. In fact, consider a g € G, then there is a sequence
{g; € G |i € N} such that

§ = hm 8i

11— 00

is valid. But then by the continuity of the action W the equalities
z2=Y(E,2) = ®g,z) =P(lim g;,z)= lim O(g;,z) = lim D(g;,z)
1 —00 11— 00 11— 00

hold. Consider a ball B of center z in the metric space (M, d), then there is
no loss of generality by assuming that

O(gi,z)e B, ieN
is valid. Thus g; € (B|B), i € N holds. Therefore
g€ B|B)C G

holds, since the action @ is proper. Thus G, C G, follows. Since G, C G,
is obviously valid, the equality of the stabilizers follows.
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Fix now such a z € M that G(z)# {z} holds. The orbit G(z) C M is
a closed submanifold according to the Lemma above, since the action @ is

proper; consequently, G(z) = G(z) holds. Therefore

G(z)=G() C Gi)

is valid. Since G C F(M,<,>) is a closed subgroup, its action on M is
proper by the preceding Proposition 1. Therefore the orbit G(z) C M is a
closed submanifold as well by the Lemma above.

Ist case: When G(z) = G(z) is valid. Consider now the sequence of
diffeomorphisms
G/G; « G(z) «+ G(z) « G/G;,
where the first canonical diffeomorphism is G-equivariant, the second one
is the identity and the last, the canonical one, is G-equivariant. But since

G(z) = G(z) and G C G hold, the last diffeomorphism is a G-equivariant
one as well. Thus a G-equivariant diffeomorphism

G/G, « G/G,
is obtained. If G, = G, = {e}, then G = G follows. Otherwise consider the
canonical principal bundles
G— G/G,, G— G/G,.

The fibre over G, € G/G, is G, C G, and the fibre over G, € G/G, is
G, C G. But G; = G, holds and this equality obviously extends to the fibres
¢G, C G and gG, C G over the points gG, € G/G;, gG, € G/G; by left
translation. Thus G = G follows.

2nd case: When G(z) ;Cé G(z) is valid. Consider now the following
sequence of maps

G/G, < G(z) — G(z) — G/G.,

where the first map is the canonical G-equivariant diffeomorphism, the second
one is the smooth embedding defined by G(z) C G(z) where both the orbits
are closed in M, moreover, the third map is the canonical 6—equivariant
diffeomorphism. Thus a smooth embedding

G/G, — G/G,
is obtained. As in the first case the equality G; = G, will be applied.
Considering again the canonical principal bundles
G— G/G,, G— G/G;,
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the above embedding of the base manifold G/G; into G/G; yields an em-
bedding

G— G

of the bundle space G into G, where G C G is a closed submanifold.
Therefore

G-G

is a non-empty open set in G. But then G cannot be the closure of G in
J(M, <, >). Thus a contradiction is obtained. Therefore,

G(z) G G(z)

is a case which cannot happen. |
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SEVERAL TYPES OF (y,¢)-OPEN FUNCTIONS ON
GENERALIZED NEIGHBOURHOOD SYSTEMS

By
WON KEUN MIN

(Received December 10, 2008)

Abstract. The notion of (i, ¢)-open functions are introduced in [3].
We introduce the notions of weakly (y,¢)-open function, almost (y,¢)-
open function and upper (i, ¢)-open function, which are generalizations of
(¥, ¢)-open functions. And we investigate characterizations for such functions
and the relationships among (i, ¢»)-continuous functions and several types of
(¥, ¢)-open functions.

1. Introduction

In [1], CSASZAR introduced the notions of generalized neighbourhood
systems and generalized topological spaces. He also introduced the notions of
continuous functions and associated interior and closure operators on gener-
alized neighbourhood systems and generalized topological spaces. In particu-
lar, he investigated characterizations for the generalized continuous functions
(@, ¢)-continuous, (g, g’)-continuous) in [1, 2]. In [3], the author introduced
the notion of (1,¢)-open functions on generalized neighbourhood systems
and investigated characterizations for such functions.

In this paper, we introduce the notions of weakly (1,¢)-open, almost
(¥, ¢)-open and upper (,¢)-open functions on generalized neighbourhood
systems. We investigate characterizations for such functions and the relation-
ships among several types of (1, ¢)-open functions.

AMS Subject Classification: 54C08
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2. Preliminaries

We recall some notions and notations defined in [1]. Let X be a nonempty
set. Let 9: X — exp(exp(X)) satisfy x € V for V € ¢ (x). Then V € y(x)
is called a generalized neighbourhood of x € X and y is called a generalized
neighbourhood system (briefly GNS) on X. Denote the set of all generalized
neighbourhood systems on X by W(X). And if ¢ is a generalized neighbour-
hood system on X and A C X, the interior and closure of A with respect to
¥ (denoted by 1y (A), yy (A), respectively) are defined as following:

1y (A) = {x € A: there exists V €y (x) such that V C A};
(A ={x € X: VNA={foral V eypx)}.

Then a function f:(X,y) — (Y,l/)l) on GNS’s is said to be (¥,y’)-
continuous [1] if for x € X and U € y'(f (x)), there is V € ¥ (x) such that
f(Vvycu.

LEMMA 2.1. ([1]) Lety € W(X) and A C X. Then

(1) 7p(A) = X — 1y (X — A).

(2) 1 (A) = X —yy(X — A),

THEOREM 2.2. ([2, 3]) Lety € Y(X), ¢ € O(Y) andf: (X,y) — (Y, )
a function. Then the following are equivalent:

(1) f is (y,¢)-continuous.

) f ' p(B) C1y(f ' (B)) forall BC Y.

(3) Vw(f_l(B)) Qf_l()/q;(B)) forallBC Y.

(4) f(ryp (A) Cye(f(A)) forall A C X.

DEFINITION 2.3. ([3]) Let (X,y) and (Y,¢) be two GNS’s. Then

f:X — Y is said to be (¥, ¢)-open if for each x € X and U € ¥ (x), there
exists an element V € ¢(f(x)) such that V C f(U).

THEOREM 2.4. ([3]) Let (X,y) and (Y,¢) be two GNS’s and let
f:X — Y be a function. Then the following are equivalent:

(a) f is (y,¢)-open;

(®) 1y (f 1 (A) Cf M g(A) for AC Y

© 7 0p(A) Cyp(FH(A) for AC Y

(d) f(yp (B)) S 1p(f(B)) for B C X.
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3. Main Results

DEFINITION 3.1. Let (X,v) and (Y,¢) be two GNS’s. Then f: X — Y
is said to be

(1) weakly (,¢)-open if for each x € X and U € y (x), there exists an
element V' € ¢(f(x)) such that V C f(yy (U));

(2) almost (,¢)-open if for each x € X and U € y(x), there exists an
element V € ¢p(f(x)) such that V C y(p(f(U));

(3) upper (Y ,¢)-open if for each x € X and U € y(x), there exists an
element V € ¢(f(x)) such that V C Yo (f Gy (U))).

REMARK 3.2. We have the following diagram from the above definitions.

weakly W, p)- open

v ¢)-open )( j/ upper (7, #)-open

almost W, ¢) open

In the above diagram, the converses may not be true in general as shown
in the next examples.

EXAMPLE 3.3. Let X = {a,b}. Consider a generalized neighbourhood
system 1 defined as follows

¥(a)={{a}},p )= {X}.

Let f:(X,9¥) — (X,y) be a function defined by f(a) = b, f(b) = a. Let
¢ =1 . Then f is both weakly (,¢)-open and almost (3, ¢)-open function
but it is not a (1, ¢ )-open function.

EXAMPLE 3.4. (1) Let X = {a,b,c}. Consider two generalized neigh-
bourhood systems ¥, ¢ defined as follows

Y(a)= {{a}}ﬂ/)(b) = {X}JIJ(C) = {{C}},

¢(a) ={{a,b}},¢(b) = {{a,b}},9(c) = {X}.
Let f: (X,y¥) — (X,¢) be a function defined by f(a) =b, f(b) =a, f(c) =c.
For ¢ € X, we have yy ({c}) = {b,c} and f(yy({c})) = {a,c}. But since
¢(f(c)) has the only element X, f is not weakly (y,¢)-open. However, f is
upper (¥, ¢)-open.



22 WON KEUN MIN

(2) Let X = {a,b,c}. Consider two generalized neighbourhood systems
Y, ¢ defined as follows

Y(a) = {X}},p0) = {{X}},p () ={X},

¢(a)={{a}},p(b) = {X},¢(c) = {{c}}.
Note that:
vo({a}) ={a,b};75({b}) = {b};vp({c P = {b,c}.

Consider a function f: (X,y) — (X, ¢) defined as follows f(a) = b, f(b) = a,
f(c) =c. Then f is weakly (y,¢)-open but it is not almost (¥, ¢ )-open.

EXAMPLE 3.5. (1) Let X = {a,b}. Consider two generalized neighbour-
hood systems 1, ¢ defined as follows

Y(a)={X}p®) ={X}.

¢(a)={{a}},p(b) = {{b}}.
Consider a function f: (X,y) — (X, ¢) defined by f(a) = b, f(b) = a. Then
f is upper (y,¢)-open but it is not almost (y,¢)-open.

(2) Let X = {a,b}. Consider two generalized neighbourhood systems
Y, ¢ defined as follows

y(a)={{a}},y®b)={{b}}.

pla)={{a}t},p(b)={X}
Consider a function f: (X,y) — (X, ¢) defined by f(a) = b, f(b) = a. Then
f is upper (', ¢)-open but it is not weakly (¥, ¢)-open.

THEOREM 3.6. Let (X,y) and (Y,¢) be two GNS’s and letf: X — Y be
a function. Then f is upper ( ,¢)-open if and only if

Sy (B)) C1p(e(f (ry (B)))
for B C X.
PROOF. Suppose f is upper (¥, ¢)-open. Then for each x € 1 (B), there

exists U € ¥ (x) such that U C B. From upper (y,¢)-openness, there
exists an element V' € ¢(f(x)) such that V' C y4(f(yy(U))). This implies

F() € 1y (y (B))) and hence f iy (B) C 15 (f Gryp (B))).

For the converse, let U € y(x) for x € X. Since x € 1y (U), by
hypothesis, we have f(x) € 154 (f (7 (U))). Thus this implies that there
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exists an element V € ¢(f(x)) such that V C Yo (f Gy (U)). Hence f is upper
(%, ¢)-open. i

THEOREM 3.7. Let (X,y) and (Y,¢) be two GNS’s and letf: X — Y be

a function. Then f is weakly (Y, ¢)-open if and only if
Sy (B)) € 1p(f (ry (B)))

for B C X.

PROOF. It is similar to the proof of Theorem 3.6. |

THEOREM 3.8. Let (X,y) and (Y,¢) be two GNS’s and letf: X — Y
be a function. Then the following are equivalent:

(a) f is almost (Y ,¢)-open;

(b) 1y (f ~1(A) CF 1y yp(A) for AC Y;

© F ' ptp(A) Cyyp (F~1(A) for AC Y
(d) f @ty (B)) C 14(yp(f(B))) for B C X.

PROOF. (a) = (b) Let f be almost (¥,¢)-open. For x € 1 (f _I(A)),

there is U € y(x) such that U C f _I(A). From almost (1, ¢)-openness of
f, there is V € ¢(f(x)) such that V C y¢(f(U)) - y¢(A). This implies
F@) € 1y A).

(b) = (a) Let U € ¥ (x) for x € X; then x € 1 (U) C tw(f_l(f(U))).

By (b), x € f~ tp(p(f(U))) and so f(x) € 15(4(f(U))). From defini-
tion of the interior operator, there exists an element V € ¢(f(x)) such that
V Cy(f(U)). Hence f is almost (,¢)-open.

(b) & (c) From Theorem 2.1, it is obvious.
(b) = (d) It is easily obtained from (b).

(d = (a) Let U € y(x) for x € X. Then by (d), we have
Jx) €1p(p(f(U)). Thus there exists an element V € ¢(f(x)) such that
V Cye(f(U)). Hence f is almost (i, ¢)-open. |

DEFINITION 3.9. Let (X,v) and (Y,¢) be two GNS’s. Then f: X — Y
is said to be (y,¢)-closed if y4(f(B)) C f(yy (B)) for B C X.
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THEOREM 3.10. Let (X,y) and (Y,¢) be two GNS’s and letf: X — Y
be a bijective function. Then the following are equivalent:

(a) f is @, ¢)-closed;

®) f 7 rp(A) S yp(F~1(A) for AC Y

© typ(FH(A) S p(A) for AC Y.

PROOF. (a) = (b) Suppose f is (y,¢)-closed. Then for A C Y, it
satisfies y¢(f(f_1(A))) Crfy (f_l(A))). Since f is surjective, it is y4(A) C
Cfim(f _I(A))). And from injectivity, it follows

F () SF E o (1A =1y (1A
Hence (b) is obtained.

(b) = (a) For B C X, from (b) and injectivity, it follows

F e B Sy~ (F(BY) =7y (B).
Finally from surjectivity, we have y,(f (B)) C f (yy (B)).

(b) & (c¢) It follows from Theorem 2.1. |

THEOREM 3.11. Let (X,y) and (Y,¢) be two GNS’s and letf: X — Y
be a function. Then if the closure operatoryy satisfies yyyy =yy and if f is
upper (Y ,¢)-open and (Y ,¢)-closed, then it is weakly (Y ,¢)-open.

PROOF. Suppose f is upper (1, ¢)-open and (y, ¢)-closed. For each x € X
and U € y(x), from upper (y,¢)-openness of f, there exists an element
V € ¢(f(x)) such that V C y¢(f (yy (U))). From definition of (¥, ¢)-closed
functions, it follows

V Cye(f (ry (U))) C f(ry (ry (U))) =f (ryp (U)).
Consequently f is weakly (y,¢)-open. ]

THEOREM 3.12. Let (X,y) and (Y,¢) be two GNS’s and letf: X — Y
be a function. Then if f is almost (¥ ,¢)-open and (Y ,¢)-closed, then it is

weakly (Y ,¢)-open.

PROOF. Suppose f is almost (y,¢)-open and (y,¢)-closed. For each
x € X and U € y(x), from almost (1, ¢)-openness of f, there exists an
element V € ¢(f(x)) such that V C y¢(f (U)). From definition of (y,¢)-
closed functions, it follows

V Cye(f(U)) CfyyU)).
Consequently f is weakly (¥, ¢)-open. ]
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THEOREM 3.13. Let (X,y) and (Y,¢) be two GNS’s and letf: X — Y
be a function. Then if the closure operator yy satisfies YyYy =Yg and if f is
upper (Y ,¢)-open and (Y ,¢)-continuous, then it is almost (i, ¢)-open.

PROOF. For each x € X and U € y(x), from upper (¥, ¢)-openness of
/., there exists an element V' € ¢(f(x)) such that V' C y4(f (yy (U))). Since f
is (¥, ¢)-continuous, from Theorem 2.2, it follows
V Cyp(fry (U)) = v e (fF (D)) =y (f(U)).
Hence f is almost (', ¢)-open. |
THEOREM 3.14. Let (X,y) and (Y,¢) be two GNS’s and letf: X — Y

be a function. Then if f is weakly (y,¢)-open and (¢, ¢)-continuous, then it
is almost (y ,¢)-open.

PROOF. For each x € X and U € ¢ (x), from weakly (v, ¢)-openness of
S, there exists an element V' € ¢(f (x)) such that V' C f(yy (U)). Since f is
(¥, ¢)-continuous, from Theorem 2.2, it follows
V Cfry(U)) Cye(f(U)).
Hence f is almost (', ¢)-open. |
THEOREM 3.15. Letf: X — Y be a function on GNS’s (X,y) and (Y, ).

Then f is (¢ ,¢)-continuous and (,¢)-closed it and only if yy (f(B)) =
=f(s(B)) for B C X.

PROOF. It follows from Theorem 2.2 and Definition 3.9. |

THEOREM 3.16. Let f: X — Y be a function on GNS’s (X,y) and
(Y,9). Then the following are equivalent:

(a) f is (@, ¢)-continuous and (Y ,¢)-open;

(®) f g (A) =yy (F~1(A) for AC Y;

© up(f 1A =f 11y (A) for AC Y.

PrROOE. It follows from Theorem 2.2 and Definition 2.3. |

From Theorem 3.15 and Theorem 3.16, we have the following.

COROLLARY 3.17. Let f: X — Y be a function on GNS’s (X,y) and
(Y,¢). If f is bijective, then the following are equivalent:

(a) f is (Y, ¢)-continuous and (y ,¢)-closed;
(®) vy (f(B)) =f(yp(B)) for B C X;
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© f yg(A) =y (fF~1(A) for AC Y ;
() 1y (AN =f " p(A) for AC Y.
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1. Introduction

Let A be a set of integers, |A| = n. The minimal possible cardinalities
of the sumset A + A and the difference set A — A are both 2n — 1, and in
both cases equality holds if and only if A is an arithmetic progression. If
instead of integers we consider sets in an arbitrary commutative group, then
the value of the possible minima decreases to n, with equality if A is a coset
of a subgroup.

The maximal possible values differ, for the sumset it is n(n + 1)/2 and
for the difference set n2 — n + 1, but it is still true that these maximal values
are attained at the same class of sets, which are generally called Sidon sets.

If we move away from the extremities, there is no more any strong
connection between the number of sums and differences. Still, the equality of
minima displays a remarkable stability: if |A+ A| = an, then (see [1, 2, 4,

51)
(1.1) Van <|A— Al <a’n.

The maximum is a lot less stable: the assumption |A — A| > 0.99n% does not
imply |A + A| > 0.01n2, it can even happen that

(1.2) |A— A| >n?>—n°, |A+A| <n®

with some ¢ < 2, and a similar discrepancy is possible in the other direction,
see [3].

Author was supported by ERC-AdG Grant No. 228005 and Hungarian National Founda-
tion for Scientific Research (OTKA), Grants No. 61908 and 72731.
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However, some weaker connection does exist. Already inequality (1.1)
shows that the exponent c¢ in (1.2) cannot be less than 3/2. Our aim is to
improve this easy estimate.

Our results are comfortably expressed in terms of the “deficits”, the
distances from the extremal case.

DEFINITION 1.1. The difference deficit and sum deficit of a nonempty set
A with |A| = n are the quantities

A_(A)=n>—n+1—-]A-A4A|,

nn+1)

A(A) = —|A+A|.

For the empty set we put A_()) = A1(0) = 0.

Our main result sounds as follows.

THEOREM 1.2. Let A be a finite set in a commutative group, |A| =n. We
have

2 n3 I’ls
1.3 A+ Al [A_A? +— | > —.
(1.3) | | (A + | 2 55
In particular, if |A+ A| < n?/10, then
n5
A+ A|A_(A? > —.
30

This implies that the value of ¢ in (1.2) is at least 5/3. I have no conjecture
about its proper value.

This theorem shows that for A_ < n3/2 the number of sums is compa-

rable to n2. It does not, however, yield further improvements for very small
values of A_.

The following example shows that this assumption on A_ is insufficient
to guarantee the stronger conclusion |A + A| ~ n2/2. Write n = m? + k, and
consider a set of the form A = (B; + Bp) U C, where |B;| =m, |C| =k, and
there is no other coincidence among the sums a +a’, a,a’ € A than those that
follow from commutativity. A simple calculation gives that for this example
we have

m2(m — 1)?

A_(A) =2m(m — 1)?, A4(A) = —
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s0 Ay = A_4/3; when m ~ V/n, we have A_ < n3/2 and Ay > n2.
I think this is the correct maximal order of Ay for small values of A_.

CONIJECTURE 1.3. For all sets A we have
A+(A) < A_(AP*3,

in particular, |A+ A| ~ n2/2 if A_ = 0(n3/?).
In this direction we show the following weaker result.

THEOREM 1.4 Let A be a finite set in a commutative group. We have

(1.4) A+(A) < %A_(A)3/ 21 A_(A).

2. Sums, differences, and the maximal number of representations

Let A be a finite set in a commutative group, |A| = n. We write r(x) and
d(x) to denote the number of representations of any element x as a sum or
difference from A, that is,

r(x)=|{(a,a") :a,a’ € A,a+a’ =x}

3

d(x) = |{(a,a’) ca,a’ € A,a —a’ =x}‘.

Clearly d(0) = n. For understanding the number of sums and differences the
quantity

2.1 =maxd
(2.1) m=n #5( (x)
will be important.

LEMMA 2.1. Let A be a finite set in a commutative group, |A| = n,
|A+ A| =s, A_(A) =t, and define m by (2.1) above. We have

2.2) s(mt + 2n? — n)> n?.
PROOF. Write D = (A — A) \ {0}. We have 3" d(x) = n?, hence
(2.3) > dx)=n*—n,

xeD

@4) Y (d@)—1)=n®>—n—|D|=n*—n—|A—Al+1=A_(A)=1.
xeD
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(The first and last terms are also equal for the empty set.)
Since each summand is at most m — 1, we obtain

2.5) 3 (dx) — 1) < (m — D
xeD
By adding the previous three equations we get
Z d(x)2 < mt +n?—n.
xeD

Finally adding the contribution of x = 0 we conclude
(2.6) > dx)* < mt+2n* —n.
The two representation functions are connected by the familiar equality

D dx)? =) rx)?

(both count the number of solutions of a; + a, = a3z + a4), and we also have
dorx) = n2. The inequality of arithmetic and quadratic mean gives

2
2 b (XZr@)”  nt
> dw?=) r)’ = A+Al A+ Al

By substituting (2.6) we obtain (2.2). |
LEMMA 22. If A= Aj U Ay, Aj N Ay =0, then
A_(A) =2 A_(A) UA_(Ap).
Consequently if B C A, then A_(B) < A_(A).
PROOF. This easily follows by writing identity (2.4) for A, A, and
adding, or can be visualized as follows. Take a set A, and group the pairs
(a,a’) according the value of a — a’. Within each group color one pair black

and the others red; then A_ is the number of red pairs. When we form the
union, some black pairs may turn red and new pairs appear. ]

LEMMA 2.3. Let A be a finite set in a commutative group, and define
m by (2.1) above. Assume m > 2. There is a subset B C A such that
m < |B| <2m and

2.7) A_(B) > m|B| /4.

PROOF. Take an x # 0 with d(x) = m. The set B will contain all the
elements a,a + x whenever both belong to A. Clearly m < |B| < 2m.
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Split B into a union of maximal arithmetical progressions with differ-
ence x:

B=P U...UP, |P|>...>|P]|>2.

If x is of finite order, then some of the P;’s may be cosets of the group
generated by x.

Put B; = P| U...U P;. We prove by induction that
A_(Bj)> \ | +j—1-90,
where 0 =1 if |P;| < 3 and it is not a coset, and 0 = 0 otherwise.
Write |P| = p;, pj =p.
Consider first the case j = 1. If P; is a coset, we have

2
P, — Pl =p, A_(P)=(p— 1)* > %,

with equality for p = 2 and strict inequality otherwise.

If P, is a proper progression, then
[Py —P|<2p—1

(inequality is possible if x is of finite order < 2p — 1), hence

2 i 4
> p~/4 ifp >4,
A_(P)=p—-Dp -2 =

For the inductive step, observe that
B — B =(Bj_1 — Bi_)U(Bj_1 — ) U(F — B;j_y),
since P, — P; C P — P; C Bj | — Bj_1, consequently
|B; — Bj| < |Bj—1 — Bi_1[+2|B;_ - B|.

To estimate the second summand observe that for two progressions with a
common difference we have

3
P, — P| <pi+pj —1< 2PiPj>
and adding this for 1 <i <j — 1 we get

3
|Bi—1 = B| < 7 [Bj1]p-
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Hence
B~ Bl < By~ Bt + 2B
which can be rewritten as
Ai%)ZA_Uﬁ4)+%ﬂ%_d+p2—n
By substituting the inductive assumption we obtain
A_(Bj) > % 1B ([F+j—2-0 +%p2—p.
To finish the induction observe that %pz —p > 1, with equality for p = 2 and

strict inequality otherwise.
In particular we have

1, » 1 5,1
A_(B)> - |B —1-0>-|B|">-m|B
(B) = 7B +k—1-0> 1 |BP > Jm|B],

unless k = 1 and 6 = 1. This exception holds if B is a single arithmetic
progression of length 2 or 3 and not a coset. Since a progression of length 2
has m =1, then only remaining case is a three-term progression, where m =2
and A_ = 2 so the claim of the lemma still holds. ]

REMARK. Equality holds if (and only if) B is a coset of a two-element
subgroup.

With some care the constant 1/4 can be improved to 1/2 — ¢ for large
m, and this could be used to improve the constants in the theorems for large
values.

COROLLARY 2.4.
(2.8) m < 2\/A_(A).
PROOF. Indeed, with the B of the previous lemma we have
A (A)>A (B)>m|B|/4>m?>/4.1
This is sufficient to prove our estimate for very small A_.

PROOF OF THEOREM 1.4. We retain the notations of Lemma 2.1.
By Lemma 2.1 we know that

nt n? t
>0
2

m
4 )

TN

“mt+2n?—n
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hence

n mt
Ar(A) < — + —.
+( )_4+4

Substituting inequality (2.8) we get
n 1 3/2
A(A) < — + =17/~
+(A) < 2 + )

This settles the case t > 4n. If t < 4n, consider all pairs (a,a’) with
a,a’ € A, d(a —a’) > 2. The number of such pairs is at most 2¢, hence
at most 4¢ elements of A occur in these pairs. Let A’ C A be the set of those
elements. Clearly A _(A’) = A_(A), A+(A’) = A{(A) and the already proved
case yields

Al 1 1
A+(A) = A(A) < |4—| + Eﬁ/z <t+ §r3/2. I

3. Proof of Theorem 1.2

Write |[A+ A| =5, A_(A) =t. Our aim is to prove

(3.1 st2 > an’ —ﬁsn3,
with @ = 1/20 and 8 = 1/6.

The proof is an induction on the value of ¢. If t = 0, then A is a Sidon
set, s =n(n +1)/2 and (3.1) becomes

an® < Bnin+1)/2,

which holds if @ < /2.

Assume now that the statement is true for any smaller value of A_. As
in the previous section, let m denote the maximal multiplicity of a nonzero
difference. An application of Lemma 2.3 gives us a set B C A satisfying
m < |B| <2m, A_(B) > m|B| /4.

Write |B| = z. The set A’ = A\ B satisfies

|A|=n'=n—z, AL(A)=1' <A_(A)—A_(B) <1 — %_

Also obviously |A’ + A’| <s. The induction hypothesis now yields

(3.2) s(t — mz/4)2 >amn —z) —Bs(n — 7).
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To obtain (3.1) it is sufficient to prove
(33)  s(2—@—mz/8H?) >a(n® -0 -2)) - Bs(n> - -2)%).

The right hand side of (3.3) can be written as f(n) — f(n — z), where
f(x) =ax> —Bsx3, so it is equal to zf'(y) for some y € [n — z,n].

The function

F'0) = 5ay* - 3psy?

is negative for yZ < 3Bs/(5a). Since the left hand side of (3.3) is positive,
(3.3) holds in this case and we now consider the case y2 > 30s/(5a).

The second derivative f”(y) = 20ay3 — 6Bsy is positive for y2 >
> 3Bs/(10a), so f’ is increasing in our range and we conclude

') <f'(n) =5an’ — 3Bn’.
We estimate the left hand side of (3.3) as
s (t2 —(t — mz/4)2) > smtz /4.
Hence to prove (3.3) it is sufficient to guarantee
(3.4) smt > 20an’ — 12n>
Lemma 2.1 tells us that
s(mt + 2n? — n) > n4,
hence
smt > n* — 2sn?

which is exacly (3.4) under the choice @ = 1/20, 8 = 1/6.

4. Meditation on the reverse question

Our results tell that if the number of differences is near to n2, then the
number of sums cannot be very small. It is very likely that similar results
hold for the reverse problem, when A; is assumed to be small and estimates
are sought for |A — A|. T expect that the following analogue of Theorem 1.2
will be valid.

CONJECTURE 4.1. If|A — A| < cn?, then

|A — A|AL(A)? > cn®
with a suitable positive constant c.

We will show the following weaker result.
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STATEMENT 4.2 If |A — A| < n?/2, then
|A — A|AL(A)? >n*/9

for n sufficiently large.

For a lower estimate of min(|A — A ,A+(A)) this yields only n*/3,
weaker than the n3/2 which is an immediate consequence of (1.1).

For very small values of A; we have the following analogue of Theorem
1.4.

THEOREM 4.3. Let A be a finite set in a commutative group. We have

(4.1) A_(A) < 2(A4(A)? + AL(A)).
For given positive integers n,k such that 2k +2 < n there is a set A satistying

|Al =n, AL(A) =k and A_(A) =2(k* +k).

The proof will be analogous to the arguments in Section 2, the main
difference being that there is no analogue of Lemma 2.3.

We retain the notations r(x), d(x) and D of Section 2, but now we define
m =maxr(x)
and t = A+(A), to emphasize the analogous role of these quantities.
The analogue of Lemma 2.1 sounds as follows.

LEMMA 4.4.
(n> = n)’
4.2) |A— Al > 27+1.
n< —n+2mt
PROOF. Let

S={x:rx)>2}
Since r(x) =1 is possible only if x = 2a with a € A, we can write
|S|=|A+A| —n', ' <n.

> r(x)=n?,
Z rix)= n? — n/,

x€eS

We have

hence
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(4.3) > (rx)—2) =n*—n" 2|5

X€S
(4.4) =n?+n' —2|A+Al=2t+n" —n.
Since each term is < m — 2, we get
2 /
> (rx)=2)" < (m—2)@ +n' —n).
xXES
To this we add
Z (4r(x) — 4) =22 —2n +4t
xX€eS
to conclude

Z r(x)2 <2mt+(m —2)n' + 2n% — mn.
X€eS

Finally by adding the contribution of the n’ values with r(x) = 1 we obtain
Z:r(x)2 <2mt+(m — Dn' + 2n% — mn <2mt + 2% —n.

This is equal to > d(x)?, from which we substract the contribution of d(0) =
=n to get

Z d(x)2 < 2mt +n?—n.
xeD

Zd(x)=n2—n,

xeD

Since

the inequality of arithmetic and square mean yields

(n> = n)?
n2 —n+2mt’

to which we add 1 to obtain (4.2). ]

|D| >

LEMMA 4.5.
A_(A) < mA+(A).

PROOE. The weaker estimate

A_(A) < 2mA(A)
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immediately follows from (4.2). To improve this by a factor of 2 we argue as

follows. For every integer k we have k% —3k+2= (k — D)k —2) > 0. We
apply this for d(x), the motivation being that the typical values of d(x) are 1
and 2:

0< > (dx)* = 3d(x) +2)

xeD
< @mAy +n* —n) =3 —n)+2|D|
=2(mAr —A_). 1

PROOF OF THEOREM 4.3. We can estimate m by 2A, +2, since on the left
hand side of (4.3) there is at least one term equal to m — 2. Now to get the
upper estimate we apply Lemma 4.5.

The example of equality is as follows. Let n = 2k +2 + [, and consider a
set of the form A = BU (—B)U C, where |B| =k + 1, |C| =1 and there is
no nontrivial coincidence among sums and differences. An easy calculation
gives

Ar(A) =k, A_(A)=2k?+2k. 1

PROOF OF STATEMENT 4.2. This follows immediately from Lemmas 4.4
and 4.5. |
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CONTINUITY AND SUPER-CONTINUITY
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Abstract. In this paper, we introduce the notion of a-open sets and obtain properties
of this class of sets. Also, we introduce the class of «{*-sets via a-open sets. By using these
sets, new decompositions of continuous functions are provided. Finally, we study some new
weaker forms of d-open sets called O 8-sets, § 8*-sets, d P-sets, 0.7 -sets, O.4-sets, 00 -sets,
O R-sets and investigate new decompotions of super-continuity by using these weaker forms.

1. Introduction

In recent two papers [4, 6], Ekici has introduced two new classes of sets
called e*-open sets and e-open sets. By using these sets Ekici has established
some new decompositions of continuous functions. The main purpose of this
paper is to obtain new decompositions of continuous functions and super-
continuous functions. We have introduced and studied the notions of a-open
sets and 4*-sets. The relationships among a-open sets, .4*-sets and the related
sets are investigated. By using these notions we obtain new decompositions of
continuous functions. Moreover, we introduce the concepts of 6 &-sets, 6 &*-
sets, 0 P-sets, 05 -sets, 0.4-sets, d0-sets, O R-sets and obtain decompositions
of super-continuity by using 6 &-continuity, d &*-continuity, d P-continuity,
0 -continuity, d.4-continuity, 0 -continuity and d R-continuity.

In this paper (X,7) and (Y, 0) represent topological spaces. For a subset
A of a space X, cl(A) and int(A) denote the closure of A and the interior
of A, respectively. A subset A of a space (X,7) is called a-open [10] (resp.
preopen [7]) if A C int(cl(int(A))) (resp. A C int(cl(A))). A subset A of a
space (X, 1) is called regular open (resp. regular closed) [13] if A = int(cl(A))
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(resp. A = cl(int(A))). A subset A is said to be d-open [15] if for each x € A
there exists a regular open set V such that x € V C A and is said to be
0-closed if its complement is d-open. A point x € X is called a d-cluster
points of A [15] if AN int(cl(U))# D for each open set U containing x. The
set of all J -cluster points of A is called the d-closure of A and is denoted by
0-cl(A). The J-interior of A is the union of all regular open sets contained
in A and is denoted by 0-int(A). A subset A of a space (X,7) is called
O -preopen [12] (resp. d-semiopen [11]) if A C int(d-cl(A)) (resp.A C cl(0-
int(A))). The complement of a d-semiopen set (resp. a O-preopen set) is
called ¢ -semiclosed (resp. & -preclosed).

A space X is called submaximal [2] if every dense subset of X is open.

DEFINITION 1. A subset K of a space (X, 1) is called
(1) e-open [4] if K C cl(0-int(K)) U int(0-cl(K)) and e-closed [4] if
cl(0-int(K)) N int(d-cl(K)) C K,

(2) e*-open [6] if K C cl(int(0-cl(K))) and e*-closed [6] if int(cl(d-
int(K))) C K,

(3) a D-set [5] if K = AN B, where A is open and B is 0 -closed,

(4) a DS -set [5] if K = AN B, where A is open and B is ¢ -semiclosed,
(5) an LC-set [1]if K € LC(X)={ANB: A€, cl(B) = B},

(6) a B-set [14] if K € B(X)={ANB: A €, int(cl(B)) C B}.

2. a-open sets

DEFINITION 2. A subset A of a space X is called
(1) a-open if A C int(cl(0-int(A))),
(2) a-closed if cl(int(d-cl(A))) C A.

The family of all a-open (respectively a-closed) sets of X is denoted by
a O0(X) (resp. aC(X)).

DEFINITION 3. Let A be a subset of a space X.

(1) The intersection of all a-closed sets containing A is called the a-
closure of A and is denoted by a-cl(A).

(2) The a-interior of A is defined by the union of all a-open sets con-
tained in A and is denoted by a-int(A).
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THEOREM 4. Let A be a subset of a space X. Then
(1) a-cl(A) = A U cl(int( -cl(A))).
(2) a-int(A) = AN int(cl( -int(A))).

PROOF. (1): Since a-cl(A) is a-closed,
cl(int(0 -cl(A)) C cl(int(d-cl(a-cl(A))) C a-cl(A).

Thus, A U cl(int(d-cl(A)) C a-cl(A).
Conversely, we have

cl(int(0-cl[A U cl(int(d -cl(A)))])) = cl(int(d-cl(A) U d -cl(cl(int(d -cl(A))))))
= cl(int(0 -cl(A)))
C AU cl(int(0 -cl(A))).

Since A U cl(int(0-cl(A))) is a-closed containing A, then a-cl(A) C AU
U cl(int(0 -cl(A))).

(2): It is obvious from (1). |

REMARK 5. (1) The following diagram holds for a subset A of a space X:

e*-open

!

e-open

/ AN

O-semiopen a-open — O-preopen

1
0-open

i

regular open

(2) Every a-open set is a-open.

(3) None of these implications is reversible as shown in the following
examples. The other examples are as shown in [4, 6].

EXAMPLE 6. Let X = {a,b,c,d} and let v = {0, X, {a}, {c}, {a,b},
{a,c}, {a,b,c}, {a,c,d}}. Then the set {a,c,d} is a-open but it is not
a-open. The set {a,b,d} is 0-semiopen but it is not a-open.

EXAMPLE 7. Let X={a,b,c,d} and lett={0, X, {a,d}, {c}, {a,c,d}}.
Then the set {b, c,d} is 0-preopen but it is not a-open.

EXAMPLE 8. Let X = {a,b,c,d} and let v = {0, X,{a}, {b}, {a,b},
{a,b,c}, {a,b,d}}. Then the set {a,b,c} is a-open but it is not J -open.
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3. {*-sets

DEFINITION 9. A subset K of a space X is said to be an .4*-set if there
exist an open set A and an a-closed set B such that K = AN B.

The family of all 4*-sets of X is denoted by 4*(X).

REMARK 10. (1) The following diagram holds for a subset P of a space X:
A*-set — DS-set \

1 B-set
D-set — LC-set

(2) In a topological space, every open set and every a-closed set is an
A*-set.

(3) None of the above implications is reversible as shown in the following
examples.

EXAMPLE 11. Let X = {a,b,c,d} and let T = {0, X,{a}, {c}, {a,b},
{a,c}, {a,b,c}, {a,c,d}}. Then the set {b,c,d} is an LC-set but it is not
an 4*-set.

EXAMPLE 12. Let X = {a,b,c,d} and let T = {0, X, {b}, {d}, {b,d}}.
Then the set {c} is an .4*-set but it is neither a J-set nor an LC-set and also
it is not open. The set {c,d} is a DS -set but it is not an .{*-set. The set {b,d}
is an *-set but it is not a-closed.

THEOREM 13. Let N be a subset of a space X. Then
(1) If N is e*-open, then 6 cl(N) is regular closed.
(2) N € A*(X) if and only if N = ANa-cl(N) for some open set A.

PROOF. (1) Since N is e*-open, then 0-cl(N) C O-cl(cl(int(0-cl(N)))) =
O -cl(O-cl(0-int(0-cl(N)))) = cl(d-int(d-cl(N))). On the other hand, we have
cl(©-int(0-cl(N))) C cl(0-cl(N)) = 0-cl(N). Thus, d-c(N) = cl(0-int(d-
cl(N))) = cl(int(0-cl(N))) and hence, 0-c/(N) is regular closed.

(2) (=): Since N € A*(X), N = AN B where A is open and B is a-
closed. Since N C B, a-cl(N) C a-cl(B) = B. Thus ANa-c(N) CANB =
=N C ANna-cl(N) and hence N = ANa-cl(N).

(«<): Since N = ANa-cl(N) for some open set A and a-cl(N) is a-closed,
then N € A4*(X). ]
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THEOREM 14. Let N be a subset of a space X. The following are equiv-
alent:

(1) N is open,
(2) N is a-open and an A*-set,
(3) N is preopen and an A" -set.

PROOF. (1) = (2): Since every open set is a-open and an {*-set, the
proof is obvious.

(2) = (3): Obvious.

(3) = (1): Let N be preopen and an 4*-set. Then N is a D -set. Since
N is preopen and a DS -set, by Theorem 13 [5], it is open. 1

THEOREM 15. Let X be a space. Then X is submaximal if and only if
every dense subset of X is an A*-set.

PROOF. (=): Since X submaximal, every dense subset is open and so is
an *-set.

(«<): It is known that every dense set is preopen. Also, by hypothesis,
every dense set is 4{*-set. So, by Theorem 14, it is open. Thus, X is
submaximal. |

THEOREM 16. Let X be a space. Then X is indiscrete if and only if the
A*-sets in X are only the trivial ones.

PROOF. (=): Let G be an {*-set in X. There exist an open set U and an
a-closed set V suchthat G=UN V. If G#0, then U= (. We obtain U = X
and G = V. Hence, X =a-cl(G) C Gand G = X.

(«<=): Every open set is an .{*-set. So, open sets in X are only the trivial
ones. Hence, X is indiscrete. ]

4. Weaker forms of J -open sets

DEFINITION 17. A subset N of a space X is said to be a d &-set (resp.
a 08" -set, a 0 P-set, a 0.S-set, a O.d-set, a dd-set, a O R-set) if there exist
a 0-open set A and an e-closed (resp. e*-closed, O -preclosed, 0 -semiclosed,
a-closed, d-closed, regular closed) set B such that N = AN B.
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REMARK 18. The following diagram holds for a subset P of a space X:

0 -set

/! !
OR-set — O0-set — OA-set 08-set — 08" -set
N\ T
O P-set

None of these implications is reversible as shown in the following examples:

EXAMPLE 19. Let X = {a,b,c,d} and let T = {0, {a}, {c}, {a,b},
{a,c}, {a,b,c}, {a,c,d}, X}. Then the set {b,c,d} is a d &-set and O P-set
but it is neither 0.4-set nor 0./-set. The set {d} is a dd-set but it is not a
O R-set.

EXAMPLE 20. Let X = {a,b,c,d} and let v = {0, X, {a}, {b}, {a,b},
{a,b,c}, {a,b,d}}. Then the set {b,d} is a d&-set and a 0.F-set but it is
neither a 0 P-set nor a d.4-set. The set {d} is a d.4-set but it is not a 0 -set.

EXAMPLE 21. Let X = {a,b,c,d} and let T = {0, X, {b}, {d}, {b,d}}.
Then the set {a,b} is a 8™ -set but it is not a  &-set.

THEOREM 22. Let K be a subset of a space X.
(1) If K is an 0 R-set, then it is O -semiopen.
(2) K € 00(X) if and only if K = U N ~Il(K) for some O -open set U.

PROOF. (1): Let K be an 0 R-set. Then K = AN B, where A is d-open
and B is regular closed. On the other hand, 0 -int(K) = 6-int(ANB) = ANJ-
int(B). Suppose that x ¢ cl(d-int(K)) = d-cl(d-int(AN B)). Then there exists
a 0-open set V containing x such that V Nd-int(ANB) = VN ANS-int(B) =
= VNANint(B) =0. We obtain VNANB = VNK = VNANcl(int(B)) =0
and then x ¢ K. Thus, K C cl(0-int(K)) and hence, K is d-semiopen.

(2): It is similar to that of Theorem 13. ]

The following example shows that Theorem 22 (1) is not reversible.

EXAMPLE 23. Let X = {a,b,c,d} and let T = {0, X, {a}, {b}, {a,b},
{a,b,c}, {a,b,d}}. Then the set {a,b,d} is d-semiopen but it is not a
O R-set.
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LEMMA 24. Let X be a topological space and A C X. Then A is 0 -
semiopen if and only if 0 -cl(A) = 0 (0 -int(A)).

PROOF. Since A is d-semiopen, O-cl(A) C cl(d-int(A)) = O-cl(O-
int(A)) C 0-cl(A). Hence, d-cl(A) = d-cl(d -int( A)).

Conversely, let 0-cl(A) = d-cl(0-int(A)). We have A C d-cl(A) = O-
cl(0-int(A)). Hence, A is d-semiopen. ]

THEOREM 25. Let K be a subset of a space X. Then the following are
equivalent:

(1) K is O -open,

(2) K is a-open and a 6 R-set,

(3) K is a-open and a 6 A-set,

(4) K is a-open and a 6 P-set,

(5) K is a-open and a 0% -set,

(6) K is a-open and a 0 &-set,

(7) K is a-open and a 8 & -set,

(8) K is a-open and a 00 -set,

(9) K is 0 -preopen and a d R -set,
(10) K is 6 -preopen and a 6 -set,
(11) K is 6 -preopen and a 0 A-set,
(12) K is 6 -preopen and a o £ -set.

PROOF. (1) = (2): It follows from the fact that every d -open set is a-open
and an 0 R-set.

(2) = (3): Obvious.

3)= 4) = (6) = (7): It follows from Remark 18.

3) = (5) = (6) = (7): It follows from Remark 18.

(7) = (1): Since K is a-open and a 08*-set, K = G N F, where G is
0-open and F is e*-closed and also K = G N F C int(cl(0-int(G N F))) =
0-int(0-cl(0-int(G) N 8-int(F))) C O-int(d-cl(-int(G)) N O-cl(d-int(F))) =
O-int(0-cl(G) N O-cl(S-int(F))) = O-int(d-cl(G)) N d-int(d-cl(d-int(F)))) =
0-int(0-cl(G)) N d-int(F) by Theorem 13. This implies that K = GN F C
C 0-int(0-cl(G)) NO-int(F)N G = GNO-int(F) and then K = G N -int(F).
Hence, K is 0-open.

(2) = (8) = (10): Obvious.

(2) = (9) = (10): Obvious.
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(10) = (1): Let K be 0 -preopen and a 60 -set. Then K C int(0-cl(K)) =
= 0-int(0-cl(K)) and K = GN0J-cl(K) where G is 0-open. We obtain K C
C GNO-cl(K)NO-int(0-cl(K)) C GNO-int(0-cl(K)) = d-int(GNI-cl(K)) =
0-int(K). Hence, K is 0-open.

(3) = (11) = (12): Obvious.

(12) = (1): Let K be d-preopen and a 0 -set. Then K C int(0-cl(K)) =
= 0-int(0-cl(K)) and K = G N A where G is d-open and 0-int(d-cl(A)) =
= d-int(A) by Lemma 24. We have K C 0-int(d-cl(K)) = 0-int(0-cl(G N A))
C O-int(0-cl(G)) N O -int(d-cl(A)) = 0 -int(d -cl(G)) N O -int(A). Thus, K C O-
int(0-cl(G)) N 0-int(A) N G = G N O-int(A) and hence K = G N O-int(A).
Therefore, K is 0-open. ]

LEMMA 26. Let N be a subset of a space X. Then N € 0A4(X) if and
only if N = AN a-Il(N) for some 0 -open set A.

THEOREM 27. Let N be a subset of a space X. The following are equiv-
alent:

(1) N is an 0 R-set,

(2) N is 0 -semiopen and a 00 -set,
(3) N is e-open and a 00 -set,

(4) N is e*-open and a 00 -set,

(5) N is d-semiopen and a 0 4-set,
(6) N is e-open and a 6 A-set,

(7) N is e*-open and a 0 A-set.

PROOF. (1) = (2): It is obvious from Theorem 22 and Remark 18.
(2) = (3) = (4) = (7): By Remark 18, it is obvious.
(2) = (5) = (6) = (7): By Remark 18, it is obvious.

(7) = (1): Since N is a dA-set, then N = G N a-cl(A), where G is
0-open. Since A is e*-open, by Theorem 4, a-cl(A) = cl(int(d -cl(A)). Hence,
a-cl(A) is regular closed and so N is an 0 R-set. ]
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5. Decompositions of continuous functions and super-continuous
functions

DEFINITION 28. A function f: (X,t) — (Y, 0) is said to be a-continuous
if f~1(A) is a-open in X for every A € 0.

DEFINITION 29. A function f: (X, t) — (Y,0) is called super-continuous
[9] (resp. O-almost continuous [12], 0-semicontinuous [3]) if f —1(A) is O-
open (resp. O -preopen, 0 -semiopen) for each A € o.

REMARK 30. Let f: X — Y be a function. The following diagram holds:

J -semicontinuous

super-continuous — a-continuous
0 -almost continuous

These implications are not reversible as shown in the following examples:

EXAMPLE 31. Let X = {a,b,c,d} = Y and let v = {0, X,{a}, {b},
{a,b}, {a,b,c}, {a,b,d}}. Then

(1) the function f:(X,7) — (Y,7), defined as: f(a) = a, f(b) = d,
f(c)=c, f(d) = a, is d -semicontinuous but it is not a-continuous.
(2) the function f:(X,t) — (Y,7), defined as: f(a) = a, f(b) = a,

f(c)=d, f(d) = c, is a-continuous but it is not super-continuous.

EXAMPLE 32. Let X ={a,b,c,d} =Y and lett = {0, {a}, {c}, {a,b},
{a,c}, {a,b,c}, {a,c,d}, X}. Then the identity function i: (X,7) — (X,7)
is 0 -almost continuous but it is not a-continuous.

DEFINITION 33. A function f: (X,7) — (Y, 0) is said to be 4*-continuous
if f~1(A) is an 4*-set in X for every A € 0.

DEFINITION 34. A function f:(X,7) — (Y, 0) is called &-continuous [5]
(resp. DF-continuous [5]) if f~1(A) is a D-set (resp. a DS -set) for each
A€o.

REMARK 35. The following implications hold for a function f: X — Y
but not conversely:

D-continuous — A*-continuous — DY -continuous
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EXAMPLE 36. Let X = {a,b,c,d} = Y and let v = {0, X,{b}, {d},
{b,d}}. Then

(1) the function f:(X,t) — (Y,7), defined as: f(a) = a, f(b) = c,
f(c)=b, f(d) = c, is A*-continuous but it is not D-continuous.
(2) the function f:(X,t) — (Y,7), defined as: f(a) = a, f(b) = c,

f()=b, f(d)=Db, is DS -continuous but it is not «4*-continuous.

DEFINITION 37. A function f: (X,t) — (Y,0) is called a-continuous [8]
(resp. precontinuous [7]) if f _I(A) is a-open (resp. preopen) for each A € o.

THEOREM 38. The following are equivalent for a functionf: X — Y :
(1) f is continuous,
(2) f is a-continuous and A* -continuous,

(3) f is precontinuous and A" -continuous.

PROOF. It is an immediate consequence of Theorem 14. ]

DEFINITION 39. A function f: (X,7)— (Y,0) is said to be 0 8 -continu-
ous (resp. O&-continuous, 0 P-continuous, 0 -continuous, d.4-continuous,
d90-continuous, 0 R-continuous) if f~1(A) is a 0 & -set (resp. a dE-set, a
0 P-set, a 0L -set, a d.A-set, a d0-set, a 0 R-set) in X for every A € 0.

REMARK 40. The following diagram holds for a function f: X — Y:

d-cont.

OR-cont. — Od-cont. — OJA-cont. d8-cont. — SE*-cont.

N T
O P-cont.

These implications are not reversible as shown in the following examples:

EXAMPLE 41. Let X = {a,b,c,d} =Y and let v = {0, {a}, {c}, {a,b},
{a,c}, {a,b,c}, {a,c,d}, X}. Then

(1) the function f:(X,t) — (Y,1), defined as: f(a) = d, f(b) = b,
f(c) = b, f(d) = ¢, is d&-continuous and O P-continuous but it is neither
d.4-continuous nor d £-continuous.

(2) the function f:(X,t) — (Y,t), defined as: f(a) = d, f(b) = d,
f(c)=d, f(d) = a, is 06 -continuous but it is not d R-continuous.
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EXAMPLE 42. Let X = {a,b,c,d} = Y and let t = {0, X,{a}, {b},
{a,b}, {a,b,c}, {a,b,d}}. Then

(1) the function f:(X,7) — (Y,7), defined as: f(a) = c, f(b) = d,
f(c) = c, f(d) = b, is 0S-continuous and é &-continuous but it is neither
0 P-continuous nor J.4-continuous.

(2) the function f:(X,7) — (Y,7), defined as: f(a) = d, f(b) = d,
f(c)=d, f(d) = b, is d.4-continuous but it is not 4 d -continuous.

EXAMPLE 43. Let X = {a,b,c,d} = Y and let T = {0, X, {b}, {d},
{b,d}}. Then the function f: (X,7) — (Y,7), defined as: f(a) = b, f(b) = b,
f(c)=c, f(d)=a, is 0 8 -continuous but it is not d &-continuous.

THEOREM 44. The following are equivalent for a functionf: X — Y :
(1) f is super-continuous,

(2) f is a-continuous and d R-continuous,

(3) f is a-continuous and d A-continuous,

(4) f is a-continuous and 6 P-continuous,

(5) f is a-continuous and d & -continuous,

(6) f is a-continuous and & &-continuous,

(7) f is a-continuous and 6 8" -continuous,

(8) f is a-continuous and &9 -continuous,

(9) f is 0 -almost continuous and 0 R -continuous,
(10) f is & -almost continuous and &0 -continuous,
(11) f is 8 -almost continuous and 0.4 -continuous,
(12) f is 0 -almost continuous and 0 & -continuous

PROOF. It is an immediate consequence of Theorem 25. |

DEFINITION 45. A function f:(X,7) — (Y,0) is called e-continuous [4]
(resp. e*-continuous [6]) if f _I(A) is e-open (resp. e*-open) for each A € 0.

THEOREM 46. The following are equivalent for a functionf: X — Y:
(1) f is O R-continuous,

(2) f is 0 -semicontinuous and 6 0 -continuous,

(3) f is e-continuous and 0 d -continuous,

(4) f is e*-continuous and 6 d -continuous,

(5) f is O -semicontinuous and d A-continuous,
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(6) f is e-continuous and d 4-continuous,
(7) f is e*-continuous and 0.4 -continuous.

PROOF. It is an immediate consequence of Theorem 27. ]
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Abstract. The object of the present paper is to study a type of semi-
Riemannian manifold which is called almost pseudo symmetric manifold.
Some properties of an almost pseudo symmetric manifold have been studied.
Also we consider almost pseudo symmetric spacetime. Finally, the existence
of an almost pseudo symmetric semi-Riemannian manifold is proved by non-
trivial examples.

1. Introduction

In this paper the authors introduce a type of semi-Riemannian manifold
(M",g) (n > 2), whose curvature tensor R of type (0,4) satisfies the condi-
tion

(VuR(X,Y,Z, W) =[A(U) + BUIR(X, Y, Z, W)+
+AX)RU, Y, Z, W)+ A(Y)R(X, U, Z, W)+ A(Z)R(X, Y, U, W)+
(1.1) +A(W)R(X, Y, Z, U),
where A, B are two non-zero 1-forms defined by
(1.2) 8(X, P) = A(X), 8(X, Q) = B(X),

for all vector field X, V denotes the operator of covariant differentiation with
respect to the metric g, R is defined by R(X, Y,Z, W) = g(R(X, Y)Z, W),
where R is the curvature tensor of type (1,3). Such a manifold shall be called

AMS Subject classification (2000): 53C15, 53C25.
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an almost pseudo symmetric manifold and the 1-forms A and B are called the
associated 1-forms. The name almost pseudo symmetric is chosen because if
A = B in (1.1) then the manifold reduces to a pseudo symmetric manifold
which is denoted by (P.S),, introduced by M. C. Chaki [1]. In this connection
we can mention the notion of weakly symmetric manifold introduced by
Tamassy and Binh [9]. A semi-Riemannian manifold of dimension> 2 is
said to be weakly symmetric [9] if there exist 1-forms A, B, C, D and E,
not simultaneously zero, such that the curvature tensor satisfies the condition

(VuR(X,Y,Z, W)= AU)RX, Y,Z, W)+ B(X)R(U, Y, Z, W)+
+C(Y)R(X,U,Z, W)+ D(Z)R(X, Y, U, W)
+E(W)R(X, Y, Z, U).

It may be mentioned that almost pseudo symmetric manifold is not a particular
case of a weakly symmetric manifold. Pseudo symmetric manifolds have
been studied by many authors. An n-dimensional almost pseudo symmetric
manifold will be denoted by A(PS),.

A semi-Riemannian manifold is said to have cyclic Ricci tensor if its
Ricci tensor S of type (0,2) is non-zero and satisfies

(1.3) VxS, Z)+(Vy SHZ, X) +(VzS)(X, Y) =0.

It is known that [4] Cartan hypersurfaces are manifolds with non-parallel
Ricci tensor satisfying cyclic Ricci tensor.

WALKER’S LEMMA [10]: If a;j, b; are numbers satistying a;j = aj;,
al-jbk + ajkb,- +akibj =0, fori,j, k =1,2,...,n, then either all ajj = 0
or, all b; are zero.

The paper is organized as follows:

After preliminaries we have studied A(PS), with non-zero constant
scalar curvature. In section 4 of this paper it has been shown that in an
A(PS), one of the associated 1-forms is closed if and only if the other is
also closed. In section 5, an A(PS), with cyclic Ricci tensor is studied. The
question whether an A(PS), can be of constant curvature is answered and
the Einstein A(PS), is studied in section 6. Section 7 deals with conformally
flat A(PS), (n > 3). We prove that a conformally flat A(PS), (n > 3) with
non-zero constant scalar curvature is a quasi Einstein manifold introduced by
Chaki and Maity [2]. In section 8 we prove that if an A(PS), admits a parallel
vector field which is not orthogonal to the associated vector field P then the
manifold can not be conformally flat. In section 9 we deal with an A(PS),
perfect fluid spacetime with cyclic Ricci tensor. The last section contains two
non-trivial examples of A(PS), with non-zero non-constant scalar curvature.
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2. Preliminaries

Let S and r denote the Ricci tensor of type (0, 2) and the scalar curvature
respectively and L denote the symmetric endomorphism of the tangent space
at each point corresponding to the Ricci tensor, that is,

(2.1 g(LX,Y)=58(X,Y),
for any vector field X, Y. If {¢;}, i = 1,2,...,n, is an orthonormal basis

of the tangent space at each point of the manifold so that g(e;,e;) = €;0
€; = %1, then

ij

n n
S(X,Y)=) €Re;, X, Y,e), r=> €S e)
i:l l=1

Let A and B are two 1-forms defined by
(2.2) A(LX) = A(X), B(LX) = B(X).
Then A and B are called auxiliary 1-forms corresponding to the 1-forms A
and B respectively.

Putting X = W = ¢; in (1.1) where {¢;}, i = 1,2,...,n, is an or-
thonormal basis of the tangent space at each point of the manifold and taking
summation over i, 1 <i <n, we get

(VuS(Y,Z2) =[AU) + B(D)]S(Y, Z) + A(Y)S(U, Z2) + A(Z)S(Y, U)+

(2.3) +R(U,Y,Z,P)+R(P, Y, Z, U).
Again putting Y = Z =¢; in (2.3) yields
(2.4) dr(U) = [A(U) + B(U)]r +4A(U).

3. A(PS), (n > 2) of non-zero constant scalar curvature

We suppose that in an A(PS), the scalar curvature r is a non-zero
constant. Then from (2.4) we get

AX) = —%[A(X) + B(X)].
From this it follows that
3.1 S(X,P)= —%[A(X)+B(X)].

This shows that S(X, P) can not be of the form k A(X) where k is a scalar.
Hence P can not be an eigen vector corresponding to any eigen value k of S.
This leads to the following theorem:
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THEOREM 3.1. In an A(PS),,n > 2, of non-zero constant scalar curva-
ture, P can not be an eigen vector corresponding to any eigen value of S.

If in particular A = B then from (3.1) we have S(X, P) = —%A(X ), that
is, A(X) = —%A(X ). From which we can state the following corollary:

COROLLARY 3.1. In an A(PS); of non-zero constant scalar curvature, in
which A = B, we obtain A(X) = —5AX).

The above corollary has already been proved by M. C. Chaki [1] in his
paper.

4. Two dimensional almost pseudo symmetric manifolds

In this section we consider an A(PS);. It is known [7] that every (M 2 g)
is a recurrent manifold whose 1-form of recurrence Q is given by
4.1) Q(X)=X. (logr).
Since dQ(X, Y)=XQ(Y)— YQ(X)— Q([X, Y]), it follows from (4.1) that
dQ(X, Y) = 0 which means that the 1-form Q is closed. Again since every
(M2, g) is an Einstein manifold we have

(4.2) S(X, Y) = Zg(X, Y).
So,
(4.3) S(X,P)= 5g(X, P) = SAX).

Therefore from (2.4) and (4.3) we get
X.r=[AX)+ B(X)]r +4S(X, P)

4.4) =[A(X)+ B(X)]r +2A(X) =[3A(X) + B(X)]r.
Then by (4.1) the equation (4.4) reduces to
4.5) r{Q(X)—-3A(X)— B(X)]=0.

Now in an (M 2, g) , r =0 implies that the manifold is flat which is inadmis-
sible by definition. Hence r #0 and therefore from (4.5) we get

(4.6) 3A(X) + B(X) = Q(X).

Since Q is closed it follows from (4.6) that A is closed if and only if B is
closed. We can therefore state the following theorem:
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THEOREM 4.1. In an A(PS), the associated 1-form A is closed if and
only if the 1-form B is closed.

It is to be noted that in an A(PS), if the scalar curvature r is constant,

then from (4.4) we get 3A(X) = —B(X) as r#0 in M?2. So we have the
following corollary:

COROLLARY 4.1 In an A(PS), if the scalar curvature is constant, then the
corresponding vector fields of the 1-forms A and B are in opposite direction.

5. A(PS);, (n > 2) with cyclic Ricci tensor

In relation (2.3) if we replace Y, Z and U by X we get
(6.1 (Vx9(X, X) = [BAX) + B(X)]S(X, X),

since R(X, X, X, Y) = 0. Now if the Ricci tensor is non-zero then from (5.1)
it follows that (V x S)(X, X) = 0 if and only if 3A(X) + B(X) = 0. So we
have the following theorem:

THEOREM 5.1. In an A(PS), If the Ricci tensor is non-zero, then the
Ricci curvature S(X, X) is covariantly constant in the direction of X if and
only if 3A(X) + B(X) =0.

Again from (2.3) we have
(VxSH(Y, Z) = [A(X) + B(X)IS(Y,Z2) + A(Y)S(X, Z) + A(Z)S(Y, X)+
(5.2) +R(X,Y,Z,P)+R(P, Y, Z, X).

Now interchanging X, Y, Z in (5.2) and then adding them and using the
symmetric and skew-symmetric properties of curvature tensor we get

(VxSHY,Z)+ (VyS)Z, X)+(VZS)(X, Y) =
(5.3) =TX)S(Y,2)+ T(Y)S(X,Z)+ T(Z)S(X, Y),

where T(X) = 3A(X) + B(X). Now if the Ricci tensor of the manifold be
cyclic, then from (5.3) and (1.3) we have

5.4 TX)S(Y,Z2)+ T(Y)S(X,2)+ T(ZL)S(X, Y)=0.

Then by Walker’s lemma we can see that either 7 = 0 or, S = 0. But since
S#0, we have T =0 which implies that

(5.5) 3A(X)+ B(X)=0.
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Conversely, if 3A(X) + B(X) =0 then T =0 and from (5.3)
(VxSIY,2)+(VySNZ, X)+(Vz)(X, Y)=0

which implies that the Ricci tensor is cyclic. Thus we can state the following
theorem:

THEOREM 5.2. An A(PS), admits a cyclic Ricci tensor if and only if the
associated 1-forms A and B satisty the relation (5.5).

REMARK. For cyclic Ricci tensor S#0. By THEOREM 5.2, an A(PS),
admits a cyclic Ricci tensor if and only if 3A(X) + B(X) = 0. Again by
THEOREM 5.1, in an A(PS), if S#0 then the Ricci curvature S(X, X) is
covariantly constant in the direction of X if and only if 3A(X) + B(X) = 0.
Hence we can state that “An A(P.S), admits a cyclic Ricci tensor if and only
if the Ricci curvature S(X, X) is covariantly constant in the direction of X.”

6. Einstein A(PS), (n > 2)

In this section we suppose that an A(PS), is an Einstein manifold. Then
(6.1) S(X,Y) = ~g(X, Y).
n

It is known [5] that in an Einstein manifold (M",g)(n > 2) r is constant.
Hence in this case dr(X) = 0. So from (2.4) we get

(6.2) [AX)+ B(X)lr +4S(X,P)=0.
Then from (6.1) and (6.2) we have

(6.3) [<1+%> A(X)+B(X)] r=0,
which implies that either » = 0 or,
(6.4) <1 + %) AX)+B(X)=0.

Hence we have the following theorem:

THEOREM 6.1. In an Einstein A(PS),,n > 2 either the 1-forms A and B
satisty the condition (6.4) or, the scalar curvature vanishes.

If in particular A(X) = B(X) then an A(PS), reduces to a (PS), and
the expression <1 + %) A(X)+ B(X) takes the form @A(X ) which is not



ON ALMOST PSEUDO SYMMETRIC MANIFOLDS 59

zero because A(X)#0. Thus it follows that an Einstein (PS);, with n > 2 is
of zero scalar curvature—a result already proved by M. C. Chaki [1]. It is
known that a manifold of constant curvature is an Einstein manifold, but the
converse is not, in general, true. The question, therefore, arises whether an
A(PS); can be of constant curvature.
Suppose that an A(PS);, is of constant curvature. Then we can write

(6.5) R(X,Y)Z =k[g(Y,2)X —g(X,2)Y],

where k is a constant. Being of constant curvature the A(PS);, under con-
sideration is an Einstein manifold. Hence if (6.4) does not hold then from
(6.3) it follows that r = 0 which implies, together with (6.5), that x = 0
because from (6.5) we have r = n(n — 1)k by contraction. Consequently,
from (6.5) it follows that R(X, Y)Z = 0, that is, the manifold is flat, which
is not admissible by definition of an A(PS),. Therefore the answer to the
question raised above we can state the following theorem:

THEOREM 6.2. If an A(PS), does not satisty the condition (6.4), then it
can not be of constant curvature.

Since a 3-dimensional Einstein manifold is of constant curvature ([5]
P. 293), we can state the following corollary of THEOREM 6.2:

COROLLARY 6.1. An Einstein A(PS)3 always satisfies the condition (6.4).

7. Conformally flat A(PS), (n > 3)

In this section we assume that the manifold A(PS), is conformally flat.
Then div C = 0, where C denotes the Weyl conformal curvature tensor and
‘div’ denotes the divergence. Hence we have [3]

(7.1)

1
(VxS)(Y,Z) - (Vz5)(X,Y) = m[g(Y,Z)dr(X) —8(X, Y)dr(Z)].

In virtue of (2.4) the equation (7.1) can be written as follows:
2n — DI(VxSIY,Z2) = (Vz9)(X, Y)] =
=r[A(X)g(Y,Z) — A(Z)g(X, V)] +r[B(X)g(Y,Z) — B(Z)g(X, Y)+
(7.2) +H[A(X)g (Y, 2) — A(Z)g(X, Y)].
Again by (2.3) we get
(VxS(Y,Z) = (Vz9)(X,Y)=[B(X)S(Y,Z) — B(Z)S(X, Y)]+
(7.3) +R(X,Y,Z,P)+2R(P,Y,Z,X)— R(P, X, Y,Z).
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Now, in a conformally flat (M", g), (n > 3)
. 1
RX,Y,Z, W)= —Z[g(Y,Z)S(X, W) +g(X, W)S(Y, 2)—
n —
—8(X, Z2)S(Y, W) — g(Y, W)S(X, D)1+

(7.4) + [g(X, Z)g(Y, W) — g(Y, Z)g(X, W)].

r
n—1n-2)
In virtue of (7.3) and (7.4) we get
2(n = DI(VxSUY,Z) = (VzS)(X, Y)] =
6(n —1)
(n=2)
+AX)g(Y,Z2) - A(Z)S(X, Y) — A(Z)g(X, Y)]+
6r
(n—-2)
From (7.2) and (7.5) we have
rlA(X)g(Y,2Z) — A(Z)g(X, Y)]+r[B(X)g(Y,Z) — B(Z)g(X, Y)]+
+4[A(X)g(Y,Z) — A(Z)g(X,Y)] =
6(n — 1)
(n =2)
+AX)g(Y,2) — AD)S(X,Y) — A(Z)g(X, Y)+
6r
(n—-2)
Now putting Y = P in (7.6) we get
r[B(X)A(Z) — B(2)A(X)] +4[A(X)A(Z) — A(Z)A(X)]+
(7.7) +2(n — D[A(X)B(Z) — A(Z)B(X)] = 0.

Thus we have the following theorem:

=2(n - DIBX)S(Y,Z) — B(Z2)S(X, Y)] + [AX)S(Y, Z)+

(7.5) + [A(Z)g (X, Y) — A(X)g(Y, Z)].

=2(n — DIB(X)S(Y,Z) — B(2)S(X, Y)] + [AX)S(Y, Z)+

(7.6) + [A(Z)g(X,Y) — A(X)g(Y, 2)].

THEOREM 7.1. In a conformally flat A(PS), the associated 1-forms sat-
isty the relation (7.7).

If, in particul_ar, A=B theg A(PS),, reduces to a (PS),, and the relation
(7.7) reduces to A(X)A(Z) — A(Z)A(X) =0, a result already proved by M.
C. Chaki [1].

Now we suppose that the scalar curvature is a non-zero constant then
dr(X) =0 and from (2.4) we get

(7.8) B(X)=— [A(X) + ;A(X)] .
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From (7.7) and (7.8) we have
—r [<A(X) + ;A(X)) AZ) — (A(Z) + ;A(Z)) A(X)} +
+A[A(X)A(Z) — A(Z)A(X)]—

—2n—-1) [(A(Z) + ;A(Z)) A(X) — (A(X)+ ;A(X)) A(Z)] =0.

or,
2(n — DIAX)A(Z) — A(Z)A(X)] =0
or,
(7.9) A(Z)=tAZ), (since n > 3),
where t = % is a non-zero scalar. From (7.8) and (7.9) we get
(7.10) B(X) =aA(X),
where

(7.11) a:—<1+4—t>,
r

is non-zero as B=(. Now putting Z = P in (7.6) and using (7.9), (7.10) and
(1.2) we get

(7.12) aS(X,Y)=fg(X,Y)+yAX)A(Y),

where = [(n6_rz) — 6(5{’:21)) +r(l+a)+ 44 A(P) is a scalar,

_ 12(n — 1)t 6r
y—[Z(n—l)at+ "2 —(n_z)—r(1+a)—4t

isascalaranda =(n — 1) [2a + ﬁ] A(P) is a non-zero scalar. Because if

a =0thenas Az0andn > 3 we have 2a+% = (. After some calculations

e
by using (7.11) we then get t = E‘S(gf)zr) which implies ¢ is constant, that is,

A is constant by the definition of ¢, which is not possible. Therefore, from
(7.12) it follows that the manifold is a quasi-Einstein manifold [2]. Hence the
following theorem holds.

THEOREM 7.2. A conformally flat A(PS), (n > 3) with non-zero constant
scalar curvature is a quasi-Einstein manifold.
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8. A(PS), admitting a parallel vector field

In this section we suppose that an A(PS), admits a parallel vector field
V ([5] P. 124, [8] P. 322) which is not orthogonal to the associated vector
field P. Then

8.1) VxV =0,
for all X € y(A(PS),). Applying Ricci identity to (8.1) we get

(8.2) RX,Y,Z, V)=0.
Contracting Y and Z in (8.2) we get

(8.3) S(X,V)=0.
Now from (8.1) and (8.3) it follows that

(8.4) (VxS$(Y, V) =0.
From (2.3) we get by (8.2), (8.3) and (8.4)
(8.5) A(V)S(X,Y)=0.

Now since, by assumption, A(V)#0, so from (8.5) we have S(X,Y) =0
for all vector fields X, Y. Hence C(X, Y,Z) = R(X, Y, Z), where C is the
Weyl conformal curvature tensor. Then C = 0 implies R = 0, that is, the
manifold is flat which is inadmissible by definition of A(PS);. Thus we have
the following theorem:

THEOREM 8.1. If an A(PS),, admits a parallel vector field which is not
orthogonal to the associated vector field P then the manifold can not be
conformally flat.

9. A(PS), perfect fluid spacetime with cyclic Ricci tensor

This section is concerned with certain investigations in general relativity
by the coordinate free method of differential geometry. In this method of
study the spacetime of general relativity is regarded as a connected four-

dimensional semi-Riemannian manifold (M 4, g) with Lorentz metric g with
signature (—, +, +,+). The geometry of the Lorentz manifold begins with the
study of the causal character of vectors of the manifold. It is due to this
causality that the Lorentz manifold becomes a convenient choice for the study
of general relativity.
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Here we consider a special type of spacetime which is called almost
pseudo symmetric spacetime.

If the Ricci tensor of an A(PS),, n > 2 is cyclic then from (5.4) we have
9.1) B(X) = —-3A(X).

Now we consider an almost pseudo symmetric relativistic spacetime A(PS)4
satisfying cyclic Ricci tensor as a perfect fluid spacetime with cosmological
constant A in which the associated vector field P is the velocity vector field

of the fluid. It is known [6] that a general relativistic spacetime (M 4 g)is
a 4-dimensional Lorentzian manifold having the matter content as a perfect
fluid with unit time-like vector field. The Einstein equation can be written as

1
5—§rg+/1g=lcT, where T=(0+pAR A+pg.
Now this can be written as

1
©.2) S(X, ¥)—5rg(X, Y)+A8(X, Y) = k[(0 +p)A(X)A(Y)+pg(X, Y)],

where 0 and p denote the density and pressure of the fluid respectively and A
is given by g(X, P) = A(X), for all vector field X, P is the flow vector field
of the fluid such that g(P, P) = —1. Since A(PS), spacetime satisfies cyclic
Ricci tensor, by taking a frame field and contracting (1.3) we get dr(X) =0.
Hence from (2.4) we obtain 4A(X) = —[A(X) + B(X)]r, which implies
9.3) 4S(X, P) = —[A(X) + B(X)]r.

Using (9.1) in (9.3) we get

9.4) S(X,P) = %A(X) = %g(X, P).

Now putting Y = P in (9.2) we get

9.5 S(X,P)— %rg(X, P)+1g(X, P) = k[(0 +p)AX)A(P) + pg (X, P)].

In virtue of (9.4) and taking account of the fact that A(P) = —1 we can write
(9.5) as A = —ko, which implies that
A

(9.6) o=——.
K

Again taking a frame field and contracting (9.2) we get by using (9.6) that

9.7) p= 3’13_ i
K
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Since A(PS)4 satisfies cyclic Ricci tensor then the scalar curvature r becomes
constant, so from (9.7) we see that p is constant. Also from (9.6) we have o
is constant. Since div T' = 0, we get the energy and force equation as follows:

Po =—(0 +p)divP [Energy equation].
(0 +p)VpP=—gradp — (Pp)P [Force equation].

Since in this case both P and o are constants, it follows that div P = 0 and
VpP = 0. But div P represents the expansion scalar and V pP represents
the acceleration vector. Thus in this case both the expansion scalar and the
acceleration vector are zero. Summing up we can state the following result:

THEOREM 9.1. If an A(PS)4 spacetime satisfies cyclic Ricci tensor, the
matter content is perfect fluid whose velocity vector field is the associated
vector field of the spacetime, then the acceleration vector of the fluid must be
zero and the expansion scalar also be so.

10. Examples of A(PS),
In this section we prove the existence of A(PS), with non-zero non-
constant scalar curvature by constructing two non-trivial examples.
EXAMPLE 10.1. Let us consider a Lorentzian metric g on R4 by
S 4
(10.1)  ds?=gjdx'dx = 3 [dxH? +@x?* +(dx?)?] - (dxh?,
(i,j =1,2,3,4). Here the signature of g is (+, +,+, —) which is Lorentzian.

Then the only non-vanishing components of the Christoffel symbols and the

curvature tensors are
1 _ 2 _3 _ 4 4 _ 2 a4k
Piy=Ty =I5 = rﬁll—rzz—r&—g()‘ )3,

2
Rya41 = Ryaap = R3a43 = Touh

2
3x4’

and the components obtained by the symmetry properties. The non-vanishing
components of the Ricci tensors and covariant derivatives of the components
of curvature tensors are

2 2

9(x4)2/3’ Ras = _3(x4)2’

4
10.2 R =R =R = o hs/3
(10.2) 1441,4 = 124424 = 3443 4 9(x4)3/3

Ri1 =Ry =R33=
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It can be easily shown that the scalar curvature r of the resulting space (R*, g)

isr= ﬁ, which is non-vanishing and non-constant. We shall now show

that R* is an A(PS),. Let us consider the associated 1-forms as follows:

—%, fori =4
(10.3) Aix)= 3x

0, otherwise,

—i4, fori =4
(10.4) B;(x) = x

0, otherwise,

at any point x € R*. To verify the relation (1.1), it is sufficient to check the
followings:

(10.5) Ri441,4 = QA4 + By)Ry441,
(10.6) Rysap.4 = B3A4 + By)Rosan,
(10.7) R3443 4 = (3A4 + B4)R3443,

since for the other cases (1.1) holds trivially. By (10.3) and (10.4) we get
R.H.S. of (10.5) = (3A4 + By)Rj441

() (oor)
"\ ) o

4
= oAy = Riq41.4

=L.H.S. of (10.5).

(by (10.2))

By similar argument it can be shown that (10.6) and (10.7) are also true.
Hence R* equipped with the metric g, given in (10.1), is an A(P.S)4.

It is to be noted that (1.1) can be satisfied by a number of 1-forms A,
B namely by those which fulfil (10.5), (10.6), (10.7). Thus we can state the
following:

THEOREM 10.1. Let (R4,g) be a 4-dimensional Lorentzian space en-
dowed with the Lorentzian metric g given by

ds® = gijdx'dx’ = (x4)%[(dx1)2 +(dx2)? + (dx>)?] — (dxh?,

(i,j=1,2,3,4). Then (R4, g) is an A(PS)4 with non-zero and non-constant
scalar curvature.
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EXAMPLE 10.2. We define a Lorentzian metric g on R* by

(10.8)  ds? = gjidx'dx) = (1+2¢)[(dx")* + (dx?)? + (dx)* — (dx*)?],
1
(i,j =1,2,3,4), where g = ek% and k is non-zero constant. Then the only

non-vanishing components of the Christoffel symbols, the curvature tensors
and the covariant derivatives of the components of curvature tensors are

1 1 q 1 2 3 1 q
lﬂ22:1ﬂ33:——1+2q> 1“11:1“12:1"13:r¢1‘4:1“44:—1+2q,
(10.9) Ri21 = Ry331 = 1 , Rig41 = — 1 ,
1+2¢q 1+2¢q
q(1 —4q) q(1 —4q)
R =R = —, R -
12211 = Rizsn1 =750 1441,1 (1 +29)

and the components which can be obtained from these by symmetry proper-
ties. Using the above relations we find the non-vanishing components of the
Ricci tensor are

3q

= T2 Ry = R33 = Ryy =

q
R S
1 (1+2q)2

Also it can be easily shown that the scalar curvature of the resulting space

(R4, g)isr = ( lquq)3’ which is non-vanishing and non-constant. We shall

now show that R* is an A(PS)4. Let us consider the associated 1-forms as
follows:

1 .
(1010) Ai(X) — { 3(1+2q)° fori =1
0, otherwise,
~ M fori=1
(10.11) Bi(x) = { I+29°
0, otherwise,

at any point x € R*. To verify the relation (1.1), it is sufficient to check the
followings:

(10.12) Ri221,1 = GA; + B)Ri22,

(10.13) Ri331,1 = BA; + B1)Ry331,

(10.14) Ryaa1,1 = BA; + B1)Ryauy,
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since for the other cases (1.1) holds trivially. By (10.10) and (10.11) we get
R.H.S. of (10.12) = (3A| + B))Ry221

¢ 1 4q q
1429 1427 1+2g
q(1 —4q)
=—F =R by (10.9
(1+29)2 1221,1  (by (10.9))

=L.H.S. of (10.12).

By similar argument it can be shown that (10.13) and (10.14) are also true.

Hence R* equipped with the metric g, given in (10.8), is an A(PS)4. Thus
we can state the following:

THEOREM 10.2. Let (R4,g) be a Lorentzian space endowed with the
Lorentzian metric g given by

ds? = gidx'dx) = (1+2¢)[(dx")* + (dx?)? + (dx)? — (dx*)?],

1

(i,j =1,2,3,4), where q = ekLZ and k 1s non-zero constant. Then (R4,g) s

an A(PS), whose scalar curvature is non-zero and non-constant.
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Abstract. In this survey paper, we discuss some interconnections between fixed point
theorems and the theory of stable matchings. Namely, we relate the bipartite matching problems
to the Knaster—Tarski fixed point theorem and the nonbipartite ones to the Kakutani fixed
point theorem. We study the natural lattice structure of stable matchings, and deduce some
consequences of it, like linear characterizations of stable matching related polyhedra. Our
approach to stable matching is “nonstandard” as it leans on graph-theoretic notions more than
the “traditional” one.

1. Introduction

In the stable marriage problem of Gale and Shapley [31], there are n men
and n women and each person ranks the members of the opposite gender by
an arbitrary, strict preference order. A marriage scheme in this model is a set
of marriages between different men and women. Such a scheme is unstable if
there exist a man m and a woman w in such a way that m is either unmarried
or m prefers w to his wife, and at the same time, w is either unmarried or
prefers m to her partner. A marriage scheme is stable if it is not unstable, and
a natural problem is finding a stable marriage scheme if it exists at all.

Nowadays, it is already folklore that for any preference rankings of the
n men and n women, there exists a stable marriage scheme. This theorem
was proved first by Gale and Shapley in [31]. They constructed a special
stable marriage scheme with the help of a finite procedure, the so called

Research was supported by the Zoltdin Magyary fellowship of the Hungarian Ministry
of Education, the Netherlands Organization for Scientific Research (NWO), the MTA-ELTE
Egervary Research Group (EGRES) and OTKA N 034040, F 037301, T 037547 and K 69027.
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deferred acceptance algorithm. It also turned out that for the existence of
a stable scheme it is not necessary that the number of men is the same as the
number of women or that for each person, all members of the opposite group
are acceptable. Moreover, a natural modification of the deferred acceptance
algorithm solves the more general stable admissions problem that allows
polygamy on one side of the marriage market.

Although the paper of Gale and Shapley had a certain “recreational math-
ematics” flavour, later, the model turned out to be especially applicable both
in theory and practice. Roth has observed in [49] that the two-sided market of
medical students (intern candidates) and hospitals is fairly close to the stable
admissions model of Gale and Shapley. Actually, in this particular segment of
the economy, the “traditional” free competition approach failed to produce an
equilibrium. The market has been stabilized only after a centralized program
has been introduced that computes a stable admission scheme for volunteer
participants. Roth lists several other practical applications of the framework
on his homepage [48].

A most significant theoretical application of the stable marriage theorem
is the solution of the Dinitz conjecture. Namely, Galvin proved that the
list-chromatic index of any bipartite graph G equals the maximum degree
A of G (see [33]). In other words, if for every edge of G there is a list of A
possible colours then we can choose a colour for each edge from its list in
such a way that adjacent edges receive different colours. The conjecture was
open for fifteen years and the key idea in its ingenious elementary solution is
the application of the Gale-Shapley theorem. Another theoretically interesting
result is the observation that Pym’s linking theorem that proves that so called
gammoids are matroids is an application of the stable marriage theorem (see
[28] and Section 2.5 of this paper).

It seems that a vast amount of research on the theory of stable matchings
was done by game theorists and economists. (For the state of art in the early
90’s, see the book of Roth and Sotomayor [54].) Thanks to this, we have
a wide knowledge about the structure of stable matchings, much work was
devoted to different generalizations, algorithmic and optimizational aspects.
In this present work, we discuss a fairly novel approach to the theory of
stable matchings. Our framework views stable matchings as fixed points of a
certain set function and by this, we can generalize known facts about stable
matchings and give simple proofs for different, seemingly unrelated theorems.

Probably, Feder [23] and Subramanian [61] were the first ones that
pointed out a connection between stable matchings and fixed points. Both
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of them were interested in the stable roommates problem (i.e. the nonbi-
partite generalization of the stable marriage problem). They reduced that to
the so called network stability problem that is equivalent with the problem
of deciding whether a certain set function on the edges has a fixed point.
Subramanian has observed that in the bipartite (stable marriage) case there
always exists a fixed point by the fixed point theorem of Tarski. Later,
Adachi [5] reduced the stable marriage theorem and the lattice structure of
stable matchings explicitly to Tarski’s fixed point theorem. In this paper, we
mainly follow the approach in [28] and describe a fixed point theorem based
framework for stable matchings.

In Section 2, we define some basic notions and notations about stable
matchings, recall Tarski’s fixed point theorem and describe the basics of our
framework in the bipartite case. We discuss questions that are related to
multiple partner stable matchings in Section 2.1. Section 2.2 is devoted to the
lattice structure of stable admissions and to point out a connection between
path independent choice functions and monotone functions. We generalize
the lattice operations on stable matchings in Section 2.3 and discuss some
consequences. In particular, we prove a generalization of a theorem of Teo
and Sethuraman (see Theorem 21) based on the lattice structure. Section
2.4 surveys linear descriptions of bipartite stable matching related polyhedra
and Section 2.5 contains results on linking graph paths that are related to
stable marriages. The nonbipartite version of the stable matching problem
is studied in Section 3. In Section 3.1, we describe Irving’s generalization
of the Gale-Shapley algorithm to find a stable matching in the nonbipartite
case. We introduce stable half-matchings in Section 3.2 and characterize by
them the existence of a stable matching. We link this to Scarf’s lemma and
fixed points. Our last topic covers some extensions of the stable roommates
problem in Section 3.3, some of them are tractable, others are not.

2. The bipartite case: stable marriages

Let G be a bipartite graph (parallel edges are allowed) with colour classes
M and W and let E denote the set of edges of G. (It might be convenient to
think that vertices of M and W represent men and women, respectively, and
edges are along possible marriages.) For vertex v of G, let E(v) denote the
set of edges incident with v. (Note that E(v) might not be finite, even if V(G)
is finite). We call (G,0) a bipartite preference system if graph G is as above
and O is a set of orders < , for v € M U W, such that < ,, is a well-order
on E(v). We say that edge e of G M -dominates (W -dominates) edge f of G
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if ¢ and f are incident with the same vertex m of M (w of W) and ¢ < j,f
(e < wf). Edge e dominates edge f if ¢ M-dominates or W-dominates f. Set
F of edges M-dominates (W -dominates) edge set H if each edge h of H is
M -dominated ( W-dominated) by some edge f of F.

Let (G,0) be a bipartite preference system. Subset S of E is a stable
matching if no edge of S is dominated by S, and S dominates E \ S. Note
that any stable matching is necessarily a matching (i.e. a set of disjoint edges),
as if two edges of a stable matching shares a vertex then one of them would
dominate the other.

THEOREM 1. (Gale and Shapley 1962 [31]) For any finite bipartite pref-
erence system (G, 0), there exists a stable matching.

The original proof of Theorem 1 is a construction of a special stable
matching with the so called deferred acceptance algorithm. This is an iterative
procedure that alternatively repeat two steps. It starts with a proposal step in
which each vertex of M selects its most preferred edge. In the next refusal
step, certain edges that have been selected in the proposal step, get deleted.
Namely, m’s edge e gets deleted, if there is another edge f selected by some
other vertex with f < ,,e for some vertex w of W. If no edge is deleted in a
refusal step then output the edges selected in the last proposal step. Otherwise
start the procedure all over for the reduced bipartite preference system that
we get after the deletions of the refusal step. Gale and Shapley have proved
that this deferred acceptance algorithm constructs a stable matching of (G, 0)
which is “man-optimal”, that is, no edge that has been deleted in a refusal
step can be in any stable matching, or equivalently, each M-vertex gets the
best possible partner and each W-vertex receives the worst possible partner
that he/she can have in a stable matching.

In the literature, the usual setting and the definition of a stable matching
is somewhat different from ours. We describe that terminology as well, so as
to have a “dictionary” between the two languages. If G is a graph, a matching
N of G is a set of disjoint edges of G. Equivalently, we can regard a matching
as an involution on the vertices of G, that is, a function u: V(G) — V(G) in
such a way that u(u(v)) = v for each vertex v of G. Indeed, if uv is an edge
of matching N then u(u) = v and u(v) = u, and if w is not covered by N
then u(w) = w for the corresponding involution. From involution x, we can
also reconstruct matching N as uv € N if and only if u(u) =v.

The conventional counterpart of a bipartite preference system is the fol-
lowing. We have given disjoint sets M and W. For vertex m of M (w of
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W), let <, (<) be a linear order on W U {m} (M U {w}). In this model,
matching u is a stable matching if

(1) u@) < v for each vertex v of M U W and
2) forallm e M andw € W, w <, u(m) implies u(w) <y, m.

That is, a matching is stable, if each person (vertex) is not worse off by
his/her partner than by remaining single (or, in other words, matching u
is individually rational) and whenever man m (i.e. a vertex in the M side)
prefers woman w to his eventual partner, then w must prefer u(w) to the
partnership with m. Note that traditionally, the preference orders are on the
vertices, and not on the edges. (This makes the traditional model in some
sense richer than ours, as it allows that a man m can accept woman w but w
prefers to remain single to marry m). For simple graphs however, preference
order <, induces a linear order < , on E(v), so a stable matching in our
sense corresponds to a stable matching u in the latter sense. Our terminology
is more general in the sense that it readily allows graphs with parallel edges in
a bipartite preference system. This feature is useful if we use a model where
the vertices correspond to firms and workers, so parallel edges between a firm
and a worker may mean different wages in case of an employment.

Let us now return to our terminology. If S is a stable matching then we
can partition E into three disjoint parts as E = Sys U S U Sy, in such a
way that Sps (and Sy ) is M-dominated (W -dominated, respectively) by S.
(Note that such a partition is unique only if no edge of E \ S is both M- and
W-dominated by S.) From here, it is easy to see that sets SM .= §U Sy, and
SW := § U Sy have the following properties.
(3) sMyusW=E
4 no edge of SM N W dominates another edge of sMnsW

&Y is M-dominated by SMsW and SV is W-dominated by sMnsW
For convenience, we call (SM , S W) a stable pair if SM and SW have
the above properties (3,4,5). Clearly, if (SM sW)y is a stable pair then

S :=5MnsW is a stable matching. Equivalently, we can say that pair
(M, SW) is stable if besides (3) we have

(6) Bpr(SMy=sM sV =gy sW),
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where €5;(SM) (and By (S")) denotes those elements of SM (and SW)
that are not M-dominated (and W-dominated) by other elements of SM
(S W). This means that (SM , S W) is a stable pair if and only if

(7) SY =E\ (SM\ 8p(sM)) and
) SM=E\(SY\ 8w (™)

holds. By substituting (7) into (8), we get that (SM , SW) is a stable pair if
and only if (7) holds with

F(sM) = e (B s e (M)
© \Gw (E\ISM\ 6y (sM1)] = sM.

A key observation in our treatment that function f is monotone, that is, f (A) C
C f(B) whenever A C B C E. (To see this, it is useful to observe that
function A — A\ 6(A) is monotone for 6 = 6 s and € = €y.) Thus we can
invoke the Knaster—Tarski fixed point theorem.

THEOREM 2. (Knaster and Tarski 1928 [42]) Iff: 2E . 2E s a monotone
function then f has a fixed point.

As a consequence of Theorem 2, the function f that comes from the
bipartite preference model according to (9) has a fixed point SM. Using (7) as
a definition for %, we can construct a stable pair (SM .S W) from the above

fixed point, and a stable matching S from stable pair (SM .S W). This proves
the existence part of Theorem 1. What is more interesting, than this single
reduction is that for finite ground sets, there is a most simple algorithmic
proof of Theorem 2 that can be applied in our construction. (Note that in
Theorem 2, E can be an arbitrarily large set.) Namely, f(0) C f(f(0)) C
C f(f(f(®)) C ... by the monotonicity of f, so if E is finite then this
increasing chain has to get stabilized at some fixed point A of f. This fixed
point A is contained in any fixed point of f by the procedure. Similarly, chain
f(E) D f(f(E) 2 f(f(f(E)) D ... must get stabilized at the inclusionwise
maximal fixed point of f. It turns out that the deferred algorithm itself is
essentially the iteration of f starting from E. If we exchange the role of M and
W then the deferred acceptance algorithm concludes with the woman-optimal
stable matching that we can construct by iterating f starting from the (). This
observation is enough to prove that the deferred acceptance algorithm outputs
the man-optimal stable matching.
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2.1. Multiple partner matchings

The stable marriage theorem of Gale and Shapley (Theorem 1) has sev-
eral extensions and generalizations that nicely fit into our framework. We start
with the stable admissions problem described in [31]. We have a bipartite
preference system (G, 0) and a function b: M U W — N with b(w) = 1 for
all w € W. Set F of edges (M, b)-dominates (W, b)-dominates) edge e of
G if there is a vertex m of M (w of W) and different edges f1,/2, - ->/pm)
(15025 -+ s Sfbw)) of F so that f; < jye fori = 1,2,...,b(m) (f; < we for
i=1,2,...,b(w)). Set F of edges b-dominates edge set H if each edge h of
H is (M, b)-dominated or (W, b)-dominated by F. Subset S of the edges of
G is a stable admission scheme if no edge of S dominates another edge of S,
and S dominates E \ S. By definition, each vertex in W is incident with at
most one edge and vertex m of M is incident with at most b(m) edges of a
stable admission scheme. (The story is, that vertices of M represent colleges
that offer admission, W stands for the set of students that look for admission
in a college, and b is the quota of the colleges. We look for a stable admission
scheme in which no college-student pair mutually prefer each other to their
assignments.)

The same argument that we gave for the stable marriage problem goes
through for the above admissions case, even in the more general case in which
we do not require that b(w) = 1 for w € W. (The generalization of a stable
admission scheme to this case we call a stable b-matching.) The iteration
of the corresponding monotone function describes the modified deferred ac-
ceptance algorithm that finds the optimal stable admissions. This implies the
following theorem.

THEOREM 3. For any bipartite preference system (G, 0) and b: V(G) —
— N there exists a stable b-matching. If M and W are the colour classes of
G then there is an M -optimal stable b-matching S, in which each vertex m of
M is incident with the most preferred b(m) edges of E(m) that can be present
a stable b-matching. Simultaneously, each vertex w of W is incident with the
least preferred b(w) edges of E(w) that can appear in a stable b-matching.

We can generalize the notions of stable matchings and stable admissions.
Let 87, By 2F — 2F be set functions. Pair (SM,SW) is a 6,8y -stable
pair if (3,6) holds. Subset S of E is a €y, 6y -stable set if S dominates
exactly the elements of E \ S, that is, if
(10) Gp(S) =6y (S)=S and
(1) Epy(SU{ep) =S or By (SU{e}) =S for any element e of E
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What are the crucial properties of a dominance function € that make our
argument work? These are that

(12) B(A) C A for any A
and that function
(13) B(A) := A\ B(A) is monotone.

We call function 6 comonotone if (12, 13) hold. These properties imply that
function f defined in (9) is monotone and there is a stable pair. Still, it might

happen that €, and €y, are comonotone so there is a stable pair (SM, W),
but no stable set exists. However, S := SM  §W is a stable set if € M and
6w have the additional property that

(14) €(A) = (B) whenever 6(A) C B C A.

This is claimed in the following theorem.

THEOREM 4. (Fleiner 2000 [28]) If G s, Ew: 2E — 2F are comonotone

set functions then there exists a ‘6 ;€ yy -stable pair (SM .S W). If, moreover,
both €y and €y, have property (14) then there exists a € ;6 y -stable set S.

We give two more interesting examples of comonotone functions with
property (14), hence extend the stable marriage theorem in two different
directions. A partial well-order is a partial order so that each subset of the
ground set has a minimal element in the induced order.

OBSERVATION 5. If < is a partial order on E and €(A) denotes the set
of <-minima of A for subset A of E then € is comonotone. If < is a partial
well-order then € has property (14).

Theorem 4 and Observation 5 implies the following property of partial
orders.

COROLLARY 6. (see Fleiner [28, 24, 26]) If < | and < ; are partial orders
on E then there are subsets E|, E, of E such that

EyUE, =E and
E| N E, is the set of < {-minima of E| and the set of < ,-minima of E)

If both < | and < , are partial well-orders then there is a common antichain
S of < | and < , (i.e. no two elements of S are comparable in any of the
orders) so that for any e € E thereisans € S withs < je ors < je.

OBSERVATION 7. Let < be a linear order on finite set E, and M be a
matroid on E. Denote by i?ju(A) the output of the greedy algorithm on input
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A, where the algorithm goes through the elements of A in the order given by
<. Then i?ju is comonotone and has property (14).

Theorem 4 and Observation 7 extends the stable matching theorem to
matroids.

COROLLARY 8. (see Fleiner [28, 24, 26]) Let < | and < 5 be linear orders
on finite set E, and M and M, be matroids on E. Then there is a common
independent set S of M1 and M, so that for each element e of E we have

e € span;{s € S: 5 < ;e} for somei € {1,2}.

There also is a common spanning set T of .1 and M, such that for any
elementt of T, subset T is the lexicographically < ; -minimal spanning subset
of M; that contains T \ {t} for somei € {1,2}.

See [24, 28] for a reduction of the stable b-matching theorem to the first
part of Corollary 8.

2.2. The lattice of stable sets and path independent choice functions

The marriage model of Gale and Shapley has attracted some interest
in the theory of social choice. There are related results to the ones that
we discussed so far. Again, the terminology is different from ours, so in
this section we attempt to cover some basics and point out an interesting
connection of this approach to the monotone function based framework.

Let (G,0) be a bipartite preference system and let F and W be the two
colour classes of G. We will identify vertices of F with different firms and the
vertices of W with workers. Edge fw of G represents that firm f considers
w as a potential employee and worker w can accept f as an employer. Firms
would like to get certain specific jobs to be done, and this is why they have
a more complex preference function on workers than plain ranking. Namely,
each firm f has a so called choice function €y that selects from any set W' of

workers a subset €f( W'y of W' that firm f would hire if on the labour-market
only firm f and workers of W’ would be present. Set function 6:2%W — 2W

is a choice function if there is a well-order < on 2W such that (W) is the
<-minimal subset of W’, for any subset W’ of W.

Continuing on a paper of Crawford and Knoer [20], Kelso and Crawford
[40] extended the admissions model to a model where each firm has a choice
function and each worker has an ordinary preference ranking on firms.
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An assignment of workers to firms is called stable if it is not blocked by
a worker-firm pair. Worker-firm pair (w,f) blocks an assignment if w prefers
f to his/her employer and in the meanwhile firm f would take worker w if
w would be available (that is w € €y(W; U {w}), where W} is the set of
workers assigned to firm f').

Note that in the above fairly general model there might be no stable
assignment. However, if each choice function has the so-called substitutability
property, then a stable assignment always exists. We say that set function

€y 2W — 2W of firm f has the property of substitutability, if
(15) w € (W' implies w € G,(W'\ {w'})

for any subset W' of the set W of workers and for any two different workers
w,w’ of W', This means that if a firm would like to employ a certain
worker, then it still would like to hire him/her if some other worker leaves
the labour-market.

THEOREM 9. (Kelso-Crawford 1982 [40]) If each firm’s preference is a
substitutable choice function in the worker-firm assignment model, then there
is a stable assignment of workers to firms.

The proof of Crawford and Kelso is via the accordingly modified deferred
acceptance algorithm. They also observed that firm-proposing results in the
firm-optimal assignment, and the worker-proposal based method leads to the
worker-optimal situation. In [50, 51], Roth extended Theorem 9 to a many-
to-many model. A stable assignment is a bipartite assignment graph A with
colour classes F and W, such that for any w € W and f € F we have that
wf € E(A) if and only if f € G, (T a(w)Uf) and w € Bp(TA(f) Uw).
(Notation I"4(w) stands for the neighbours of w in A.)

THEOREM 10. (Roth 1984 [50, 51]) Let F and W be disjoint finite sets,

and for eachf € F andw € W let 6,,:2F — 2F and‘éf:ZW — 2W be
choice functions with substitutability property (15). Then there is a stable
assignment in the model.

Clearly, the stable marriage theorem of Gale and Shapley is a special case
of Theorem 10, where the choice functions simply select the highest ranked
partner from the input. For the college model, the choice function of college
¢ selects the best b(c¢) choices.

A key observation in this section is that a choice function trivially has
properties (12) and (14), and a little effort shows that for finite ground sets
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substitutability property (15) implies property (13), so choice functions in
Theorems 9 and 10 are comonotone. A fairly trivial construction shows that
the above theorems are special cases of Theorem 4. Thus, our monotone
framework is relevant for these results so we can prove that there always
exists a stable set, that is, a stable assignment.

In [51], Roth studied three models: the one-to-one, the many-to-one and
the many-to-many with substitutable preferences. He showed that for all
three models there is a firm-optimal, “worker-pessimal” and a worker-optimal,
“firm-pessimal” stable assignment. The name “polarization of interests” refers
to this observation. Further on, Roth introduced the notion of the consensus
property, that means the following. If each agent on one side of the market
combines his/her most preferred assignment from a set of stable assignments,
then this way another stable assignment is constructed. This is a generaliza-
tion of the lattice property of stable schemes in the marriage model. (The
observation that stable marriages in the marriage model have a natural lattice
structure is attributed to John Conway.) Unfortunately, this property does not
always hold in Theorem 10. In [51], Roth asked whether some lattice struc-
ture can still be defined on stable assignments. Blair answered this question
positively in [14]. His idea was that instead of defining lattice operations, he
introduced a more or less natural partial order on stable assignments. This
partial order turned out to be a lattice order hence one can generalize the
lattice property of bipartite stable matchings.

THEOREM 11. (Blair 1988 [14]) Let F be a set of firms and W be a
set of workers. Let, foreachf € F w € W), set function €f: 2W oW

Gy 2F = 2F) pe given with properties (12,14,15). Let A be the set of stable
assignments of the model, and define for Ay, A, € A

Al < Ag if T A (f) =Cr(Ta,(f) UT 4,(f))

holds for each firm f. (That is, each firm would choose A if all choices
provided by Ay and A, would be offered.) Then A is nonempty and < is
a lattice order, that is, any two stable assignments have a <-maximal lower
bound and a <-minimal upper bound.

It seems that Theorem 11 is not general enough for the following example
where choice functions do not have property 14.

In Hungary, university admissions are determined with the scores of
the applicants. Applicants have strict rankings on their applications. Each
application belongs to some applicant and describes a certain university and a
subject. We call these university-subject pairs colleges. Each college assigns
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to its applicants certain scores based on the applicants’ previous grades and
entrance exam results. Different applicants may have the same score at the
same college and an applicant may have different scores at different colleges.

Each college has a strict quota on the number of its admitted students.
After all information (that is rankings and scores) is known, each college has
to declare a certain score limit. This score limit has to be feasible, that is if
each applicant is admitted to the first college in her ranking where her score
is above the limit then no college exceeds its quota. We say that a score limit
is stable if it is feasible but decreasing the quota of any college results in a
non-feasible score limit. The SSL (stable score limit) problem is described
by the applicants, colleges, applicant rankings and scores and the task is the
determination a stable score limit. For the details see Bird [12].

We can define choice functions for applicants and for colleges in the
above model. Namely, the choice function C, of applicant a selects from
any set of colleges the first college in a’s ranking. If we fix a college ¢ and
a subset A of the applicants then choice function of college ¢ selects subset
C:(A) of A the following way. College ¢ calculates the lowest score s such
that the number of applicants in A with score above s is not exceeding the
quota of c. Then the choice set C.(A) is the set of applicants of A with score
more than s. It is not difficult to see that a stable assignment with these choice
functions is exactly an admission scheme that is determined by a stable score
limit.

Clearly, both the applicants’ and colleges’ choice functions have proper-
ties (12,15), and applicants choice function has the (14) property as well that
does not hold for the colleges’ function. A recent result of Janké [38] shows
that in spite of this, stable core limits form a lattice for the following partial
order. We say that a score limit S is higher than score limit S’ if for each
college ¢, S assigns a greater or equal score limit to ¢ than S’ does.

THEOREM 12. (Janké 2009 [38]) If S| and S, are stable score limits in
the SSL problem then there is unique lowest stable score limit S| V S, that is
higher than S| and S, and there is a unique highest score limit S| N\ S that
is lower than S| and S,.

Theorem 12 implies that there is a unique highest stable score limit that
describes the college-optimal admission scheme and a unique lowest stable
score limit that is student-optimal and admits the maximum set of students.

We have mentioned earlier that (15) implies (13) for functions on finite
ground sets, so the functions that describe the choice of the agents of the
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market are comonotone with property (14). To prove the lattice property in
our framework, we have to go back to the roots, that is to the fixed point
theorem. Recall that we have cited the Knaster—Tarski fixed point theorem
on monotone set functions. This theorem is often attributed to Tarski for
the reason that 27 years after Knaster’s French paper in a Polish journal,
he published a lattice theoretical generalization of the result in English in a
much easier reachable journal [64]. (Actually, Tarski has also formulated a
corollary of the fixed point theorem there in terms of Boolean algebras that is
more general than Theorem 4.) Note that the proof of the set function theorem
is just as difficult as the proof of the lattice generalization, but in the latter
paper Tarski has explicitly stated the lattice property of fixed points that we
need now.

If L is a lattice on E with partial order < and lattice operations A, V then
function f: E — E is monotone if a < b implies f(a) < f(b). Lattice L' is a
sublattice of L if its ground set E’ is a subset of E and the lattice operations
on L' are the original operations A and V restricted to E’. Lattice L' is a
lattice subset of L if its ground set E’ is a subset of E and the lattice order
on L' is the restriction of < to E’. Lattice L is complete if any subset E’
of its ground set has a meet (greatest lower bound) A E’ and a join (least
upper bound) \/ E’. (In particular, these lattices have a minimal and maximal
element.) Note that any finite lattice is complete.

THEOREM 13. (Tarski 1955 [64]) Let L be a complete lattice on ground
set E and f: E — E be a monotone function. Then the fixed points of f form
a nonempty complete lattice subset of L.

It turns out that Theorem 13 is relevant in the setting of Theorem 11 and
it implies that stable assignments exist and form a lattice as described. For
the details, see [24]. In the next section, we discuss a property that implies
that the lattice subset in Theorem 13 is a sublattice. If that is the case then
stable pairs have a very rich structure that allows us to prove further results.

We finish this section with pointing out a connection between properties
of set functions we have used so far. Set function 6:2F — 2F is parh
independent if
(16) G(AU B) =6(6(A) U 6(B)) for any subsets A, B of E

The central notion of path independence has been introduced by Plott in 1973
[44] into the theory of social choice. Our observation is the following.
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THEOREM 14. Set function €:2E — 2F is path independent with property
(12) if and only if it is comonotone and has property (14).

LEMMA 15. (see [28, 24, 26]) Set function 6:2F — 2F s comonotone if
and only if € has property (12) and

17) B(B)NAC 6(A) whenever AC BCE

PROOF. If (12) holds for € then (17) is equivalent with the monotonicity
of €. |

PROOF. (Proof of Theorem 14) Assume that € is path independent. Then
B(A) =6(AU A) =E(B(A) U E(A)) = B(8(A)),
hence for 6(A) C B C A
B(B) = 6(6(A) U B) = 6(6(6(A)) UB(B)) =
=6(6(A)UB(B)) =6(AU B) =6(A),
showing (14). For A C B from (12) we get
6(B)=6(AU(B\ A) =
= BB(A)UB(B\ A) C E(A) UEB \ A) C E(A)U(B\ A),
implying
6(B)NAC(6(A)U(B\ A)NA=HE(A),
so € is comonotone by Lemma 15.

Let now 6 be comonotone with property (14) and A and B be subsets of
E. From (17) and (12), we get that

E(AUB)=(6(AUB)NA)U(B(AUB)NB) C
(18) C8AUB(B)C AUB,
and (14) and (18) implies (16). |
We give an example indicating that comonotonicity and (14) is necessary

in Theorem 14. That is, there is a function with properties (12) and (14) that
is not path independent.

EXAMPLE 16. Let |E| > k > 1, fix element x of E and define 6:2F — 2F

by
A if |A] > k
Lg(A)={ .
A\{x} if|A| <k.
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Then € has properties (12,14) but it is neither path independent nor comono-
tone.

Example 16 and Theorem 14 together imply that there exists a comono-
tone function that is not path independent.

2.3. The stable matching lattice

In this section, we discuss the situation that the lattice subset of stable
pairs in Theorem 4 and the lattice subset of fixed points in Theorem 13 are

both sublattices. For a finite ground set E, we call function f:2F — 2F
strongly monotone if f is monotone with property

(19) |[f(Au{e})| < |f(A)|+1 for any subset A and element e of E.

Set function 6:2F — 2F is increasing*if

(20) A C B C E implies |6(A)| < |€(B)|.

Note that |€j/t(A)| = rank(A) for comonotone function ‘6;% described in
Observation 7, hence i?j/t is increasing.

First we give a sufficient condition for a monotone function on subset
lattices so that the lattice subset of its fixed points is a sublattice. The
interested reader may find the details of an even more general treatment in

[26].

THEOREM 17. (see [28, 24, 26]) If f:2F — 2F s a strongly monotone
function on finite set E, then fixed points of f form a nonempty sublattice of

E n,v).

The following Lemma is a link between strongly monotone and increas-
ing comonotone functions.

LEMMA 18. (see [28, 24, 26]) If function 6:2E — 2F js increasing and
comonotone then 6 is strongly monotone.

Based on Lemma 18, we can give a sufficient condition for the property
that stable pairs in Theorem 4 form a sublattice. Note that independently from
our work, Alkan [9] has also found Theorem 19 (see also [32]). He used the
name cardinal monotonicity for our increasing notion.

* Independently of us, Hatfield and Milgrom also observed that this property is key to
prove the sublattice property of stable sets [34]. They call the same notion “law of aggregate
demand”.
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THEOREM 19. (Alkan 2000 [9], Fleiner 2000 [28]) If E is finite and
G, Bw:2F — 2F are increasing, comonotone functions then € 5y 8 yy -stable
sets have the same cardinality and form a nonempty, complete lattice with
lattice operations S; V Sy = € (S1 U Sy) and S; A Sy = By (S] U Sy).
Moreover, S;N S =(S]AS)N(S1VS) and S1U S, = (ST ASH)US] V S,),
or equivalently,

21 XS +x(852) =x(S1 A S2) +x(S1V 52)
holds for any two € ;6 y -stable sets Sy, S>

Theorem 19 can be regarded as a generalization of the “consensus prop-
erty” observed by Roth in [51]. Namely, from Theorem 19, it follows that if
& is a set of 6,8y -stable sets then 6y, (|J L) (the first choice of €py from
&) is a 66y -stable set.

But more is true. Let us denote by &"ZM the ith choice of Gpy from S
defined as the first choice of €, from the support of

i—1

IO ;x(f}” ).
p

Sed

If & is a chain of k 6,6 y -stable sets then éflM e fori=1,2,...,k. Oth-
erwise, there are two uncomparable stable sets of £, say Sy and S, of  that
we can exchange into S| A S, and SV $;. By (21), this uncrossing operation
does not change ) g x(S). If we apply a sequence of uncrossing operations
on  then we can transform collection  into a chain of € ;% y -stable sets
in finite number of steps (see [28] for the details). As the uncrossing steps
do not change ) ¢y x(S), this chain must be the chain of the ith choices of
6 pr- The above argument also holds for €y and gives the following.

THEOREM 20. If E is a finite ground set, €y, 6w:2F — 2F are in-
creasing comonotone functions and & is a set of n (not necessarily different)
66w -stable sets then the i th choice of €py from S is a 6 ;6 vy -stable set
and coincides with the (n + 1 — i)th choice of Gy from ¥ .

Theorem 20 generalizes the following nice structural result of Teo and
Sethuraman on stable matchings. The original proof used linear programming
tools.

THEOREM 21. (Teo and Sethuraman 1998 [65]) Let (G, O) be a bipartite
preference system with colour classes M and W of G and let S;, S, ..., S5
be (not necessarily different) stable matchings. For each vertexv of M U W
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order edges of U?:l S; N E() as ev1 < Veg <y ... In such a way that each
edge is listed as many times as it appears in an S;. (So the length of this chain
is the number of S; ’s that coverv.) Then

Sjlt,f ={ek :me M} zmdS"‘;V 1:{351/ tw e W}
are stable matchings fork € {1,2,...,n} and SJI\‘/I = S’;;l_k.

We sketch a short direct proof of this result. We need the consequence
of Theorem 19 that if each man chooses his best partner from a set of stable
marriages then this induces a stable matching scheme in which each woman
receives the worst husband from the given set.

PROOF. For vertex v of G and stable matchings S and S’ let S <, S’

denote that v prefers S to S'. List Sy, S,,...,S, as Sv1 <y SV2 =y 2 S

ko ko
for each vertex v. Observe that S§4 = A VS, and S’{V = AN VS,
meM i=1 weWi=1
Chains S]{,[, S]%,[,...,S]’\’,I and S‘IV,S%V,...,S’;V are opposite, hence S’ﬁ,l =
= spri=k, I

With the help of Theorem 22, it is straightforward to generalize the above
direct proof of Theorem 21 to stable b-matchings. Independently of us, after
our result, this was done by Klaus and Klijn in [41], for the many-to-one case,
i.e. when b = 1 on one colour class of the underlying graph. Klaus and Klijn
have a little different proof: they simply join the meets of all k-subsets of the
given set of stable matchings.

In what follows, we point out the so called splitting property of stable
b-matchings. To this end, we use the generalization of the Comparability
Theorem of Roth and Sotomayor [53] to the many-to-many model by Baiou
and Balinski. The Comparability Theorem states that in a fixed bipartite
preference system, if two stable b-matchings are different for some agent a,
then a strictly prefers one b-matching to the other (that is, a would choose
one of the b-matchings if all options of the two b-matchings were offered).
For a short and direct proof see [27].

THEOREM 22. (Baiou and Balinski 2000 [10]) Let S and S’ be two stable
b-matchings for bipartite preference system (G, 0), let v be a vertex of graph
G andS, :=SNE®W) and S} .= S'NEW). If S, # S} then |S,| = |S| =b(v)
and the b(v) < , -best edges of S, U S} are either S, or S},.

A consequence of Theorem 22 that is interesting in itself is that in the
polygamous stable marriage problem each participating person p can partition
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the members of the other gender into as many groups as p’s quota in such
a way that in any polygamous stable marriage scheme p receives at most
one partner from each group. This result turns out to be useful for the linear
characterization of the stable b-matching polytope. See Section 2.4 for the
details.

COROLLARY 23. (Fleiner 2002 [27]) Let (G, ©) be a bipartite preference
system and b: V(G) — N be a quota function. Then for each vertex v of
G, there is a partition of E(v) into b(v) parts E;(v), E;(v),..., Ep)(v) so
that |S N E;(v)| < 1 for any stable b-matching S and any integer i with
1 <i <bm).

Note that Corollary 23 has also been observed by Sethuraman et al. in
[59] and turned out to be crucial in giving an alternative proof for Theorem
28, the characterization of the stable admissions polytope.

An interesting corollary of Theorem 22 and Theorem 20 is the following
“middle choice” property of stable b-matchings.

COROLLARY 24. If (G,0) is a finite bipartite preference system,
b: V(G) — N is a quota function and My, M5, ..., My _ are stable b-match-
ings then there is a stable b-matching M of (G,0) that assigns each ver-
tex v of G with the edges of the the kth best assignment of v out of
M17M27---7M2k—1-

PROOF. Theorem 22 implies that each vertex v has a linear preference
order on the possible assignments that v can get in a stable b-matching. This
follows that the kth choice of v from & = {Mj, M>,..., My, _} is the kth
best assignment of v out of M|, Ms,...,Mp;_1. As k = n+1 —k for
n =2k — 1, Corollary 24 follows directly from Theorem 20. |

The last result in this section generalizes a well-known fact in the stable
admissions model (that is also valid in the many-to-many case). In that model,
those colleges that cannot fill up their quota in some stable admission scheme
receive the very same set of students in any stable assignment. A special case
of this property is that in any bipartite preference system always the same
persons get married in each stable marriage scheme. Theorem 25 is a direct
corollary of Theorem 19.

THEOREM 25. (Fleiner 2000 [28]) If M,y are matroids on a common
ground set and Sy, S> have the property of S in Corollary 8 for linear orders
< 1,< 2. then spany_(Sy) = spany (8y) fori € {1,2}.
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2.4. Stable matching polyhedra

Recently, linear programming become a popular tool to study bipar-
tite and nonbipartite stable matchings, see Abeledo, Blum, Roth, Rothblum,
Sethuraman, Teo, Vande Vate and others in [3, 4, 1, 2, 50, 63, 57]. In this
section, we survey linear descriptions of bipartite stable matching polyhedra.
The earliest such result is that of Vande Vate.

We denote by Pb(G, 0) the convex hull of characteristic vectors in RE

of stable b-matchings of bipartite preference system (G, 0). (So PY(G,0) is
the polytope of ordinary stable matchings.) As usual in linear programming,

we define x(S) := Y {x(e) : e € S} for a vector x € RE and subset S of E.

THEOREM 26. (Vande Vate 1989 [66]) Let (G, 0) be a bipartite prefer-
ence system with colour classes M and W, |M| = |W| and E = M x W.
Then
PY(G,0) =

{x eRF: x>0, x(EW)=1VYveMUW, x((e) <1VecE}

where y (mw) :={f € E:f > ymv orf > ,mw}.

Rothblum gave a shorter proof of a modified description for a more
general problem in [55], and his proof was further simplified by Roth et al.
in [52].

THEOREM 27. (Rothblum 1992 [55]) Let (G, 0) be a bipartite preference
system with colour classes M and W . Then

PY(G,0) =
:{xERE:xz(), X(EW) <1VveMUW, x(¢pe)>1VecE}

where p(mw) :={f € E:f < mw orf < ,mw}.

Based on these results, standard tools of linear programming allow us to
find a maximum weight stable matching in polynomial time.

But these results handle only the stable matching problem and do not
say much about stable b-matchings. The following theorem of Baiou and
Balinski [11] gives a linear description of the stable admissions polytope and
generalizes Theorem 27. Note that Sethuraman et al. gave an alternative proof
for the following Theorem 28 based on Corollary 23.
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THEOREM 28. (Baiou and Balinski 1999 [11], see also Sethuraman et al.
[59)) Let (G, ) be a bipartite preference system and b M U W — N be a
quota function so that b(w) = 1 for all nodes w of W. Then

P’(G,0)={x e RE : x >0,
xX(EW) <1VweW,x(Em))<bm)VmeM,
x(C(m, wi,w, ..., Wpm))) = b(m)
for all combs C(m, w1, W2, ..., Whm))}

where a comb is defined form € M andmwy > umwy > m ... > mMWp(y) as

Cm,wi,w,...,Wpomy) = {mw € E:mw < ymwy }U

U{mwi' € E:m'w; < w;mw; for somei=1,2,...,b(m)}

Because of the comb constraints, the above characterization can consist
of Q(n®) linear inequalities, where n is the number of “colleges” and B is the
maximum of all quotas. But in spite of the exponential number of constraints,
it is still possible to find an optimum weight stable admission by the ellipsoid
method, using the separation algorithm of Baiou and Balinski.

In [28, 26], with the help of the theory of blocking polyhedra and lattice
polyhedra, Fleiner gave a linear description of certain polyhedra that are

related to 6,86 y-stable sets. Fix functions €p 8 yw:2F — 2F and let us
denote by

S ={S C W:Sisan 66 y-stable set}
B:={BCE:BNS#( forany S € S}
A:={ACE:|ANS| <1 for any member S of S}

K:=E\|Js

family of 6,6y -stable sets, the blocker, the antiblocker of &, and the set
of nonstable elements, respectively. Define further the 6,6y -stable set
polytope, its dominant and submissive polyhedra by

(22) P(8pp, Ew) :=conv{y> : S € £}
(23) P(Ea1, Bw)! := PBpr, )+ ReE = {x +y 1 x € P(Bpr, Ew),y > 0}
24) P(Bpr, 6wt i= {x —y 1x € P(Epr, Bw),y > 0} NR,E.
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THEOREM 29. (Fleiner 2000 [28, 26]) If 67, B w: 2F — 2 are increas-
ing comonotone functions then

(25)  P@Bp,Ew) ={x eRE :x >0, x(B)>1 forB e B},
P, 6wt ={x € RE :x >0, x(K)=0 and

(26) x(A) <1 for any A € A},
P8y, 6w)={x € RE . x >0, x(B)>1 for Be® and
27) x(A) <1 for Aecd}.

If Theorem 29 is applied to the bipartite stable b-matching problem then
it gives the following linear description of the stable h-matching polytope.

THEOREM 30. (Fleiner 2000 [28, 25, 26]) Let (G, O) be a bipartite pret-
erence system and b: V(G) — N be a quota function. Then

PY(G,0)={x eRE : x>0, x(A)<1VAed, x(B)>1V B € B}
where
A:={ACE:|ANS| <1 for any stable b-matching S} and
B:={B C E:BNS #0 for any stable b-matching S'}.

Note that the constraints in Theorem 27 are special cases of the ones in
Theorem 30. However, there are two important differences between Theorem
30 and the above earlier results. A shortage of Theorem 30 is that it uses
implicit constraints, hence if it is specialized to the stable marriage problem,
it might require more constraints than Rothblum’s explicit description. (This
is why Theorem 30 is rather an extension than a generalization of Theorem
27.) A positive feature of Theorem 30 is that unlike Theorem 28, both the
matrix and the right hand side vector in the description contains only 0 and 1
entries.

The following result is a strengthening of Theorem 30 for the stable
b-matching polytope and it is a genuine generalization of Theorem 27.

THEOREM 31. (Fleiner 2002 [27]) Let (G, ©) be a bipartite preference
system and b:M U W — N be a quota function. Then the star-partitions
E\(v), Ey(v), ..., By (v) of E(v) described in Corollary 23 satisfy

P’(G,0)={x eRF : x >0,
X(Ew) S1VveMUW1<i<by),
x(@;j(mw)) > 1Vmw € E,1 <i <b(m),1 <j <bw)},
where ¢; j(mw) = {mw } U [¢p(mw) N (E;(m) U E;(w))]
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Note that star-partitions in Corollary 23 can be found with m deferred
acceptance algorithms, where m is the number of edges of G (see [27]).

It is interesting to compare the linear descriptions of the stable matching
polytopes, that is Rothblum’s Theorem 27, Theorem 28 of Baiou and Balinski
and Theorem 31 by Fleiner. Rothblum’s result gives a linear description
of the stable matching polytope for the one-to-one case with O(n + m)
constraints, the one of Baiou and Balinski does it for many-to-one markets
with O(n + mDPB) constraints and Fleiner characterized the many-to-many
polytope by O(n +m B?) linear inequalities. (Here n denotes the number of
agents, m is the number of possible relationships, B is the maximum quota,
and maximum degree D is the maximum number of possible relationships
that an agent can have.) An advantage of the first two characterizations is
that the linear constraints are explicit, while in Theorem 31 we need some
preprocessing to write down the inequalities. An advantage of Theorem 31 is
that it handles the most general problem.

However both Theorem 27 and 28 can handle more general situations.
Due to Observation 42, we can optimize over the stable admissions poly-
tope by applying Theorem 27 on b-splitting (Gb, 0%). 1If we apply the b-
splitting only on one side of the market, then Theorem 28 allows us to
optimize over the stable b-matching polytope. The first construction gives
us a linear programming problem in O(m B) dimensions with O((n + m)B)
constraints, while the second creates an LP problem in O(m B) dimensions
with O(nB + Bm(BD)B) constraints. But this is not the end of the story.
If we apply Observation 42 and 43 as in the proof of Theorem 41, then
we can readily use Rothblum’s characterization (Theorem 27) to optimize
over the stable b-matching polytope, and for this we solve an LP problem
with O((n + m)B) constraints in O(m B) dimensions. Hence in selecting the
algorithm for optimizing stable matchings, we have some tradeoff between
the number of constraints, the dimension of the problem and implicitness of
the linear inequalities.

It is a natural question whether there is a similar polyhedral description
of the stable matching polytope for the nonbipartite (one-sided) case. Feder
proved in [23] that there is no hope for such a characterization: finding a
minimum weight stable matching in the stable roommates problem is NP-
complete.
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2.5. Stable matchings and graph paths

In this section, we discuss two consequences of the stable marriage the-
orem on paths of graphs. Recall Corollary 6 that roughly said that if we
have two partial orders on a ground set then there is a common antichain
that dominates every element of the ground set. If we consider the Hasse
diagrams of the posets (that is, the directed graph in which arcs go along
covering elements) then we can formulate Corollary 6 as follows. For any
two acyclic directed graphs on a common vertex set there is a subset S of the
ground set such that there is no directed path between two vertices of S in
any of the graphs but from any vertex outside S there is a directed path into
S in one or both of the graphs.

Actually, one can drop the above acyclicity condition to get the following
well-known result of Sands et al.. See [26] for an alternative proof with
comonotone functions.

THEOREM 32. (Sands et al. 1982 [56]) If A} and A, are arc-sets on
vertex-set V, such that there is no infinite path in any of the A;’s that starts
at some vertex then there is a subset S of V such that

28) for each elementv € V there is a simple path in A| or in A;
fromv to S, and

there is neither a simple A -, nor a simple A,-path between
(29) , .
different vertices of S.
The following result of Pym is an unexpected application of the stable
marriage theorem. One proof of Pym actually implies the stable marriage
theorem, but it seems that the author was unaware of this application.

THEOREM 33. (Pym 1969 [45, 46]) Let D = (V, A) be a directed graph
and X, Y be subsets of V. Let moreover P and 2 be families of vertex-
disjoint simple XY -paths. Then there exists a family R of vertex-disjoint
simple X 'Y -paths, such that

(30) any path of R consists of a (possibly empty) initial segment of a path
of P and of a (possibly empty) end segment of a path of 2, moreover

(31) In(?) C In(R) C In(PU9)
(32) End(2) C End(R) C End(? U9).

PROOF. (Sketch of the proof.) Define a bipartite preference system in
such a way that men and women correspond to paths of P and .2, respectively.
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Each common vertex v of a path P of P and Q of 2 yields an edge e, between
P and Q. Let path P of P prefer edge e, to e, if v is closer to the initial
vertex of P on P then u. Similarly, path W of 2 prefers edge e, to ¢, if
v is closer to the terminal vertex of Q on Q. Let S be a stable matching in
the bipartite preference system, that corresponds to vertex set R in D. Merge
initial segments of P-paths to end segments of 2-paths along the vertices of
R. This results in a collection R of paths with the desired property. ]

Note that Theorem 33 proves that gammoids are matroids. Independently
of us, essentially the above proof of Theorem 33 has been found by Diestel
and Thomassen [22]. A special case of Theorem 33 is the following infinite
generalization of the Mendelsohn-Dulmage theorem.

THEOREM 34. (see Mendelsohn-Dulmage [43]) Assume that G is a bipar-
tite graph with colour classes A and B. Then for any matchings M| and M,
of G there is a matching M of G such that M covers each vertex of A that
is covered by M| and M also covers each vertex of B that is covered by M,.

PROOF. Let us orient each edge of G from colour class A to colour class
B. Then both M| and M, become families of vertex-disjoint simple AB
paths. According to Theorem 33, there is a family M of vertex-disjoint AB
path that covers each vertex of A that is covered by M, and each vertex of B
that is covered by M,. By the construction, each path of M has exactly one
edge, hence M is a matching. ]

Note that a consequence of Theorem 34 is the well-known set theoretical
Cantor-Bernstein Theorem claiming that if f:A — B and g: B — A are
injections then there exists a bijection between A and B. To see this, it is
enough to observe that injection f and g correspond to matchings between A
and B.

Brualdi and Pym proved a modified version of the original linking theo-
rem of Pym (Theorem 33 without (30)) where they require condition (34)
but allow generalized directed paths [16]. A generalized directed path is
either a finite directed path or a (finite) circuit or an infinite path. A cir-
cuit path is a sequence vg,daj,vi,..-V;_1,d:, Vs, Where a; is a v;_jv; arc,
vy = v, otherwise all other vertices are different in the sequence. An in-
finite path is an infinite sequence vq,a,v{,a2,... O ..., d_1,V_1,dg,V(y OF
...,a_1,vV_1,a0,v0,a1,Vv1,a2,--., in such a way that a; is a v;_qv; arc and
all vertices v; are different in the sequence. The initial and terminal vertex of
the above circuit is v, the first type of infinite path has initial vertex vy, and
has no terminal vertex, the second infinite path has no initial vertex, but v is
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its terminal vertex, and the third infinite path has neither initial nor terminal
vertex.

THEOREM 35. (Brualdi-Pym [16]) In digraph D = (V, A), let P and 2
be families of vertex-disjoint generalized paths. There exists a family R of
vertex-disjoint general paths of D such that

In(P) C In(R) C In(PU2)
End(2) C End(R) C End(PU2)
VP)NV@)C VR)C V(PUD)
AP)NAD) C AR) C AP UD).

(33)
(34

Note that although this theorem sounds similar to Theorem 33, it seems
to be substantially different. To be able to prove condition (34), we must drop
condition (30), as even if both  and 2 consist of finite simple paths, it might
be necessary to use both circular and infinite paths in R (see [16]).

Ingleton and Piff [35] found the following simple proof of Theorem 35.

PROOF. (Sketch of the proof of Theorem 35) Substitute each common
vertex v of a path of & and of 2 with two vertices v;, and vy, such that
all arc arriving at v will arrive at v;,, and all arcs leaving v will leave vy,;.
This node-splitting cuts the paths both of 2 and of 2 into new sets of vertex
disjoint paths 2’ and 2’ such that a path of ?’ and a path of 2’ may share their
initial or end vertex but no inner vertices can be common. Paths of 2’ U2’
induce a directed bipartite graph G’ such that one colour class consists of all
vertices v;,, and the other class is formed by vertices v,,;. (For this we have
to introduce some ‘“‘artificial” initial and end vertices for the infinite paths of
P'U2) In this graph G’, each families #’ and 2’ correspond to a matching.

According to Theorem 34, there is a matching R’ in G’ that covers each
vertex Vo, that is a initial vertex of a path of $ and each vertex v;n that
is an end vertex of some path of 2’. If we substitute each arc of R’ with
the corresponding path of 2’ or of 2’ and we merge each pair v;,,Vous of
vertices into vertex v then we get a vertex disjoint family R of path that has
properties (33) and (34). ]

The following corollary is also observed by others (see e.g. [19]). It
provides an interesting application of Theorem 33 on families of edge-disjoint
(rather than vertex-disjoint) paths. In [19], by Conforti et al., Corollary 36 is
deduced directly from the stable matching theorem on bipartite multigraphs,
using the framework we described after the proof of Theorem 33.
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COROLLARY 36. Let G = (V, E) be an undirected graph and x,y,z be
different vertices of V. Let P be a set of k edge-disjoint xy-paths and 2 be
a set of k edge-disjoint yz -paths. Then there exist a set R of k edge-disjoint
xz-paths such that each path of R is the union of a (possibly empty) initial
segment of a path of P and of a (possibly empty) end segment of a path of 2.

To prove the above result, we apply Theorem 33 on the line-graphs of
paths of P and 2. (A line-graph of a path is a path again.) There still remain
some tiny details to take care of. This is done in the following.

PROOF. Let vertex-disjoint path-families #’,.2" be the collection of the
line-graphs of the paths in # and in 2, respectively. By applying Theorem
33 on P’ and 2’ we get a vertex-disjoint path collection R’. Family R’ is
the set of line-graphs of a set R* of edge-disjoint walks. (These walks are
not necessarily paths). Clearly, |[R* N 2P| = |[R* N 2|, so we can pair those
paths and merge them via y. By this operation, R* becomes a collection of
edge-disjoint xz-walks. To obtain R as described in the corollary, we have to
shortcut the possible circles on each element of R*. When no more shortcut
is possible, we get edge-disjoint xz-paths switching exactly once, as stated. il

Using Corollary 36 in [19], Conforti et al. described a Gomory-Hu based
maxflow-representing structure. For each edge uv of a Gomory-Hu tree of a
graph G, they store a list of A(u,v) edge disjoint uv paths. They also do it
for some other | V(G)| pairs uv of vertices of G. Then, by applying the stable
marriage algorithm O(ca(n)) times as in Corollary 36, they can construct a
collection of A(x,y) edge-disjoint xy-paths of G for any two vertices x and
y of G (where a(n) is the inverse Ackerman-function of n that is regarded
almost as good as a constant function).

3. The nonbipartite case: the stable roommates problem

We have seen that the bipartite nature of the stable marriage theorem was
crucial for the application of the Knaster—Tarski fixed point theorem. There
is however a natural nonbipartite model in which similar questions can be
asked. We discuss certain nonbipartite versions in this section. The interested
reader is referred to [6] for further details.

A graphic preference system is a pair (G,0) where G is a graph and
O={<, :v € V(G)} so that < , is a a linear order on E(v). Let
b: V(G) — N. Set F of edges of G b-dominates edge e of G if there is
a vertex v of e and different edges fi,f2,...,fp«) of F so that f; < e for
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i=1,2,...,b(v). Set F of edges b-dominates edge set H if each edge h of
H is b-dominated by F. A stable b-matching is a subset S of the edges of
G such that no edge of S is dominated by S, and S dominates E \ S. By
definition, each vertex v of G is incident with at most b(v) edges of a stable
b-matching. A stable matching is the short name of a stable 1-matching.

An important difference from the bipartite model is that in nonbipartite
graphic preference systems there might exist no stable matching whatsoever.
An example is a 3-cycle where preferences are also cyclic. The first efficient
algorithm to decide the existence of a stable matching for this case is due
to Irving [36]. Although, after Irving’s result, several different algorithms
were designed for the same (or for a more general) problem (see [23, 61,
63, 37]), Irving’s algorithm still plays an important role in studying stable
matchings. Our nonstandard description in the next section is based on the
graph terminology.

3.1. Irving’s algorithm

To find a stable matching in a nonbipartite graphic preference model,
Irving’s algorithm uses a so called “rotation elimination” step besides the
proposal and rejection steps of the deferred acceptance algorithm of Gale and
Shapley. To describe the algorithm, let us call edge e of graphic preference
system (G, 0) a first choice of agent v if e is the most preferred edge by v.

Proposal step. If (G, 0) is a graphic preference system and edge If
e =vw is a Ist choice of v in graphic preference system (G, O) then orient e
from v to w and call the hence created arc vw a 1-arc.

The proposal step roughly means that an agent points to his/her best
possible partner. As we do not change the underlying preference system, the
set of stable matchings is unchanged after a proposal step. So we can safely
make all possible proposal steps. If no more proposal steps are possible then
we might make a rejection step.

Rejection step. If 1-arc e points to v and v prefers e to some other edge
f then we delete f from preference system (G, 0).

That is, if a proposal e arrives to agent v then v can forget about any
partnership that is inferior to e. In particular, if v receives more than one
proposals then he/she keeps only the best one and turns down the others. It
is not difficult to prove that a rejection step does not change the set of stable
matchings. Clearly, if 1-arc f = uv is deleted in a rejection step then agent
u can propose again. So in the so called 1st phase of Irving’s algorithm we
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make all possible proposal steps, then all possible rejection steps, and then we
propose again, reject, and so on. In other words, we keep on deleting edges
of the underlying graph until it is not possible any more. As soon as we atrive
to this situation the 1st phase ends and we proceed to the 2nd phase.

O O O Observe that if no rejection takes place then each
agent receives at most one proposal and these pro-

0O posals represent the agents worse partnerships. As
each agent sends one proposal, each of them have
to receive exactly one, and our preference system

has the 2nd phase property (or the so called first-last
property): everybody’s first choice is the last choice
of the corresponding partner. In this situation, we
need different kind of reduction steps. Note that if
the first-last property holds then the components of
the underlying graph belong to the following three
categories. A component can be a singleton, corre-
sponding to an agent that does not have a partner
in any stable matching. It can be an edge (a bior-
iented 1-arc) that is disjoint from other edges of the
graph. These edge components represent partnerships
that have to be present in each stable matching. The
third type components represents the essential prob-
lem. Observe that each vertex of these third type
components have degree at least two, i.e. these agents
have a different first and last choice.

1-arc

Assume that our preference system (G, 0) has the first-last property. We
call an edge e = uv the 2nd choice of u if e is the second partnership in
u’s preference list, succeeding the 1-arc that leaves u. (It is possible that 2nd
choice e = uv of u is also a 1st choice of v, hence vu is a 1-arc.) If e = uv is
a 2nd choice of u then (somewhat unnaturally) we orient e from v to u and
call arc vu a 2-arc. We have observed that our preference system has three
type of components and we only have to work in those components where
each agent have different first and last choices, i.e. with agents that have a
well-defined second choice.

Let’s start from any agent u; and follow a directed path that alternatingly
uses 1-arcs and 2-arcs. As we work on a finite graph, the sequence of arcs will
be periodic from some point on. The period is called a rotation. So a rotation
is a sequence (e1,f1,€2,/2,...,€k,fr) of joining arcs such that ¢; = u;v; is a
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lI-arc and f; = v;u;,; is a 2-arc, and addition is modulo k. The figure shows
a “nice” rotation that we can further work with.

Vi € A _fi‘_ Vs
o= 175 .
£ NG
1 s
63 ’
S
Vs
1 © 2
O----50
1-arc 2-arc

Not all rotations are “nice”: in fact, there are two types of them we have to
deal with.

THEOREM 37. If (e, f1,€2,f2,--->€k,fi) IS a rotation then we have two
alternatives.

1. Either {ey,ep,...,ex} = {fi,fr,-...fx} and there exists no stable
matching in our preference system.

2. Or{ey,ey,...,ex} and {f1,f,...,fx} are disjoint and the following
holds. If a stable matching S contains some edge e; of the rotation then
e1,2,...,ex € S and S' = S\ {e1,er,...,ex} U{f1,f2,..-,fx} Is also a
stable matching. Moreover, each stable matching of G\ {ey,ep,...,e;} is a
stable matching of G.

Theorem 37 justifies that if neither a proposal nor a rejection step can be
made then we can execute the following step.

Rotation elimination step. If (e1,f],e2,/2,...,€k,fx) is a rotation (e; =
= u;v;, f; = viu;j4q) and {ey,en,...,er} and {f1,f2,...,fr } are disjoint then
for all i delete all edges that f; dominates at v;.

If, in the 2nd phase of the algorithm, we find a rotation with the same
l-arc and 2-arc sets then we can conclude according to Theorem 37 that
no stable matching exists. Otherwise, after deleting all 1-arcs of a rotation
we might kill some stable matchings but we do not lose all of them. So
no matter what kind of rotation we find, we either conclude or reduce our
problem to a graphic preference system with less edges, that possibly lacks
the first-last property. So we can return to the 1st phase and continue to
reduce the problem. This is enough to design an efficient algorithm to find a
stable matching in a graphic preference system. However, Irving could speed
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it up with the following observation that was made also by Cechlarovd and
Borbel’ova in some more general settings [15].

Observe that after deleting all 1-arcs of a rotation, its 2-arcs become
1-arcs with opposite orientation and all other 1-arcs remain 1-arcs. So we
need no extra time for the proposal steps. However, the new 1-arcs might
involve some rejection steps. Luckily, all rejections occur at vertices v; and
no 1-arc is deleted in the meanwhile. Hence after at most k rejection steps we
restore the first-last property. This means that once we started the 2nd phase,
we never have to go back to the 1st phase if we execute the following steps.

Clearly, as long as we have an agent in our model who has different
first and last choices then we can delete an edge either in a rejection or in a
rotation elimination step. This follows that if we cannot make any further step
then our graph is a matching that has to be stable in the original preference
system, as well.

3.2. Tan’s characterization

Based on Irving’s proof, Tan in [62] gave a compact characterization of
those models that contain a stable matching. In this section, we study Tan’s
result.

Recall that a function w assigning non-negative weights to edges in G
is called a fractional matching if ) ., w(e) < 1 for every vertex v. A
fractional matching w is called stable if every edge e contains a vertex v

such that 37, ¢/ r< o w(f) = 1.

THEOREM 38. (Tan, 1991 [62]) In any graphic preference system, there
exists a half-integral fractional stable matching. In other words, there exists
a set S of edges whose connected components are single edges and cycles,
such that every edge e of the graph contains a vertex v of V(S) such that
e < s foreachs € S containing v.

Tan’s original proof is based on Irving’s algorithm [36]. Tan observed
that if we do not stop the algorithm when we find a rotation with identical
1-arc and 2-arc sets, but instead we conclude that the edges of these rotations
will have weight half, then we have a polynomial time algorithm for finding
a stable fractional matching in a graphic preference systems. (Note that
Tan’s terminology was pretty different from the above one that comes from
Abharoni [7].)
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Observe that if the support of a half-integral fractional stable matching
contains only even cycles then there obviously exists a stable matching: we
only have to throw away each second edge of the cycle components of the
support. Tan also proved the following curious fact. (For a short and direct
proof that is independent from Irving’s algorithm, see [7].)

THEOREM 39. (Tan 1991 [62]) Let (G,0) be a graphic preference system.
If an odd cycle appears in the support of some fractional stable matching
of (G,0), then this very cycle appears in the support of any fractional stable
matching of (G,0).

As the characteristic vector of a stable matching is a half-integral frac-
tional stable matching, the presence of an odd cycle in the support of a
half-integral fractional stable matching is equivalent to the non-existence of a
stable matching.

Theorem 38 follows directly from a well-known game theoretical lemma
of Scarf. An advantage of this reduction is that Scarf’s lemma is very
flexible and it allows us to deduce a generalization of Theorem 38 to stable
b-matchings in nonbipartite graphs. We call function w: E(G) — N a frac-
tional b-matching if Zve . w(e) < b(v) for every vertex v of G. A fractional
b-matching w is called stable if for every edge e either w(e) = 1 or e contains
a vertex v such that Zvej'fgve w(f) =b®).

THEOREM 40. If (G, 0) is a graphic preference system and b: V(G) — N
then there exists a half-integral fractional stable b-matching. In other words,

there exist disjoint subsets S and shalf of edges such that

e the components of Shalf are cycles,
e for any vertex v of G,

(35) |E(v)N S|+ %lE(va’”lf | < b)

o if S"f covers some vertex v then (35) holds with equality and the
< y-maximal edge of E(v) N (S U Shalfy belongs to Shalf and at last

e cach edge e of E \ S has a vertex v such that (35) holds with equality
and s < ye for any s € E(v) N (S U Shally,

Obviously, if all components of Shalf are even in Theorem 40 then

S together with each second edge of Shalf s a stable b-matching. Just
like in case of nonbipartite stable matchings, a half-integral fractional stable
b-matching characterizes the existence of a stable b-matching.
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THEOREM 41. Let (G, 0) be a graphic preference system, b: V(G) — N
and C be an odd cycle of G. If w is a halt-integral stable b-matching for

(G,0) andw(e) = L for each edge e of C then the edges of C receive weight

% in any halt-integral fractional stable b-matching.

That is, if $"@4 contains an odd cycle then this very odd cycle is con-
tained in the half-support of any half-integral stable b-matching, hence no
(integral) stable b-matching can exist. We prove Theorem 41 with the help
of two constructions that reduce the stable b-matching problem to the stable
matching problem. Let graphic preference system (G, 0) and quota function
b: V(G) — N be given. Applying a b-splitting to preference system (G, 0)
results in another preference system (Gb , ob ) such that

V(GY) = {v@):ve V(G)andi=1,2,...,b(v)}
E(G?) = {u(iv() : uv € E(G) and u(i),v(j) € V(G")}
0 = {< ) :v(i) € V(G")}
o . uv < y,uw or
w@V() < wpuw®) = {125, d i <k
That is, we substitute each vertex v of G by b(v) different copies, and two

vertices of G? are joined by an edge if the corresponding vertices of G are
different and adjacent. Preferences are inherited from (G, 0) we only have to
take extra care of that if the two edges come from the same edge.

OBSERVATION 42. Let (G,0) be a graphic preference system and
b: V(G) — N in such a way that b(u) = 1 or b(v) = 1 for any edge uv
of G. Then there is a one-to-one correspondence of half-integral fractional
stable b-matchings of (G, 0) to half-integral fractional stable matchings of

(Gb, 0%) in such a way that an odd cycle of weight half of the fractional
stable b-matching corresponds to an odd cycle of weight half in the fractional
stable matching and vice versa.

That is, there exists a stable b-matching of (G, 0) if and only if there
is a stable matching of (Gb , 0P ). The problem is that the condition on b in
Observation 42 does not hold in general. The next construction solves this
difficulty. The subdivided preference system of (G, 0) is preference system
(GS, 05) such that

V(G*) = V(G)U{v(e):v € V(G)and e € E(v)}
E(G®) :={vv(e):v € V(G)and e € E(v)} U{ey, : uv =e € E(G)},
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where e, joins u(e) to v(e)
0° ={=<y:v € V(G)} U{< () : v(e) € V(G*)}, such that

uu(e) <y uu(f) if e < ,f, and e,y < y)vv(e) < y)evu for uv=e € E(G).

That is, we subdivide each edge of G by two vertices and introduce a new
edge between the subdividing vertices. (In other words, we substitute each
edge with a path on four vertices so that the middle edge has a parallel copy.)
Note that in [17] a similar construction was applied that used a 6-cycle to
avoid parallel edges.

i J i 20132 o
O——0
b(v) b(u) b(v) 31 b(u) b(v) 1 b(u)

The preference order of the old vertices come from the original prefer-
ence order and the preference order of a subdividing vertex is such that each
of the two parallel edges is the best at one of its ends and the worst at the other
end. Define b*: V(G*) — N by b5(v) :=b(v) if v € V(G) and b*(v(e)) := 1
forv € V,e € Eg(v).

OBSERVATION 43. Let (G,0) be a graphic preference system and
b: V(G) — N. Preference system (G*,0°) and quota function b* has the
property needed in Observation 42, that is, b*(x) = 1 or b*(y) = 1 for any
edge xy of G*.

Moreover, any half-integral fractional stable b-matching of (G, 0) in-
duces a half-integral fractional stable b® -matching of (G*,0*) and vice versa.

In both constructions, an odd cycle of weight half induces another odd cycle
of weight half.

In particular, there is a stable b-matching of (G, 0) if and only if there is
a stable matching of (G*, 0*). Moreover, G* is 3-chromatic, hence any stable
(b-)matching problem can be reduced to one on a 3-chromatic graph. If G
is bipartite then G° is also bipartite, and we have already used this fact in
Section 2.4.

PROOF. (Sketch of the proof of Theorem 41.) Let w and C be as in
Theorem 41. By Observations 42 and 43, there is a fractional stable matching

w’ of (G* )b (08 )b ) that corresponds to w, hence C induces an odd cycle C’
of (G*)? with w'-weight % By Theorem 39, any half-integral fractional stable
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matching of ((G* Yo, (05)P) assigns weight % to each edge of C’. This means
that any half-integral fractional stable b-matching of (G, 0) must induce a
half-integral stable matching of ((G* )2, (05)0) that assigns weight % to C/,

hence any half-integral stable b-matching of (G, 0) must assign weight % to
each edge of C. |

There is another interesting consequence of Theorem 40 on approximate
stable b-matchings.

THEOREM 44. If (G, 0) is a graphic preference system and b: V(G) — N
then there is a subset U of V(G) with |U| < %| V(G)| such that for any
b': V(G) — N of the form

bv ifv ¢ U
b’(v):={ ) ifvé
byv)x1 ifveU
there is a stable b’ -matching of (G, 0).

PROOF. Let S, $"%!/ be as in Theorem 40 and construct U by choosing

one vertex from each odd cycle of §"@4  As each odd cycle is of length at
least 3, the size of U is at most the third of | V(G)|. Construct subset T of

Shalf by throwing away each second edge of each even cycle of $"¢/ and
by selecting each second edge of each odd component with the exception of
points of U, where we select both or none of the edges depending on whether
b'(u) =bw)+1 or b'(u) = b(u) — 1. Clearly, SU T is a stable b’-matching of
(G, 0). ]

Our next observation is that Corollary 23 has a direct generalization to
nonbipartite models.

THEOREM 45. Let (G, 0) be a preference system and b: V(G) — N be a
quota function. Then for each vertex v of G, there is a partition of E(v) into
b(v) parts Ey(v), Ex(v), ..., Ep)(v) so that |S N E;(v)| < 1 for any stable
b-matching S and any integeri with1 <i < b(v).

The proof is the reduction to Corollary 23 via a third construction. The
duplicated preference system of (G, 0) is (G4, 0%), where

VG ={v:ve VIGO}U{v:v e V(G)}
E(GY) = {uv,uv : uv € E(G)}
04 .= {<m<yv v e V(G)}, where
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uy < quw <= uv <juuw <= uy <guw for any uv € E(G).

That is, we take two disjoint copies of V(G), and the edges go along the
original edges between the two copies. Preference orders are induced naturally

by the original preference orders. Note that (G4, 0% is a bipartite preference
system. Define pe: V(Gd) — N by bd(V) = bd(g) := b(v) for any vertex v
of G.

It is easy to see that stable (b-)matchings of (G, 0) bijectively correspond
to symmetric stable (b-)matchings of (Gd, (Od), where we call an edge set F
of G4 symmetric if uv € F <= uv € F holds.

PROOF. (Proof of Theorem 45.) Apply Theorem 23 to quota function b
and to bipartite preference system (G%,0%). For each vertex v of G, we get
a partition of E;4(v) into bew) = b(v) parts in such a way that any stable

bd—matching of (G%,0%) contains at most one edge from each part. This
partition induces a partition on Eg(v) that satisfies the property of Theorem

45. This is true because S? := {@v,uv : uv € S} is a stable b-matching of
(G4, 0%) for any stable b-matching S of (G, 0). ]

Note that the duplication construction is useful to generalize other proper-
ties of bipartite stable matchings to nonbipartite ones. For example, it follows
from Corollary 24 that if we have 2k — 1 stable (b-)matchings in a bipartite
preference system (G, 0) and everybody selects his or her kth choice out of
the 2k — 1 possible assignments then a new stable (b-)matching is created.
To see the same property of any nonbipartite preference systems (G,0), we
only have to observe that if we have 2k — 1 symmetric stable (b-)matchings
of bipartite preference system (G¢, 0¢) and everybody selects his or her kth
choice then this results in a stable (b-)matching by Corollary 24. It is easy
to check that this very (b-)matching will be a symmetric one, so the above
“middle choice” property holds for nonbipartite preference systems as well.

The proof of Theorem 40 is an application of the following lemma of
Scarf to vector b, the extended incidence matrix and the extended domination
matrix of the preference system. Notation [n] stands for the set of the first n
positive integers.

THEOREM 46. (Scarf 1967 [57]) Let n < m be positive integers, b be a
vector in Ry" and B = (b; ) € =(cj) be matrices of dimensions n X m,
satistying the following three properties: the first n columns of B form an
nxn identity matrix (i.e. b; j =0, j fori,j € [n]), the set{x € R." : Bx =b}
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is bounded, and c¢;; < c¢;y < ¢;j foranyi € [n], i # ] € [n] and
k € [m]\ [n].
Then there is a nonnegative vector x of Ry™ such that Bx = b and the

columns of C that correspond to supp (x) form a dominating set, that is, for
any column i € [m] there is a row k € [n] of C such that ¢ ; > ¢y ; for any

J € supp (x).

Theorem 46 can be interpreted such that in any weighted hypergraphic
preference system there always exists a fractional stable b-matching. It turned
out that Theorem 46 is a close relative of the topological fixed point theorem
of Kakutani (see also [8, 7]). A simplicial complex is a non-empty family
€ of subsets of a finite ground set such that A C B € € implies A € 6.
Members of € are called simplices or faces. Let us call simplicial complex
€ manifold-like if, denoting its rank by n (that is, the maximum cardinality
of a simplex in it is n + 1), every face of cardinality n of € is contained in
two faces of cardinality n + 1. The dual 6* of a complex & is the set of
complements of its simplices. Just like in the case of complexes, members of
a dual complex are also called faces.

LEMMA 47. (Aharoni 2001 [7]) If € and €' are two manifold-like com-
plexes on the same ground set, then the number of maximum cardinality faces

of € that are also minimum cardinality faces of €'" is even.

What examples are there of manifold-like complexes? Of course, a
triangulation of a closed manifold is of this sort. (We call this complex a
manifold-complex.) Another well known example of a dual manifold-like
complex is the cone complex: let X be a set of vectors in R”, and b a vector
not lying in the positive cone spanned by any n — 1 elements of X. A third
example of a manifold-like complex is the domination complex. Let C be a
matrix as in Theorem 46 with the additional property that in each row of C
all entries are different. Then the family of dominating column sets together
with the extra member [#n] is a manifold-like complex. (For the details, see
[8].)

If we plug the cone complex and the domination complex in Lemma
47 and apply a general position argument then we can deduce Theorem 46.
The application of Lemma 47 to the cone complex and the manifold complex
yields the following discrete version of Kakutani’s fixed point theorem.

THEOREM 48. (see [6]) Let us label the vertices of an n-dimensional
simplex S by the unit vectors of R, and label the other vertices of a
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triangulation T of S by vectors of R**! in such a way that the label of any
vertex v of T is in the positive hull of the labels of those vertices of S that

lie on the minimal face of S that contain v. For any vector b € Ry, there
is a elementary simplex in the triangulation of S whose vertex labels contain
b in their cone.

Theorem 48 and a continuity argument implies Kakutani’s fixed point
theorem.

THEOREM 49. (Kakutani 1941 [39]) Let S C R" be an n-dimensional
simplex and K(S) be the family of closed convex subsets of S. Let ®: S —
— K(S) be upper semicontinuous, that is, whenever y; — y, x; — x and
y; € ®(x;) theny € ®(x). Then there is a point x of S so that x € ®(x).

Brouwer’s fixed point theorem is the special case of Theorem 49 where
®(x) is one point for all x. The discrete version of Brouwer’s fixed point the-
orem is Sperner’s lemma and Theorem 48, the discrete version of Kakutani’s
theorem is a genuine generalization of Sperner’s lemma. Note that a result of
Shapley in [60] that generalize Sperner’s lemma is formally a special case of
Theorem 48. Still, Shapley’s method in [60] proves Theorem 48.

It is interesting to see the close relationship of the bipartite stable match-
ing theorem to the lattice theoretical fixed point theorem of Tarski and of the
nonbipartite version to the topological fixed point theorem of Kakutani. One
might ask himself whether there is some fixed-point theorem that implies a
generalization of Tan’s results on nonbipartite preference systems.

3.3. The stable roommates problem with free and forbidden edges

In this section, we study three generalizations of the one sided stable
matching problem. We consider the problem with special edges, look at
preference orders that are not necessarily strict, and we look for stable part-
nerships, where instead of linear orders, agents’ preferences are described by
some personal choice functions.

In the stable roommates problem, ordinary edges between two agents
have two different features: on one hand, an edge can be present in a matching
and dominate other edges, and on the other hand it may block a matching.
A possible way to generalize the stable roommates problem is to allow edges
that have only one of those properties. That is, we call an edge forbidden if it
may block a matching, but it cannot be present in the stable matching that we
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look for. So the presence of a forbidden edge makes it more difficult to find a
stable matching. A free edge is the opposite: we may use it in our matching,
but it never blocks. The stable roommates problem with forbidden and free
edges is given by preference system (G,0), disjoint subsets Efoypidden and

Efree of E and we ask if there exists a matching S of E'\ Erpiqden that is
not blocked by an edge of E \ E ¢,

By the definition, if we declare an ordinary edge free then all stable
matchings remain stable and some new may emerge, hence it becomes easier
to find one. Forbidding an ordinary edge may kill some stable matchings
but never creates a new one, so it makes it more difficult to find one. We
shall show that for the decision problem the opposite holds: the problem with
forbidden edges is tractable and the presence of free edges makes it hard.

THEOREM 50. (Cechlarova and Fleiner 2008 [18]) For a preference sys-
tem (G, 0) and subset F C E(G) of free edges it is NP-complete to decide
the existence of a stable matching. The problem is NP-complete already if F
consists of disjoint edges.

PROOF. (Sketch of the proof.) We show a polynomial reduction of the
3-SAT problem to the the stable roommates problem with free edges. For
this reason we have to construct in polynomial time for each 3-CNF boolean
formula @ a preference system (G, 0) and set of free edges such that @ is
satisfiable if and only if there is a matching in (G, 0) that can be blocked
only by free edges.

I/l \\::/\,\ ’\’ o 3
A L MR AN
TSN RN
0o TS TN
4/\5 4/\5 4/\5
2 12 12 1
T2 122,271 2
a c oc e a

For each variable x of ®, let us define vertices ay, by, cx,x and X, edges
axbx,bxcy,cxay free edges ayx and a,X. These latter edges are first choices
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of x and x respectively, the preference order of a, is ayx,axX,axby,axcy,
by prefers bycx to byay and ¢y prefers cya, to cxby. For each clause C we

have vertices C; and Clj fori =1,2,3,j = 1,2 and (, for each literal / in
C. Construct free edges C;C; that are the ith choices of C; for i = 1,2 and
C; G; is the very last choice of (. For each G, the edges C; C; are the first
three choices in an arbitrary order.

For i = 1,2,3, add all edges between (;, Cil and Ci2 such that these
edges are ordinary and preferences along these triangles are cyclic. To finish
the construction of G, for each literal [ in some clause C, connect vertex [
with (. All nonspecified preferences are arbitrary. The figure shows the part
of G corresponding to clause C =X Vy Vz and variables x,y and z. It is easy
to see that if there is a truth assignment to @ then there is a matching in G
that is not blocked by ordinary edges. For this, we choose edges xv, for each
true variable and edges Xvx for each false one, all edges bycy and Ci1 Cl.z. It
is straightforward to complete this matching it to one we need.

If there is a matching S that is not blocked by an ordinary edge then for
each variable x, exactly one of a,x and a,X is present in .S, as otherwise
S would contain a stable matching of triangle a,byc, that does not exist.
Similarly, each vertex C; is covered by a free edge of S as otherwise S
would contain a stable matching of triangle CiCi1 Cl.2, which is impossible.
This means that S contains no edge /(.

If xvy € S then declare x true, otherwise let x be false. We prove that
this is a truth assignment of @, that is, each clause has a true literal. If C is a
clause then there is an edge C3C; of S. As [ cannot block this means that
[ is covered by a free edge, hence [ is a true literal in C. This follows that ®
has a truth assignment.

To show the second part of the Theorem, we con- o/ ____________ ’o
struct for each stable roommates problem with free “ ; ; Ll----1 ., '
. 2
edges an equivalent problem one where free edges are ;= 7y I
disjoint.

To do this it is enough to substitute each free edge with a little graph
similar to the construction we had in the subdivided preference system. The
difference is that for an edge ¢ = uv, we add a free edge u.v. that is first
choice for both u, and v.. (See the figure.) After this change all free edges
are disjoint and there is a matching that is not blocked by ordinary edges in
(G, 0) if and only if there is one after the construction. ]
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Péter Bir6 [13] asked the complexity of the stable roommates problem
with free edges in the special case where vertices of the underlying graph
G are partitioned into disjoint sets and free edges are exactly those ones
that connect different partition sets. Note that the above construction for the
reduction of 3-SAT has this property, so this special case is NP-complete.
Rob Irving asked the same question for the case where free edges are the
ones that connect two vertices of the same partition set. As a graph where
free edges are disjoint has this property, our second construction in the above
proof shows the NP-completeness of this problem as well.

Now we turn our attention to forbidden edges. The first result on this is
probably the following.

THEOREM 51. (Dias et al. [21]) If (G, O) is a bipartite preference system
and subset F of edges is forbidden then there is a linear time algorithm to
find a stable matching that does not contain an edge of F, if such exists.

Fleiner et al. in [29] extended Theorem 51 to nonbipartite preference
systems, where one may allow indifferences in the preferences. Our goal
here is to describe an extension of Irving’s algorithm to solve an even more
general problem. To define that problem, we focus on choice functions that
come from not necessarily linear preference orders.

In both the stable marriage and the stable roommates problems, strict
(linear) preferences of the participating agents play a crucial role. However, in
many practical situations, one has to deal with indifferences in the preference
orders. A natural model for this is that preference orders are partial (rather
than linear) orders. One can extend the notion of a stable matching to this
model in at least three different ways. One possibility is that a matching is
weakly stable if no pair of agents a, b exists such that they mutually strictly
prefer one another to their eventual partner. Ronn proved that deciding the ex-
istence of a weakly stable matching is NP-complete [47]. Based on Theorem
50, there is an alternative proof.

THEOREM 52. (see Ronn [47]) It is NP-complete to decide the existence
of a weakly stable matching in the stable roommates problem where each
vertex has a weak linear preference order on the incident edges with at most
two edges in tie.

PROOF. (Sketch of the proof.) Construct graph G’ the following way.
Substitute each free edge of G with the gadget we used for the subdivided
preference system. That is, instead of each free edge create a 3-path with two
parallel edges in the middle. Further, add a third parallel edge to each gadget
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such that this third edge is tied with the nonparallel edges at both endvertices.
(See the figure.)

It is easy to check that there there is a matching  Z_____________: ‘0

of G not blocked by any ordinary edge if and only if v
there is a weakly stable matching in (G’,0’), where 1 3

preferences of (' are the same as of O at vertices O 2@2 e)
3 1

of G and given by the figure at the new vertices. u

Hence for each instance of the stable roommates problem with free edges,
one can construct in polynomial time an equivalent instance of the problem
described in Theorem 52, that is we have a polynomial reduction of the former
problem to the latter. As the former problem is NP-complete by Theorem 50,
the latter one has this property as well. |

A more restrictive notion than weak stability is the following. A matching
is strongly stable if there are no agents a and b such that a strictly prefers b to
his eventual partner and b does not prefer his eventual partner to a. Scott gave
an algorithm that finds a strongly stable matching or reports if none exists

in O(m?) time [58]. The most restrictive notion is that of super-stability. A
matching is super-stable if there exist no two agents a and b such that neither
of them prefers his eventual situation to being a partner of the other. In other
words, a matching is super-stable, if it is stable for any linear extensions of
the preference orders of the agents.

For the case where indifference is transitive (preferences are weak linear
orders), Irving and Manlove gave an O(m) algorithm to find a super-stable
matching, if exists [37]. Interestingly, the algorithm has two phases, just like
Irving’s [36], but its second phase is completely different. The authors remark
in [37] that the algorithm works without modification for the more general
case when preference orders are partial orders.

Through indifferences of the agents in a preference system with weak
linear orders, we may create special type of edges. Namely, it is possible
that there are two parallel edges (say e and e’) between two vertices and
both vertices are indifferent between the parallel copies. This means that both
e and ¢/ may block a matching but nor e, neither ¢’ can be present in a
super-stable matching, as its parallel copy would block. It is easy to see
that the super-stable roommates problem is equivalent with the one where we
delete e’ and forbid e.

The stable matching problem with forbidden edges is given by a pref-
erence system (G, 0) and a subset F of E, the set of forbidden edges. The
problem is to find a stable matching S of (G, 0) that does not contain any
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forbidden edge of F. Clearly, this problem is a special case of the super-stable
matching problem. Fleiner et al. exhibited a reduction of the super-stable
matching problem with forbidden edges this problem to 2-SAT [29] and in
[30], the same authors extended Irving’s algorithm to this case. Here we
describe this latter result, and hence solve the stable roommates problem with
forbidden pairs and the super-stable roommates problem, as well.

We have seen that a forbidden edge in the stable roommates problem
can be regarded as special edge in the super-stable roommates problem.
Interestingly, in the extension of Irving’s algorithm we explicitly use for-
bidden edges: while Irving’s original algorithm had only edge deletions, in
the extension we eventually need to forbid an edge. Recall that if Irving’s
algorithm deletes an edge then no new stable matching is created by this and
if the deletion kills some stable matching then some other has to survive. Our
algorithm deletes an edge in two steps. First it is forbidding edge ¢ if either
there exists no super-stable matching in the current instance or if there is a
super-stable matching avoiding e. Hence if we find a super-stable matching
after forbidding e then it is super-stable before that, and if we conclude that no
super-stable matching exists then the conclusion is valid before that step. Our
algorithm eventually deletes a forbidden edge e if no super-stable matching
exists that is blocked only by e, that is, if no new super-stable matching is
created by the deletion.

There is a hierarchy of the different type steps of the following algorithm.
Every time we try to execute the first possible of them. To describe these step
types, we say that edge e = E(v) of G (forbidden or not) is a first choice edge
of v, if there is no edge f € E(v) \ F with f < ,e (i.e., if no free edge can
dominate e at vertex v). Note that there can be more than one 1st choices of
v present.

Proposal step. If ¢ = vw is a 1st choice of v then orient e from v to
w. Just like in Irving’s algorithm, arcs created in a proposal step are called
1-arcs. Note that it is possible that a vertex sends more than one 1-arc and a
1-arc can also be bioriented. After we found all 1-arcs, the algorithm looks
for a

Mild rejection step. If 1-arc ¢ of G; points to v and E(v) 3 f £ ,e (that
is, f is not better than e according to v in G) then forbid f.

After all such steps are done we move on to find a

Firm rejection step. If some free 1-arc ¢ of G; points tov and ¢ < ,,f €
€ E(v) (e is better than f according to v) then we delete f.

Note that the above f is already forbidden by a mild rejection step.
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As soon as no more proposal and (mild or firm) rejection step can be
executed, the following generalization of the first-last property holds: each
vertex v that is incident with a free edge sends and receives exactly one 1-arc,
and these represents the unique best and worse choices of v, respectively. If
some vertex v is not incident with a free edge then v still may be incident
with forbidden edges. If this happens then no super-stable matching exist.
Otherwise each vertex is either a singleton of G or it sends and receives
exactly one 1-arc. The algorithm works further with these latter vertices.

Assume that in G no proposal or rejection step can be executed. An edge
e € E(v) is a second choice of v if e > ,f ¢ F implies that f is the unique
Ist choice of v. In other words, e is a second choice, if the only free edge
that dominates e at v is the unique 1-arc leaving v. Every vertex v of G with
degree at least two is incident with at least one free second choice edge: if
not other, then the unique 1-arc pointing to v. Now the algorithm can make a

2nd choice step. If e = vw is a second choice of v then (counterintu-
itively) orient e from w to v. Arcs created at this step are called 2-arcs.

What is the meaning of a 2-arc? It can be interpreted as an implication: if
wv is a 2-arc, a is the 1-arc entering w and a’ is the 1-arc leaving v then for
any super-stable matching S, a € S implies a’ € S. This observation allows
us to build an implication structure on the set of 1-arcs. In this implication
structure 1-arc e sm-implies 1-arc f if there is a directed path starting with e
ending with f and using 1-arcs and 2-arcs in an alternating manner. Clearly, if
e sm-implies f and S is a super-stable matching then f € S whenever e € S.
We say that 1-arcs e and f are called sm-equivalent, if e sm-implies f and
f sm-implies e, or, in other words if there is a directed cycle D formed by
l-arcs and 2-arcs in an alternating manner such that D contains both ¢ and
f. (Note that D may use the same vertex more than once.) Sm-equivalence is
clearly an equivalence relation and if C is an sm-class and S is a super-stable
matching then either C is disjoint from S or C is contained in S.

Beyond determining sm-equivalence classes, 2-arcs yield further impli-
cations between sm-classes: if uu’ is a 1-arc of sm-class C and vv' is a 1-arc
of sm-class C’ and u’v is a 2-arc, then sm-class C “implies” sm-class C’
in such a way that if C is not disjoint from super-stable matching S then S
contains both classes C and C’. Assume that sm-class C is on the top of this
implication structure, i.e. C is not implied by any other sm-class (but C may
imply certain other classes). We can summarize this in the formula that C
has the property that

(36) if vv’is a l-arc of C and w'v is a 2-arc

then (the unique) 1-arc ww' is sm-equivalent to vv'.
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To find a top sm-class C, introduce an auxiliary digraph on the vertices
of G, such that if uu’ is a 1-arc and u'v is a 2-arc, then we introduce an
arc uv of the auxiliary graph. We can find a source strong component of
the auxiliary graph in linear time by depth first search. If it contains vertices
uy,uy,. .., uy then it determines a top sm-class C = {ujuf, ugul, ..., upuy }
formed by 1-arcs. Note that it is possible here that u; = uj’ for different i
and j.

2nd choice elimination step. If for 1-arcs u;u!, u; uJ( € C there are 2-arcs
vu; and vu; with vu; £ ,vu; then forbid vu;.

Note that a 2nd choice elimination step might create some new 2-arcs so
we might have to take further 2nd choice steps. After these steps even the
top sm-class C may change. Sooner or later we arrive to a situation where
none of the above steps are possible. At that moment, if uu’ is a 1-arc of C
then there is unique 2-arc leaving u’ and there is a unique 2-arc pointing to
u, that is, u has a unique 2nd choice. This is exactly the same situation that
we have in the ordinary stable roommates problem in case of a rotation. That
is, if C C S for a super-stable matching S then matching S\ C U C’ is also
super-stable, where C’ denotes the set of 2-arcs within C. So if none of the
above steps can be executed then we try our last option.

Rotation elimination step. Forbid all edges of C in G.

After a rotation elimination step, the 2-arcs within C become 1-arcs in
the opposite direction. This may involve certain mild and firm rejection steps
(e.g. we shall delete the forbidden 1-arcs of C), 2nd choice steps, 2nd choice
elimination steps and further rotation eliminations. None of these steps kill
all super-stable matchings and none of them creates a super-stable matching.
Furthermore, if none of the above steps are possible then we are left with
a matching on the vertices that are adjacent with ordinary (non-forbidden)
edges. So if no vertex is adjacent to a forbidden edge in this situation then
what we left with is a super-stable matching. If there are some forbidden
edges as well then all these edges must be bidirected 1-arcs and no super-
stable matching exists in the particular problem.
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COMPLEMENTARY SUBALGEBRAS. PROBLEMS TO SOLVE

By
DENES PETZ

(Received May 18, 2009)

Quantum complementarity is a notion originated by one of the fathers of
quantum mechanics, NIELS BOHR. According to WOLFGANG PAULI, the new
quantum theory could have been called the theory of complementarity [7].
In traditional quantum theory omplementarity is the special relations of the
self-adjoint operators P and Q. Our setting can be connected to finite level
quantum systems [1, 10].

In abstract mathematical approach we shall consider subalgebras of the
algebra M, (C) of n x n complex matrices. It is assumed that the subal-
gebras contain the unit matrix I and closed under taking the adjoint (unital
*-subalgebras). The algebra M, (C) becomes a Hilbert space with the Hilbert—
Schmidt inner product:

(A,B) :=Tr A*B.
Let 4,4, be subalgebras. Their complementarity is actually a kind of or-
thogonality relation:
{Aed; :TrA=0} L{Aed:TrA=0}
The subalgebras 4 and .4, cannot be orthogonal, since I € 41,45, but the
above relation is the same as
A oCI 1L (4, 5CI.
Sometimes instead of complementarity quasi-orthogonality is used. The con-
tent of these notes is an overview of some related unsolved problems.

First we consider commutative subalgebras. Maximal Abelian subalge-
bras (called MASA’s) are one-to-one correspondence with the ortonormal
bases of the Hilbert space. The matrices diagonal in a given basis form a
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MASA. Assume that .4; and 4, are MASA’s and the corresponding bases
are §1,55,...,&, and 1,72, ...,n,. The subalgebras 4 and 4, are comple-
mentary if and only if

1
[(Eim)|* = ~a<ij<n.

It is easy to give an example. Fix the basis §1,&5,...,5, and let U be the
unitary making a cyclic permutation. If the vectors #; are eigenvectors of U,

then &; and 7; satisfy the above property. They are called mutually unbiased
bases, MUB’s. The maximal number of MUB’s is n + 1. If n is a power of
a prime number, then this upper bound can be reached [16, 13]. It is little
known about the case n = 6 [5, 6].

A MASA is n-dimensional, a two dimensional commutative algebra has
the form 4 = {AP; +uP, : A, u € C}, where P; and P, are orthogonal
projections. Assume that P; is of rank one, then it has the form |§)(&|, where
|E) is a unit vectors. Such subalgebra is determined by the vector |§). These
kind of subalgebras A1, d,, ..., are complementary if

1
|<§i:§j>|2=; (1<i<j<k).

Denote by ¢(n) the maximum number of such vectors. The construction of

such vectors is in relation with another problem. In the n-dimensional space

2

one tries to get n= vectors 171,12, .. .,1,2 such that

2
n

D) |mump)P=c A<i<j<n® and Y |p)ml=dI
i=1

for some constants c¢,d € R. These conditions imply ¢ = 1/(n + 1). The
existence of vectors is known for n = 2,3,4,5 and some numerical arguments
are available up to n = 45 [5, 20]. If there are n? vectors with the property
of (1) in n dimension, then

gn+1)> n2.

This is a lower estimate. g(3) > 5 can be shown by contstruction [2]. Nothing
else is known about ¢ (n) for n > 3.

Now we move to noncommutative subalgebras. The simplest situation
is find complementary subalgebras of My(C) ~ M,(C) ® M,(C) which are
isomorphic to M,(C). Since the dimension of My(C) is 16 and the dimension
of My(C) is 4, the maximum number is (16 — 1)/(4 — 1) = 5. There are
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no 5 such subalgebras [12] and even more is true. If Aq,...,4d, are such
subalgebras, then their orthogonal complement together with I is a MASA
[9]. It seems that the prime number 2 is particular. Assume that the large
algebra is a k fold product M,,(C) ® M,;(C) ® ... ® M,(C) and we want to
find complementary subalgebras isomorphic to M, (C). If n is a power of a
prime number larger than 2, then the maximum number

of subalgebras M, (C) is possible [8]. If n = 2, there is a construction for

2%k 1
21
complementary subalgebras isomorphic to M,(C), but it is not known if this

is the maximal number [9]. If it is, then one can ask about the orthogonal
complement. Is it a subalgebra if the I is added?

The complementary commutative subalgebras give the smallest over-
heading information about a quantum state. This makes some optimality in
state estimation [18, 3] and has application in quantum cryptography [4].
Complementary MASA’s are studied also in the setting of von Neumann
algebras [14]. The physical background of noncommutative complementary
algebras has not been studied. From the point of view of information, the
essential property must be similar to the case of commutative subalgebras.
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Abstract. The most general change of variables theorem for the Riemann integral of
functions of a single variable has been published in 1961 by H. Kestelman. In this theorem,
the substitution is made by an ‘indefinite integral’, that is, by a function of the form ¢ +— ¢ +

+ fal g =: G(t) where g is Riemann integrable on [a,b] and c is any constant. We prove
a multidimensional generalization of this theorem for the case where G is injective — using
the fact that the Riemann primitives are the same as those Lipschitz functions which are
almost everywhere strongly differentiable in (a, b). We prove a generalization of Sard’s lemma
for Lipschitz functions of several variables that are almost everywhere strongly differentiable,
which enables us to keep all our proofs within the framework of the Riemannian theory which
was our aim.

1. Introduction

As far as we know, the following theorem appeared first in [5].

THEOREM 1. If g:[a,b] — R is Riemann integrable, c € R, Vt € [a,b]

G(t):=c+ | Cf g, and the function f is Riemann integrable on the range of G,
then (f o G) - g is Riemann integrable, and

G(b) b
/ f =/ (oG g.
G(a) a

Notice that the first statement of Theorem 1 is somewhat surprising be-
cause the composition f o G need not be Riemann integrable even if G is C*°
(see [3, Example 34 in Chapter 8.]). Some years later, D. Preiss and J. Uher

AMS Subject Classification (2000): Primary: 26B10; Secondary: 26B12, 26B15
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in [12] proved the converse: boundedness of f and integrability of (f o G)g
implies integrability of f.

The aim of the present paper is to formulate and prove a multidimensional
version of these two theorems for the case where G is injective on the interior
of its domain — with a proof that remains within the framework of the Rie-
mann theory. In textbooks, the usual assumptions on G are that it is injective
and it has a continuously differentiable extension to an open set that covers
the closure of the original — Jordan measurable — domain. Observe that the
latter assumption implies Lipschitz continuity (see Theorem 22). Moreover, in
almost every textbook, the theorem is proved under the additional assumption
that G'(x) is everywhere invertible. Probably M. Spivak was the first who
proved that this assumption can be omitted (see [14]). An interesting version
of the theorem was proved by P. Lax in [6]. In his theorem, both the absolute
value in the formula and the injectivity assumption are omitted, but there are
other assumptions instead.

The starting point to the generalization mentioned above is the fact
(which seems not to be well-known) that a function G: [a,b] — R is a Rie-
mann primitive if and only if it is Lipschitz and almost everywhere strongly
differentiable (see Definition 9 and Theorem 29).

In the next section, after introducing some notation and terminology, we
summarize some well-known facts about Riemann integrability, and give a
basic theorem, Theorem 8, about the change of variables with easy proof
and ’hard-to-check’ assumptions. In section 3, we investigate the notion
of ’strong differentiability’ and other auxiliary tools, then in section 4 we
prove that for injective functions G that are Lipschitz and almost everywhere
strongly differentiable, and for properly chosen g, conditions a), b) and c) of
Theorem 8 are fulfilled (injectivity will be assumed only on the difference of
D(G) and a set of Lebesgue measure zero).

2. Terminology and some basic facts about Riemann integrability

For any H C R™, the set of Jordan measurable subsets of H will be
denoted by #p, in the case H := R™ the subscript will be omitted. The
volume or Jordan content of a Jordan measurable set X C R will be denoted
by V(X) and the outer Jordan content of a bounded set Y by V*(Y).

By a Jordan partition of X € # we mean a finite collection of pairwise

non-overlapping sets in #x the union of which is X. The set of all Jordan
partitions of X € Z will be denoted by II(X). By the norm of a Jordan
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partition @ € I1(X) we mean the number |®| := max{diam(H) : H € ®}.
The lower sum, upper sum and sum of oscillations of a bounded function
f:X — R corresponding to the partition ® € I1(X) is defined by s¢(®) :=

=Y Heoinff|g V(H), Sp(®) := > e supf | g V(H),

Op (@) := S (@) — 5p(D) = Zoscf(H)V(H)
respectively, where

oscy(H) :=supf|y — inff|g =sup{[f(y) —f(x)| : x € H, y € H}.

The lower and upper Darboux integral of f is

/f = sup sy, and /f = inf S,
JX X

respectively. The bounded function f: X — R is integrable (with integral
a € R) if its lower and upper Darboux integrals agree (and are equal to ).

By a dotted Jordan partition of X € # we mean a finite set of ordered
pairs
n = {Hp,y1)s-- -, (He,yn)}
such that D(n) = {H},...,H,} € II(X), and y; € H; fori = 1,...,n. The
Riemann sum of the function f: X — R corresponding to the dotted Jordan
partition 77 is o7 (17) := >_/_ f (vi) V (H;).
We will make use of the following well-known statements:

THEOREM 2. (Generalized Darboux Theorem) For each X € ¥ and for
each bounded f: X — R,

| qgﬁrgosf@)i/x g dm @< 7

THEOREM 3. (modified Riemann’s condition) For each X € ¥ and for
each bounded f: X — R, integrability of f is equivalent to the condition

THEOREM 4. For each X € ¥, a € R and f: X — R, the follow-
ing two statements are equivalent: 1. f is integrable with integral ¢, 2.

The definition of the integral based on Riemann sums can be used in
the matrix-valued case, too. In R™*" = any metric induced by a norm can
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be used. In particular, for each X € ¢ and integer m > 1, a matrix-valued
function : X — R™*™ ig integrable if and only if all the entries h;;: X — R
(i,k =1,...,m) are integrable. This fact will be used in order to simplify the
formulation of our last theorem.

THEOREM 5. For each X € ¥, H € ¥x and integrable f: X — R, the
restriction f | is integrable, for each ® € T(X), [yvf => pyecao [y f-

THEOREM 6. For each X € # and integrable f: X — R, the function |f |
is integrable, and the inequality | [y f| < [ |f| holds.

DEFINITION 7. If X CR", D C #x, UD = X and ¥: D — R, then by a
density function of ¥ we mean a function g: X — R for which integrability
of gl and W(H) = [}, g hold for each H € 2.

THEOREM 8. Let X € ¥, G: X — R™ a Lipschitz function, Y = G(X),
f:Y — R bounded and g: X — R integrable. Suppose that
a) foreach H € ¥x, G(H) € ¥,
b) for each pair of non-overlapping sets A € fx, B € fx, G(A) and G(B)
are non-overlapping,
c) g is a density function of the function ¥ x > H — V(G(H)),
d) f or (f o G)g is integrable.

Then both f and (f o G)g are integrable and fX(f oG)g = fo.

PROOF. Let L > 0 be a Lipschitz constant for G, K > 0 such that for
every x € Y, |f(x)| < K, and use the notation ¢ := (f o G)g.

First, suppose that f is integrable and let ¢ be a positive number. We will
show that for some d > 0, and for each dotted partition 7 of X with |D()| <
<0, we have |oy (1) — [ y f| < & (see Theorem 4). Choose positive numbers
Or and dg such that Op(‘¥) < &/2 whenever ¥ € TI(Y) and |¥| < dy,
resp. Og(®) < ¢ /2K whenever ® € TI(X) and |®| < g (see Theorem 3).
Let {(Hg,yx) : k = 1,...,n} a dotted partition of X such that the norm of
® := {Hj,..., Hy} is less than min{dg,d;/L} =: 6. Conditions a) and b)
imply that ¥ := {G(H)),..., G(H,)} is a Jordan partition of Y, Lipschitz
condition and the definition of L imply that the norm of this latter partition is
smaller than d.

> rGoosoovHE)- [ 1123 | rGomeoovin- [ 1|
k=1 Y

k=1 G(Hy)
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= Z F(GOW) [gk) V(H)— V(G(Hy))] +f(G(yk))V(G(Hk))—/f
k=1 G(Hy)

IN

C) n n
< Yo Go0 g Vit - [ 8]+ G VG - | 1
k=1 Hy k=1 G(Hy)

n

k=

If (GO /[g()’k)—g(x)]dx +Z / F(GOx) —fO]dy| <
! Hj k=l iG(Hy)

6 n n
SKZ/|g<yk>—g<x>|dx+Z / f (GO —F )l dy <

=15, =1G(H,)

n n
< K Y oscg(H) V(H) + Y osey(G(H) V (G(Hy)) =
k=1 k=1
e &
= KOy (@) + 0 () < 5t5

Second, suppose that ¥ is integrable, we prove that [ x ¥ is equal to
the upper Darboux integral of f. The proof of the fact that [ x ¥ is equal
to the lower integral of f is completely similar, therefore it will be omitted.
Let ¢ be a positive number, we show that [ x ¥ is in the e-neighborhood of
the upper integral of f. According to Theorem 4, one can choose a oy > 0
such that |oy (7) — [ ¥| < & /4 holds for every dotted partition 7 of X with
|D(7)| < dy, according to Theorem 3, one can choose a 0y > 0 such that
Og(®) < &/4K holds whenever the norm of ® € fyx is less than 0 and
according to Theorem 2, one can choose a 6f > 0 such that S¢(*¥) lies in the
¢ /4-neighborhood of the upper integral of f whenever the norm of ¥ € 7y

is less than 0. Fix a Jordan partition ® = {Hy,..., Hy } € x with

|®| < min{dy,dg,07/L} =:9,

and for each k = 1,...,n an element y, € Hj such that

3

FGORD > swpflaw) = 3y 51y
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Denoting the collection of sets G(H}) by ¥ and the set of pairs (Hy,y) by
n (k=1,...,n), we have

/ Y —/ f= [ / " —Uw(ﬂ)] + 3" F(GO0R) V(Hy) — V(GH))+
X Y X k=1

n _
+ ) (GG — supf| o)1V (G(Hy)) + {sfcf') —/Y f] :

k=1
0 < 0y, 0 < dg, the choice of the points y; and 6 < (3f imply that the
absolute value of the first, second, third, respectively the fourth term on the
right hand side is less than ¢ /4. As for the second term, this is seen from the
following estimate:

> F(GOONE ) V (Hy) — V(G(Hk»]‘ =
k=1

2 Zf(G(yk))/[g(yk)—g(x) ldx| <

k=1

(G [ 1800 - gwlar < ' [ oseuttio = Ko@)
= i k=13,

3. Auxiliary tools

3.1. Strong differentiability

DEFINITION 9. Let m and n be positive integers, U C R™, and u an
interior point of U. The function f: U — R" is strongly differentiable at the
point u, if there exists a linear map A: R™ — R" such that

) =f) — Ax —y)] =

lim
()= [ =yl yH
where on R™ x R™ one can use any metric induced by a norm, e.g.
d((x,y), (z,w)) == max{x —zl|, [y — wl]}.

We make some remarks about this notion.
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Some authors use the term ‘strict differentiability’ instead of ‘strong diffe-
rentiability.’

In the definition the spaces R™ and R" could be replaced by any normed
spaces, but in this case (if the first space is infinite dimensional) one says
‘continuous linear’ instead of ‘linear’.

If f is strongly differentiable at u then it is differentiable there and f/(u) =
= A must hold.

Strong differentiability of f at u implies the existence of a neighborhood
of u on which f is a Lipschitz function.

If one replaces the assumption on continuous differentiability of f at the
point u by strong differentiability at u in the local inverse function theorem
(see [4]), then one can state existence of a neighborhood U of u such that
the restriction f |y is injective, its range is a neighborhood of f(u), the local
inverse (the inverse of this restriction) is strongly differentiable at the point
f(u), and the derivative of the local inverse at f(u) is equal to the inverse
of f'(u), (see for example [7] or [8]). The most difficult part of the proof is
essentially contained in the proof of the next theorem (the proof of the fact
that f(u) is an interior point of the range of the injective restriction).

THEOREM 10. Let u be an element of the open set Q C R™, suppose that
the function G:Q — R™ js strongly differentiable at u and M := G'(u) is
regular; for eachx € Q, let ¢,:R™ — R™ be the affine function z — G(x) +
+ M(z — x). Then for each ¢ € (0,1), there exists a d > 0 such that
V(x,r) e Q x (0,+00),

B(x,r) C B(u,0) = ¢ B(x,(1 —¢e)r) C G(B(x,r)) C t&xB(x,(1+¢)r),
in particular, G(u) € int R(G).
PROOF. Define the function 0: Q x Q — R™ as follows: if x,z € Q and
x =z then p(x,z) := 0, otherwise

1
0(x,2) = ——[G(z) — G(x) — M(z — x)].
|z — x|

The strong differentiability condition implies that for each ¢ € (0, 1), one can
find a 0 > 0 such that

lo(x,2)|| < whenever x,z € B(u,0).

HM [

Fix a pair (x,r) satisfying the condition B(x,r) C B(u,d), and, in order to
prove the first inclusion, fix an element y = ¢, (v) with ||v —x|| < (1 —é&)r
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as well. One can apply Banach’s fixed point theorem on the metric subspace
X := B(x,r) of R" to the function

[iX—R", 22 -MGR) —yl=M"'ly - G@)+ Mz]
(of course, the fixed point is a point z € B(x,r) with G(z) = y). Indeed, f
maps X into X, because for each z € X we have

IIf z) —x]|| = HM_l[y —Gx)+Gx)—Giz)—Mx —2)]| <

1M~ 16:0) = G|+ IM~ |G — GR) — M(x —2)] <
v — x| +elx =zl < A —eyr+er=r,
and it is a contraction with Lipschitz constant ¢, because for each pair (z,w) €
€ X x X we have

3

I @=f 0l = 1M~ 16— G =M=l < 1M~

Iw—z]|.

To prove the second inclusion, fix an element v € B(x,r) and set

w = M_1[||v —x|lo(x,v)].
Then ||w]| < [[M~Y - |loGx,v)|| - ||[v — x||, hence ||v +w —x|| < r +é&r, and
Gv)=Gx)+ M@y —x)+|v—x|ox,v) = Gx)+ My +w —x) = & (v +w).

To show that G(u) is an interior point of the range, apply the first inclusion
with € :=1/2, x :=u, r :=9:

G(B(u,8)) D G(u)+ MB(0,6/2) > G(u)+ B(0,6 /2| M~ "|))).

REMARK 11. Let m, n, U and u be the same as in Definition 9. The func-
tion f: U — R" is strongly differentiable at u if and only if each component
of f has this property.

REMARK 12. Let m, n, U and u be the same as in Definition 9. If
the function f: U — R" is strongly differentiable at u, then, without any
assumption on the domain of f’, the function x — f’(x) is continuous at u.
For a proof, see [10].

REMARK 13. Let m, n, U and u be the same as in Definition 9. If
the function f: U — R" is differentiable in a neighborhood of u and f' is
continuous at u then f is strongly differentiable at u. As for the proof: apply
the mean value inequality to the function z — f(z) — f'(u)z on the line
segment [x,y].
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Before our last remark we introduce a definition which is a slight modi-
fication of Nijenhuis’ definition (see [10]).

DEFINITION 14. Let m and j be positive integers, j < m, U C R™,
and u an interior point of U. The function f: U — R is strongly partially
differentiable with respect to the j-th variable at the point u, if there exists
a real number D; f(u) such that for each ¢ > 0 there is a 6 > 0 with the

following property: if x,y € B(u,0), y; #x;, but for all i#j y; = x;, then
J&)—fO»)

~ Dif(w)| <e.
X =i

REMARK 15. Let U be a subset of R™, and u an interior point of U. The
function f: U — R is strongly differentiable at « if and only if f is strongly
partially differentiable at u with respect to all its variables. (The proof is an
easy exercise, for the case m =2 see [10].)

3.2. Cubes, set-functions

A (closed) cube in R™ is the product of m many closed intervals of
equal length, by a cube-partition of a cube Q we mean a finite set of pairwise
non-overlapping cubes, the union of which is Q. Analogously, by a dotted
cube-partition of a cube Q we mean a finite set

{1y, (Qusy™)}

of ordered pairs, where {Qy, ..., Q, } forms a cube-partition of Q and yieQ
for i = 1,...,n. Equivalently, dotted cube-partitions of a cube Q can be
viewed as functions: a function 7:.4 — Q is a dotted cube-partition of the
cube Q, if 4 is a cube-partition of Q and for each cube I € 4, n; :=n() € I.
In the following, (dotted) partition of a cube will always mean a (dotted)
cube-partition.

In the space R™ we use the norm x +— max |x;| =: ||x||, therefore the
closed balls B(y,r) are cubes and the open balls B(y, r) are open cubes.

Let 0 be a positive valued function defined on a cube Q. A dotted
partition 77 of Q is said to be d-fine, if for each I € D(n), I C B(n;,0 ).
The following statement will be called ‘Cousin’s lemma’:

LEMMA 16. (Cousin’s lemma) For each cube Q and each function
0:Q — (0,+00), Q has a 0 -fine dotted partition.

For a proof of this assertion, see for example the proof of [11, Lemma 7.3.2].
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DEFINITION 17. A real valued function @ defined on a set ¢ C ¥ will be
called

1. additive, if for each H € € and each Jordan partition 4 C € of H,

DH) =Y D)),
Jed

2. Lipschitz, if there exists a nonnegative number L such that for each
HcE ®H)<L-V(H),

DEFINITION 18. Suppose that for some r > 0 and u € R™, each closed
subcube of B(u,r) belongs to the domain of the real valued set-function
®. Then ® is called differentiable (resp. strongly differentiable) at u, if for
some real number @'(u) and for each @ > 0 there exists a 0 > 0 for which
u el € D®) (resp. I € D(®)) and I C B(u,d) imply

‘ ()

/
vy 2w

<w.

Of course, if a cube-function @ is differentiable at u then the number
®'(u) in the definition of differentiability is unique. Note that if m = 1,
f:la,b] — R and @ is defined on the set of closed subintervals of [a,b] by
[a,f] — f(B) — f(a), then @ is additive, ® is Lipschitz if and only if f
is Lipschitz, ® is (strongly) differentiable at u € (a,b) if and only if f is
(strongly) differentiable there.

REMARK 19. Another important and well-known example: if X € # and
g: X — R is integrable, then the set-function #x > H — [, g = V(H) is
additive, Lipschitz, and strongly differentiable at the continuity points u of g
with W/ (u) = g(u).

3.3. Lipschitz functions and Lipschitz set-functions

LEMMA 20. If (M, d) is a metric space, D#X C M and G: X — R™ isa
Lipschitz function with Lipschitz constant L, then G has a Lipschitz extension
F: M — R™ with the same Lipschitz constant L.

PROOF. Because of our choice of the norm in R™, the lemma follows
from the special case where m = 1, which can be applied to the component
functions. But this special case is a well-known theorem, for a proof see for
example [11, 6.6.5 and 6.6.6].
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THEOREM 21. Let X € ¥ and G: X — R™ be a Lipschitz function, then
the set-function fx > H — V*(G(H)) =: Y(H) is again Lipschitz.

PROOF. Let F:R™ — R™ be an extension of G satisfying the Lipschitz
condition with Lipschitz constant L (see Lemma 20), so for each cube I =
B(u,r) C R™, Lipschitz condition yields F(I) C B(F(u), Lr), consequently
VHF) < L"V{).Let H € ¥x,& >0 and {Ij,...,I,} be a finite set of
cubes such that

n
HcCUj_ L and Y V()< V(H)+e.
k=1

V* is monotonic and subadditive, therefore
VXG(H)) < V* Ui F(Ip)] <

<Y VHE@) LMY V) < L"(V(H) +¢)
k=1 k=1

and this gives the inequality ¥ < L™ Vg _. 1

THEOREM 22. If (Xj,dy) is a compact metric space, (X»,dp) a metric
space and f: X, — Xp is locally Lipschitz at each point of X then f is
Lipschitz.

PROOF. Using on X; x X; — for example — the metric

((x, ), (u,v)) — max{d;(x,u),d(y,v)},

X x X is compact, therefore (being a closed subset of this compact space)
the diagonal A := {(x,x) : x € Xj} is also compact. This fact and the
local Lipschitz condition gives a positive integer n, elements z;,...,z;, € X]
and positive numbers rq,...,ry, L1,..., L, such that for each k = 1,...,n,
Il B(z.rp) 18 Lipschitz with Lipschitz constant Ly, and

AC UZ:]B(Zkark) X B(zg,r)=T.
(X7 x X7) \ T is again compact, the metrics and G are continuous, thus the
restriction to (X; x X7) \ I' of the function

d
X x XD\ A5 (r,y) — RLOWOD

dy(x,y)

has an upper bound L. This implies that max{Ly, Ly,...,L,} is an upper
bound of 4. 1
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3.4. Some consequences of Cousin’s lemma

The following lemma is known from several proofs of Sard’s lemma (see
for example [14, proof of Theorem 3.14.]).

LEMMA 23. Suppose that A is a subset of R", G: A — R™ js strongly
differentiable at the interior point u of A and let G'(u) be singular. Then for
each ¢ > 0 there exists ad > 0 such that B(u,0) C A, and the inequality
V*(G(1)) < & V() holds for all cubes I covered by B(u,9).

Now we prove an interesting version of the so-called Sard’s lemma.

Observe that as A. Sard himself writes in [13], the real valued Cl-case is
due to A. P. Morse (see [9]). If G is differentiable at an interior point x of its
domain then the Jacobian matrix of G at x will be denoted by J5(x).

THEOREM 24. Suppose that Q is an open subset of R™, K C Q is a
set of Lebesgue measure 0 and G:Q — R"™ js a Lipschitz function which is
strongly differentiable at each point of Q\ K. Then the image under G of the
set

{x € Q\ K : Jg(x) is singular}

is of Lebesgue measure 0.

PROOF. Q is a countable union of cubes, so it is enough to prove that for
any cube Q C €, the image under G of the set

S:={x € Q\ K : Jg(x) is singular}
has Jordan content 0. Set
R:={x € Q\ K :Jg(x)isregular}, and T:=QnNK.

First, observe that R C extS. Indeed, Jg is continuous at every point of R
(see Remark 12) and so is the function det: R *™ — R, thus a neighborhood
of a point of R in which for every x we have det J5(x)=0 cannot intersect S.
Second, observe that if L is a Lipschitz constant for G then for any cube
I :=B(u,r) C Q we have G(I) C B(G(u), Lr), so V*(GI)) < L V(). In
order to apply Cousin’s lemma, we define a positive valued function é on Q.
Let ¢ be a positive number, fix a countable set  of open intervals with the
sum of volumes being less than & /2L"™, the union of which covers the set T. If
u € Rthenletd(u) > 0 be such that B(u,d(u))NS = ). Foreachu € S, using
the previous lemma, select a  (u) > 0 such that V*(G(I)) < e V(I)/2V(Q)
holds for every cube I satisfying conditions u € I C B(u,0(u)). For each
u € T, select first a J, € J that contains u and then a 6 (1) > 0 such that
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B(u,0(u)) C J,. Fix a -fine dotted partition  of Q and write its domain
in the form 4 U B U € where for a cube I € D(n), I € 4 means 5; € R,
I € B meansn; € S and I € € means 5y € T. As i is O-fine, each I € 4
is disjoint from S, hence

Gsc |J G
IeBUB
Finally, using subadditivity of V* and the definition of 0, we have

Vil U G| < Y] vHGa) =) VNG + ) VHG) <

IeBUE IeBUE IeRB Ic8
£ & &
< v+ L™ VI < =+ - =¢.
<D avig VDALY VDS S +5 el
IeR Ic8

LEMMA 25. 1. Let Q be a cube, denote by € the set of subcubes of Q
and let ®: 6 — R be an additive Lipschitz function such that ®'(u) = 0 holds
for almost all interior points u of Q. Then @ is the constant 0 function.

2. If X € fand¥:}fx — R is an additive Lipschitz function such that
W (u) = 0 holds for almost all interior points of X, then ¥ is the constant 0
function.

PROOF. 1. Suppose the contrary, then there exists a subcube K such
that ¢ := |®(K)| > 0. From the assumptions we have a positive L such that
for each I € 6, |®(I)] < L- V(I), and we have a subset H of K with
Lebesgue measure 0, which contains all the boundary points of K, such that
for all points u € K \ H, ®'(u) = 0. Consequently, we have a countable
set 7 of open intervals with 3~ ;g V(J) < & /2L the union of which covers
H. To apply Cousin’s lemma, define a positive valued function 6 on K.
Assign to each u € H a J, € J that contains the point # and then a positive
O (u) such that B(u,0(u)) C J,, while to each u € K\ H, a d(u) > 0 for
which the following implication holds: if a cube I € € satisfies the condition
uelC B(u,dw)) then

D) <_¢
V)| 2V(K)
Fix a 0 -fine dotted partition # of K. The domain of # can be written as 4 URB

where for I € { and for I € B we haven; € H andn; € K\ H, respectively.
We get a contradiction in the form ¢ < ¢:

e =|OK)| <) D]+ Y|P <
Ied Ie®
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e - V() e e
1 < ZL- V(I)+Z VK SL.Z V(I)+§ < §+
Ied IeR Ied

-
=

Inequality (x) can be proved as follows. Using d-fineness of 7, each I € 4
is a subset of Jy,, so the sum of volumes V(I) for cubes I belonging to the
same J, can be majorized by the volume of this common J,,, consequently,
for some finite subset 7 of J we have

Svins Y vins Y v < ;—L
Ied Jedy Jeg

2. If Y C X is Jordan measurable, ¢ is a positive number and L > 0 is a
Lipschitz constant for ‘P, then there exists a set H C int Y which is a finite
union of cubes with V(Y \ H) < ¢ /L, therefore part 1. of the theorem yields

(V)| = [¥(Y \ H)+¥(H)| = [¥(Y \ H)| < e. 1

REMARK 26. Repeating a part of the proof of assertion 1. we can get an
elementary proof (which is essentially the same that one can find in [2, The-
orem 4] for the case m = 1) of the fact that a bounded function f defined on
a cube K which is continuous at almost all interior points of K, is integrable
(consequently the same is true for a bounded function defined on a Jordan
measurable set). Indeed, let ¢ be a positive number, define L := oscy(K),
H = 0K Udisf where disf denotes the set of discontinuity points of f.
For u € H, let the definition of d (1) be the same as in the previous proof,
while for u € K\ H, let d (u) be any positive number satisfying the condition
oscf~(§(u,(§(u))) < ¢/2V(K), and let the definitions of 7, « and B be the
same as before. Then a proof of the inequality

> osc (V) + > ose(DVU) <,
Icd IeR

which implies integrability of f, can be formulated as follows. Write the left
hand side of this inequality followed by a “<” sign and then switch to line
(1) and copy the previous proof.

As three important corollaries, we give a characterization of the ‘indefi-
nite integral’ of a given integrable function, a characterization of the density
functions of the constant zero set-functions and a characterization of the
set-functions W: # x — R possessing a density function.
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THEOREM 27. If X is a Jordan measurable set, g: X — R is an integrable
function and ¥: ¥ x — R then the following two statements are equivalent:
1. ¥ is an additive Lipschitz function such that ¥'(u) = g(u) holds for almost
all interior points u of X, 2. WY(H) = f 1 & foreach H € #x (in other words:
g Is a density function of \¥).

PROOF. 1.=2. Assertion 2. of Lemma 25 can be applied to the set-
function fx > H — W(H) — [ ¢.

2.=1. Additivity and Lipschitz condition are well-known, ¥/ (1) = g(u)
holds in each continuity points u# € int X of g. |

THEOREM 28. If X is a Jordan measurable set, g: X — R is an integrable
function and ¥: ¥ x — R is the constant zero set-function then the following
three statements are equivalent: 1. g(u) = 0 holds for almost all points
u € int X, 2. g is a density function of ¥, 3. g(u) = 0 holds for all continuity
pointsu € int X of g.

PROOF. 1.=2. See assertion 1.=2. of Theorem 27. 2.=3. See Re-
mark 19. 3.=-1. Integrability implies continuity at almost all interior points. il

THEOREM 29. Given a Jordan measurable set X C R™ and a set-function
Y: fx — R, the following two assertions are equivalent: 1. ¥ is an additive
Lipschitz function that is strongly differentiable at almost all interior points
of X, 2. ¥ has a density function.

PROOF. 1.=2. We prove that the function g: X — R defined by

: vua) I is a subcube | ] .
2(x) 1= 1nf{sup{ v - of Bx.r) :r>0p, ifx €intX,

0, ifxedXnNX

is a density function of W. First we show that g is integrable, that is bounded,
and continuous in almost all points of int X. If L is a Lipschitz constant for
P, then the range of g is contained in the interval [—L, L], thus it suffices to
show that if ¥ is strongly differentiable at an interior point u of X, then g is
continuous at u. Let u € int X, from the definition of strong differentiability
we have W' (u) = g(u). Let ¢ be a positive number and 6 > 0 such that
B(u,0) C int X and for each subcube I of B(u,0) |Y(I)/ V() — gu)| < ¢
holds. This implies that if ||x — u|| < and r <0 — ||x — u||, then — beeing
each subcube I of B(x,r) a subcube of B(u,d) —

Y . _
sup {W : I is a subcube of B(x,r)} clgwu)—e,gu)+el,
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therefore g(x) € [g(u)—e, g(u)+e], whenever x € B(u,d). Now, Theorem 27
implies that g is a density function of V.

2.=1. It is well-known that ¥ is additive, Lipschitz, and strongly differ-
entiable at the continuity points u € int X of g. |

4. Back to the change of variables

THEOREM 30. If A C R™ is Jordan measurable, G:A — R™ is a Lip-
schitz map and G is strongly differentiable at almost all interior points of A,
then G(A) is Jordan measurable.

PROOF. Let L be a Lipschitz constant for G, T the set of those interior
points of A where G is not strongly differentiable, R and .S the set of those
points x € (int A) \ T, for which Jg(x) is regular or singular, respectively.
Finally, let F be the unique continuous extension of G defined on A (which
is again a Lipschitz function with Lipschitz constant L). G(A) is bounded,
because it is a subset of the compact set F(A). Continuity of F implies
G(A) = F(A) = F(A), therefore

dG(A) = G(A) \ int G(A) = F(A) \ int G(A) =
=[G(R)U G(S)UG(T)U F(dA)] \ int G(A) C
C [G(R) \ int G(A)} UGS)UG(T)UFOA)=G(S)UG(T)U F(0A).

The last equality follows from the inclusion G(R) C int G(A) which is a
consequence of Theorem 10. Theorem 24 can be applied to the function
Glint - from this we get that G(S) is a Lebesgue-0-set. As both T and 9 A
are Lebesgue-0-sets, to finish the proof it is enough to observe that the image
under a Lipschitz map of a Lebesgue-0-set is a Lebesgue-0-set. ]

THEOREM 31. If X € }, K C X is a set of Lebesgue measure 0 and
G: X — R is a Lipschitz function which is injective on int X \ K, then for
any two non-overlapping A € fx, B € }x, their images under G are also
non-overlapping.

PROOEF. The inclusion
GANGB)CGKYUGOANA)UGOBNB)

follows from the fact that if y = G(a) = G(b),a € A\ K and b € B\ K, then
the relations a € int A, b € int B cannot hold at the same time: in the case
a = b this would contradict to the fact that A and B are non-overlapping,
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in the case a#b — to the injectivity assumption. This inclusion implies that
G(A) N G(B) is of Lebesgue measure 0, therefore

[int G(A)] N [int G(B)] = int[G(A) N G(B)] = 0. 11

All the existing proofs of the change of variables formula use the follow-
ing lemma, that we will also do.

LEMMA 32. If the affine map ¢:R™ — R™ js defined by ¢(x) := Ax +b
where A € R™*™ and b € R™, then for each cube (in fact for each Jordan
measurable set) Q we have V(£(Q)) = |det A| - V(Q).

THEOREM 33. Let Q be a cube in R™, G: Q — R™ a Lipschitz function
which is strongly differentiable at u € int Q and ® the cube-function defined
on the set of subcubes of Q by ®() := V(G)). Then ® is strongly
differentiable at u and ®'(u) = | det J5(u)|.

PROOF. Set D := |detJg(u)|. Suppose that D#0 as the other case has
already been settled in Lemma 23. Let @ be a positive number and ¢ € (0, 1)
such that

D-—w<(-e)"D<(1+e)"D<D+w.

Theorem 10 yields a 6 for this £; we may and do suppose that B(u,8) C Q.
For each subcube I = B(x, r) of B(u,d) we use the notation

I :=B(x,(1—¢)r), L :=Bx,(1+¢&)r)
and apply Theorem 10:

Do <(l—ey Dol —ey YED) _ VGA) _ VGU)

vay v T v T
V(€ (1)) m V(€&x()) m
§W§(1+6) WS(I*‘&‘) D<D+6l).l

THEOREM 34. If X C R™ js a Jordan measurable set, K C X a
Lebesgue-0-set, G: X — R™ a Lipschitz map which is strongly differentiable
at almost all points of int X, injective on X \ K and the set-function }x >
5 H — V(G(H)) is denoted by Y, then a density function g of ¥ can be
constructed in this way: using the notation

B/ (x,r) ={(y,2) € B(x,r) X B(x,r):yj#zj,y; =z ifi#]}
x eR™, r>0),
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letg: X — R be the function x — | det(g; j (x))|, where for all pairs of integers
1 <i,j < m, the definition of the functions g; it X —Ris

i G)-G(y) . e || , .
8ij(x) = mf{sup{ G i 'er(x,r)}'r>0}’ ifx € int X,

0, ifx€dXnNX

PROOF. First we show that for each pair (i,j), g; i is integrable, that

is bounded and almost everywhere in int X continuous. If L is a Lipschitz
constant for G, then the range of g;; is contained in the interval [—L, L], thus

it suffices to show that if G is strongly differentiable at an interior point u
of X, then g;; is continuous at u. Let u € intX such that G is strongly

differentiable at u and let ¢ be a positive number. From Remarks 11 and 15
we know that G; is strongly partially differentiable at u with respect to the
Jj-th variable and from Definition 14 it is clear that g; i (u) = Djs G;(u). Select

a0 > 0 such that

Gi(@) — Gi(y)
g =Y

If |x —u| <6 and r <& — ||x — ul|, then — being B/ (x,r) C B/ (u,d) —

Sup{Gi(Z)— Gi(y)

G =Y

€[gij(u) —&,g;j(u) +e], whenever (y,z)€ B/ (x,5).

L (y,2) € Bf(x,r)} € [g5) —&,8; (W) +¢],

therefore 8ij(x) € [8ij(u)—e,g;;(u)+e], whenever x € B(u,0). Now, using
2
continuity of the function det: R™*™ — R and compactness of [—L, L]™ in

R’”2 we get that g is bounded, and continuous at the strong differentiability
points of G, thus g is integrable. Moreover, at the strong differentiability
points u € int X of G, we have W (u) = g(u) (see Theorem 33) and according
to Theorems 31, 21, V¥ is an additive Lipschitz function. These facts and
Theorem 27 imply that g is a density function of V. ]

THEOREM 35. If X C R™ js a Jordan measurable set, K C X a
Lebesgue-0-set, G: X — R™ a Lipschitz map which is strongly differentiable
in almost all points of int X, injective on X \ K, and f: G(X) — R is any
bounded function, then
1. there exists an integrable function g: X — R™*™ such that for almost all
x €int X, gx) = Jg(x),
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2. for each integrable function h: X — R™*™ with this property, the function

P:iX =R &) =f(GK))-|deth(x)]
is integrable if and only if f is integrable, and

) / f= / Y
G(X) X

holds whenever one of f and is (that is both of f andvy are) integrable.

PROOF. 1. From Theorem 34 we already know that the function g defined
there is integrable, and at the strong differentiability points x of G, g(x) =
= Jg(x) holds.

2. Theorem 8 can be applied with X > x +— |deth(x)| =: g(x). Indeed,
Theorem 30 implies that condition a) of Theorem 8 is satisfied, while b) is
implied by Theorem 31. As for condition c), g differs from the function X >
S x — |detg(x)| on a set of Lebesgue measure 0; according to Theorem 34,
the latter is a density function of ¥y > H — V(G(H)), so the same is true
for g (see Theorem 28). |

REMARK 36. In Theorem 35, the injectivity assumption cannot be omit-
ted. In particular, Theorem 24.26 in [1] is false. This “theorem” asserts (using
our notations) the following: Suppose that ¢ is a continuously differentiable
function on an open set  C R™ with values in R™ such that det(J,,(x))=0
for each x € Q. If X is a compact Jordan measurable subset of Q and
f:p(X) — R is continuous, then ¢ (X) is Jordan measurable and f o (X) f=

= [x(f op)|detp|.

Counterexample: m := 2, Q := (0,+00) X R, ¢ (x,y) := (x cosy,x siny),
X :=[1,2] x [0,47] (G := ¢|x)), f(x,y) = 1; the left hand side of the
formula gives 37, while the right hand side is equal to 6s.
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DESCRIPTION OF THE CLUBS
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SZABOLCS L. FANCSALI and PETER SZIKLAI
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Abstract. We give a complete algebraic and geometric description of two dimensional
GF(g)-linear pointsets of size q2 + 1 of the projective line PG(1, qh).

Let GF(gq) denote the finite (Galois) field of order g, and PG(n, q) the
projective space of dimension n over GF(gq), where g is a prime power.

In [1] the same authors investigated regular plane-spreads of the pro-
jective space PG(8,¢q) and they faced the problem how a plane can meet
this spread. This problem led to the question of characterizing the (two

dimensional) g-linear pointsets of size g% + 1 in the line PG(1,47). In [1]
we called such pointsets as ‘clubs’ and we sketched the proof of the fact that
a club and a subline (of order ¢) can intersect only in 0, 1,2,3 or g + 1 points.
Here we give the detailed proof and hence the complete description for a more

general case, i.e. for clubs in PG(1, qh).

Let L = PG(1, ") be a line of the projective plane PG(2,¢"), h > 2. Let
€ denote a set of g2 + 1 points in the line L.

DEFINITION. We say that € is a club of L if there exists a subplane

A = PG(2,q) of order g in PG(2,qh), and there exists a point C on an
extended line of A but not in A, such that € is the projected image of A
onto L from the center C.

By this projection, 8 has a special (‘multiple’) point H called the head
of the club, which is the projected image of the line of A whose extension
contains the center of projection.

This research was partially supported by Bolyai and OTKA T-49662,67867 grants.
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REMARK 1. Projecting another subplane of order ¢ onto L from the same
center C can yield the same club, and even changing the center results in a
not necesserly different club.

Different constructions of the same club might yield different heads, thus,
if we say that the point H is the head, we always mean that it is the head
determined by a particular construction.* ]

It is more natural to consider the club € as a subset of points of the factor-
geometry PG(Z,qh)/ C. This factor-geometry is a projective line PG(1,¢M)
whith additional structure: their points actually are the lines of PG(Z,qh)
through the point C € PG(2,q™), in other words, it is a pencil. The club
6, as a subset of this pencil, is the set of those lines through C which meet A.

The head of the club (determined by this construction) is the unique g-secant
line of A that contains C.

REMARK 2. An arbitrary line L of PG(2,qh) that does not meet C can

be naturally identified with the factor-geometry PG(2,¢M) /C by identifying
the point P € L with the line through P and C. This natural isomorphism
connects the two concepts of clubs above. ]

From now on, by a subline (without any attribute) we always mean a
PG(1, g) contained in L.

DEFINITION. A subline completely contained by the club € will be called
regular (according to this particular construction) if it is the image of a line
of A. The sublines completely contained by the club € that cannot be got as
an image of any subline of A will be called irregular or deviant (according
to this particular construction).

REMARK 3. Note that a subline being deviant according to a construction
can be regular according to another construction.

Obviously, the lines of A (except one, whose external point is C) are
projected to different regular sublines, so the number of regular sublines is
exactly q2 + g, by each construction. Each regular subline will contain the
head since its preimage in A intersects the line which is the preimage of H. i

Let P, Q and H be three distinct points of the club & C L such that
the point H is the head determined by the construction of € that projects the
subplane A onto L from the center C.

* Later we will show that either each point of the club can be the head (using a suitable
construction) or the head is unique, independently of the construction.
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LEMMA 4. We can coordinatize the line L = PG(1,¢") by GF(¢g")u {0}
such that

e P=0,Q=1and H = co; and

e 6\ {H} = {a+bw || a,b € GF(q)}, where » € GF(g")\ GF(q) is a
suitable fixed element;

e the subline GF(q) U {co} is regular according to the construction above.

PROOF. Let P and Q denote the unique inverse images of P and Q (along
the projection of A from C onto L), respectively. Let L denote the line PQ.
Since P and Q are distinct, the line L does not contain C, and thus, the
projection from the center C is an isomorphism between L and L (that fixes
the point LN L).

Using homogeneous coordinates, we can coordinatize the plane PG(2, ")
such that A = {(x1,x2,x3) || x1,%2,x3 € GF(¢)}\ {(0,0,0)}, P=(0,0,1), Q =
=(1,0,1) (and so L = [0, 1,0]), and the (g + 1)-secant line of A (that contains
the center of projection C as an external point) is in the line [0,0, 1]. Since
C is not in A (which is now the canonical subgeometry), C = (—w, 1,0), for
some @ € GF(¢g")\ GF(q).

By the definition, the projection of A onto L from C is a club, let it be
denoted by 6. (Let us remark that this club is an isomorphic image of the
club € C L.) The projected image of any point (a,b, 1) is (a + bw, 0, 1), and
the head is H = (1,0, 0).

So the club € consists of the head H = (1,0,0) and a two dimensional
vectorspace over GF(g) contained in AG(l,qh). Let us identify L\ H =
= AG(l,qh) and GF(qh) with (x,0,1) — x. Then this two dimensional
vectorspace contains GF(g) and it is generated over GF(q) by the ‘vectors’ 1
and w.

Finally, let A’ denote the point CAN L for each A € L (i. e. A’ is the
preimage of A by the isomorphism above of L and L that projects the club &
onto 6). Let the coordinate of A be the coordinate of A’ defined above. Then
the coordinates of P, Q and H are P=0, Q = 1 and H = o0, respectively.
The coordinates of the points of  are the coordinates of the points of §. The
subline GF(q) U {oc} of L is the projected image of AN L from C onto L, so
it is a regular subline. |

PROPOSITION 5. Let € be a subline of order q (and let an arbitrary con-
struction of the club € be fixed). If the intersection € N 6 contains the head
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of the club € and two other points of €, then ¢ must be a regular subline of
the club.

If ¢ N6 contains four (non-head) points, then ¢ must be completely
contained in the club 6.

If the club 6 is not equal to a subline PG(1, qz) of order q2 (that auto-
matically holds when h is odd), then each subline completely contained by
the club € is regular according to each possible construction of the club.

PROOF. Let a particular (but arbitrary) construction of the club € be fixed,
and let H denote the head determined by this fixed construction.

If £ N6 contains the head H and two other points P, Q € 6, then let P
and Q be the (unique) preimages of P and Q before the projection, and let H
be chosen among the preimages of H so that H is collinear with P and Q.
(It can be done because the preimages of H constitute a whole projective line
of PG(2, qh).) There is a regular subline in the club (which is the projected
image of the line PQ of A) containing P, Q and H, and the subline through
3 points of L is unique, this regular subline and ¢ must coincide.

If A, B, P and Q are four distinct common points of ¢ and the club 6
such that neither of these four points is the head H, then let us coordinatize
L by the method of Lemma 4. We get H = oo, P =0, Q =1, and this lemma
says that the coordinates of A and B are a = a; + aow and b = b| + hyo,
respectively, where ay,a,,b1,bo € GF(g) and v € GF(qh) \ GF(g). So
0, 1, a and b are contained in a subline, that means that their cross-ratio,

_0—al-b
YT 0-bi-a
a =aj+ayw,b =bj+byw we get a quadratic equation for @, with coefficients

is in GF(g). It gives 0 = (1 — y)ab + yb — a, substituting

from GF(q). The coefficient of w?is (1 - y)arb,. Here y = 1 would mean
a=h.

If ab, = 0 then one of ay and b, is 0, but 0 = (1 —y)ab+yb —a implies
that if one of a and b is in GF(g) then the other is as well. So GF(q) U {oco}
is the unique subline of order ¢ that contains A, B, P and Q, and Lemma 4
says that it is a regular subline of the club.

If apby # 0 then w gives a quadratic extension of GF(g) and in fact
our two dimensional vectorspace {x + yw || x,y € GF(q)} is the unique
GF(qz) itself. (It can happen only for 4 = even.) Now consider the points
of the subline through 0, 1,a,b. This consists of the points ¢ for which the
O—al-c
O-cl—a’

cross-ratio y of 0, 1,a and c is in GF(g) U {co}. We have y =
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and the values y =0, 1, 00 give ¢ = 1,a,0. Note that ¢ = co = H is impossible

as it would imply y = Ll which is not in GF(g) unless a € GF(q) and the
a p—

subline is GF(q) U {o0}.

So for the subline we have {c S H y € GF(q) U {oo}} But
(I—=y)a+y
when calculating ¢ = L, we work within GF(qz), so within the
(I=ya+y
club, hence the subline through 0, 1,a,b will be contained in the club com-
pletely. 1

COROLLARY 6. If the club € is not equal to a subline PG(1, q2) of order

q? then the head determined by one of the constructions is the head deter-
mined by each possible construction. In other words, in this case the head
does not depend on the construction.

PROOF. Suppose to the contrary that H; # H, are the heads determined by
the constructions projecting A; from C; and A, from G, respectively. Propo-
sition 5 says that each sublines of € is regular according to both constructions
so they contains both H; and H,. But the preimage of H, is unique in the
first construction, it cannot be contained by the preimages of all the sublines,
a contradiction. |

PROPOSITION 7. If the club € equals to a subline PG(1,q?) of order ¢
then for each subline ¢ completely contained in the club, there exist such
constructions that € is regular according to them and also such ones that €

is deviant according to them. In this case, for each construction there exist

g3 — g2 deviant sublines.

In this case the club, with the (regular and deviant) sublines it contains,
forms a Moebius plane. Le. for any 3 points of € there is a unique subline
containing them, and this subline is contained in € as well.

Also in this case every point of the club is equivalent geometrically, any
point can play the role of the head.

Note that the preimages of a deviant subline is a set of g + 1 points,
neither three of them being collinear, so each deviant subline is the projected
image of a proper conic of A.

Also note that even if & is even and at least 4, there are clubs which do

not contain deviant sublines, this depends on wheter the center C of projection
is in the quadratic extension of A or not.
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PROOF. If the club 6 equals to a subline PG(1,g2) of order g2 then it

is the projection of a Baer subplane of a subplane PG(2, ¢2) that contains
the club and the center C of projection (that is not contained in the Baer
subplane). For each subline of the club there exists a Baer subplane that
contains this subline and does not contain C. Let H be an arbitrary point

of PG(l,qz) then there exists such a Baer subplane that the line HC is a
(g + 1)-secant, and so H is the head.

Let ¢ be an arbitrary subline of the club PG(2, qz), and let H be a point
of this club not contained by ¢. Since we can construct this club such that H
plays the role of the head and each regular subline must contain the head, we
get ¢ as a deviant subline.
(“3h
sublines) and each construction makes only q2+q regular sublines, there must

Since PG(l,qz) contains = (q2 + 1)g sublines of order g (Baer-

be g3 — g2 deviant sublines. ]

COROLLARY 8. A club and a subline intersect in 0,1,2,3 or g + 1 points.
In the Moebius case the intersection size 3 does not occur. |
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(Received October 15, 2009)

Abstract. Shelah’s proof is given for $;+ when 4 > X and A=t

The aim of this note is to give an elaboration of Shelah’s recent proof of
diamond.

Notation and definitions

We use the standard axiomatic set theory notation. If V is a set, u is a
cardinal, [VI* = {X C V : | X| =u}, [VI* = {X C V : |X| < u}.
If £k < A are regular cardinal, then S} = {a <A : cf(@) = «}, S&, =
={a <A:cf(a) <k}, Sh, ={a <A:cfl@)=x}.

If X CAxA% i <Athen (X); ={a <A*: (i,a) € X}.

THEOREM 1. (Shelah) If A=t k= cf(h), S C SQI:K is stationary, then
s holds.

PROOF. We start with two entirely trivial remarks.

REMARK 1. If 77 is a bijection from A* onto A x A* then for a club set of
0 < A% (the restriction of) 77 is a bijection from d onto A x J.

REMARK 2. If { X, : @ < A%} is an enumeration of [AT]SA, Z C A*, then
for a club set of 6 < A*, the following holds. There are arbitrarily large & <
such that for some f <90, ZNa = Xﬁ holds.
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Fix, for every 0 < A* an increasing decomposition 6 = U{A‘l3 ti <k}

with |A‘?| <A (i < k). Fix an enumeration [A x AT]5* = {Xg :a <A™}

LEMMA 1. For some i < k the following holds. For every Z C A* there
are stationary many O € S such that there are arbitrary large . < 0, and some

B <o witha,p € A‘? such that Z N a = (Xg); holds.

PROOF. Otherwise, for every i < k there are a Z; C A* and a closed,
unbounded E; C A* such that if 0 € E; NS then there are not arbitrarily large

a <0 and some § < 0 such that «,f € A?, and Z; Na = (Xg);. However,

by the Remarks, there is some 0 € ({E; : i < «} NS such that there exist
arbitrarily large & < 6 and some 8 < 6 such that Z; Na = (Xg); holds for

every i < k. As cf(0)#«, for some i < k we have that there are arbitrarily

large @ < 0 with some 8 < d as above, and ., € A?. But this contradicts
the choice of Z;, E;. |

If we now rewrite (Xg); as Xg then we obtain the following form of
Lemma 1.

LEMMA 2. For some i < k there is a sequence (Xg : < A*) such that
the following holds. For every Z C A* there are stationary many & € S such

that there are arbitrary large oo < 0, and some 3 < & with a,f € A‘? such
that Z (o = Xg holds.

If we apply a bijection between A* and A x A™ and use Remark 1, we get
the following statement.
LEMMA 3. For some i <k there is a sequence (Xg : B < A*) of subsets

of A x AT such that the following holds. For every Z C A x At there are
Stationary many 0 € S such that there are arbitrary large @ < 0, and some

B <0 witha,p € A‘? such that ZNA x ) = Xpg holds.

For the rest of the proof, we fix i and (Xg : B < A") as in Lemma 3.
Next, we try to define, by transfinite recursion, for every § <4, aset Yz C AT
and a closed, unbounded set EE C A% such that for every 0 € Eg NS, if we
define

Ve ={(a.B)e A} x A iy <& — Yyna=(Xpy |
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then either sup {a Ha,B) € Vg } < O or else VE‘S # V§+1. Notice that
V,;S D Vg always holds (7 < ).

CLAIM. This process terminates at some stage & < A.

PROOF. Assume indirectly that we can define Yg, E for every § < 4. Set
E = ﬂ{Eg : £ < 1}, a closed, unbounded set in A*. By Lemma 3, there is
a0 € EN S such that there are arbitrarily large ¢ < 0 such that for some
B < 0 we have a,f3 € A‘? and Yy = (Xg)y ( < A). Then the sequence
{V,;S : < A} is strictly decreasing, which is impossible as these sets are

subsets of A? X A? , a set of cardinality less than A. 1

By the Claim, there is a § < A4 such that the construction goes through up
to step & but YE’ Eg cannot be defined.

Define S5 = |J {(Xﬂ)g {a,B) € Vgé} for 6 € Ez N S. We claim that
this is a diamond-sequence for S.

Indeed, assume that for some Y C A%, theset {0 € ENS: S5 =Y N}
is nonstationary, where E = (\{E, : 7 < &}. Then set Yz = Y and let E;

be a closed, unbounded set such that S5 Yz N6 holds for6 € ENE; N S.
Then, if 0 € EN Ez N S, and sup{a : (a,B) € Vg} = 0 then Vg;t Vg+1

holds as otherwise Yz Na = (Xp)g holds for every (a,B) € Vg‘3 and so

Y:No :U{nga:@,ﬁ)e V§}=U{(Xﬁ)§ {a,B) € V§}=S(§.|

THEOREM 2. (Shelah) If2* = A*, 0 < k = cfd) < A4, S C S} is

+
stationary and g fails, then there is a function h : Si « — k such that for
almost every 0 € S there is a club set C C 0 on which h is strictly increasing.

PROOF. Let A = sup{A; : i < k} for some sequence of cardinals
{A; :i <k}. Assume that for ¢ < A™ « is decomposed into an increasing

union as a = (J{ A : i <k} where |A?| < A; and B € A implies Alﬁ C A%,

Considering the proof of Theorem 1. we get that Lemma 3. must be
false, that is, for every i < k there are a set Z; C A* and a closed, unbounded
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set E; C A" such that for & € E; N S there are no arbitrarily large @ < d and
some 3 < d such that a,f € A? and Z; Na = (Xg);.

There is a closed, unbounded set E C (\{E; : i <k} such thatif 0 € E
then there arbitrarily large & < 6 and some 8 < 6 such that Z; Na = (Xp);

holds for every i < k. We now define the function 4 : SEC NE — k as
follows.

For & € Si; N E let h(§) be the least j < k such that there are arbitrarily
large @ < & and B < & such that o, € A;?& and Z; Na = (Xg); holds for
every i < k. As cf(§) <k, such aj clearly exists.

If 0 € E'NS then h cannot get the constant i value on a stationary subset
of O as that would mean that there are arbirarily large @ < d and f <0 with

a,p € A‘? such that Z; N a = (X3); and we excluded this possibility.

That is, for every i < k the function h is > i on a closed, unbounded
subset of & and we are done. |
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Queueing theory is capable of supporting the task of provisioning Qual-
ity of Service (QoS) in a communications network in multiple ways. We
model a communications queue with an infinite-buffer single-server queueing
system and we use the overflow probability of the steady-state queue-length
distribution to predict QoS parameters such as delay (by both Matrix-Analytic
Methods and Large Deviations, as they complement each other: they are
appropriate for “small” queues and “large” queues, respectively). We also
inspect the resource-requirement view of the QoS behaviour.

Matrix-Analytic Methods: For the Markov-chain X, and for the queue
length L,,; = (L, + X;; — C)", an infinite Markov chain can be examined
with diagonally repeating submatrices: (; matrices are in the i-th diagonal!.
The steady-state queue-length distribution, and so the overflow probability
Pr{L(X, C) > B}, can be calculated from the minimal non-negative solution

of the matrix equations Q@ = @; + 72 Q7 (I — QS)_IQ?‘_j (i < 0)and
0’ =0+ ;’:1 Q;:j - QS)_lQ’i i (i = 0), where the probabilistic inter-

pretation of Q7 is: probability of going from level n to level n +i (n — i
to level n) making arbitrary steps above level n for i < 0 (for i > 0).
The straightforward iteration method for @7, is called the Censoring-State-

Reduction (CSR) method. By using Ql.S [k] as the corresponding probabilities
of going from level n — i to level n making at most k steps above level
n for i > 0 (and similarly for i < 0) we have been able to propose the

' For the Markov chain Xn € {0,...,N}, itisa GI/G/1-type (g, h)-banded process with
g=C,h=N — C and diagonals —C <i < N — C; g =h =1 is a QBD process.
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new, Finite—Sojourn (FS) method by controlling the steps above level n. The
advantage of the FS method is that it does not use matrix inversion, however,
its matrix addition/multiplication requirement is linearly increasing in the step
size. Here follow the formal results.

DEFINITION 2.1. Define ng)[k] as the matrix of the probabilities of going
from the corresponding sub-levels of level n to the corresponding sub-levels
of level n +i for i < 0 making exactly k > 0 steps in the sojourn in states
above level n +i +j forj > 0.

THEOREM 2.2. The convergence Ql.S [k]ki>>O Q; is monotonically in-
creasing, where the “main recursion” is

min{h,(k+1)g+i} .
OFlk+11=Q07 K1+ Y. 0,001, i <o,
m=1
min{h—i,(k+1)g}

OFlk+11=07k1+ Y Qi@ Ikl i >0,

m=1
and the “auxiliary recursion3” is
' min{h,kg+i} '
0= > 0,00 k11, ~(k+Dg<i<o.

m=max{i+j+1,—g}

DEFINITION 2.3. Define ng)[k] as the probabilities of going from level
n —i to level n for i > 0 making exactly k > 0 steps in the sojourn in states
above level n — i —j forj < 0.

THEOREM 2.4. The convergence

k—00 %

<
07 [k]"—0;
is monotonically increasing, where the “main recursiom®” is

min{(k+1)h,g+i}
OSk+11=05k1+ Y OWIKIQ . i <O

m=1

2 g <i<hk>00701=0,

30<j<gand—h<j<0,k>0,0701=0; for—g <i<0and0<i<h
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min{(k+1)h—i,g} .
OFtk+11=07Kk1+ Y. QLDKIQ . i >0

m=1

and the “auxiliary recursiom " is

. min{kh—i,g} .
oVk1= > QYW 1k —110_,, 0<i < (k+Dh.
m=max{—i,—h}

PROPOSITION 2.5. The number of matrix operations of step k for the CSR,
CSRqpp and FS methods for g < h can be found in the next Table:

Method | Matrix sizes Addition Multiplication Inverse
CSR N gh 2gh 1
CSRgpD Nh 1 2 1
FS N[ MR At | Mt A | o
A U) < g(g + M)k + g + 1) M&H < gh 4 hO=D
AL (k) < g(g +h+ D((k + Dg +1)

COROLLARY 2.6. For QBD-s, a K -step FS method needs K + 1 auxiliary
matrices, K + 1 multiplications and K + 1 additions for the main recursion,
while the auxiliary recursion’s complexity can be approximately halved.

Many-Sources Asymptotics: The Many-Sources Asymptotics (MSA) of
the Large Deviations is true for a sequence of “scaled” systems: the “IN-
scaled” discrete-time queueing model is a queue of infinite buffer capac-

N

ity fed by the arrivals X,gN) dgfzizl Xin for Xin i.i.d.*and server capac-
ity CE N, The queue length is Ln+1(X’§iVl),cN) = (Ln(X,gN),cN) +
+ X,gN) — cN)+ and (Ln(XrgN),cN), Xl,n:---:XN,n) is an infinite Markov
chain. MSA states that under the stability condition E(X (N )) < C and
for non-decomposable Markov chains: limpy_, o %log Pr{L(X (N ),cN ) >

> DN} dgf—I(X,b,C), where —I(x p, ¢) = Sup, ¢ infyso{snax(s,n)—s(b+cn)}

4 Xj n are independent and identically distributed (i.i.d.) with Xp.
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with the effective-bandwidth function, a x(s,n) def Sln log E <es X [O’")> . We
use the asymptotic-constant form and the approximation forms of the overflow
probability:

Pr{LX™,cN) > bN} €y b Nlixbo ~

for légge Ne—NI(X,b,c) dgfe_I(X(N),B,C)‘

Our small-scale (SS) improvement approximates the asymptotic constant y]b\;c
of the overflow probability using the values of smaller-scale queues:

e = eNxho Pr{L(X™N),cN) > BN} for N < N
YN =
b
YR

—b,c def
!

= N X0 pe{L(XN) cN') > bN'} for N > N,

We set up a sufficient condition in order to obtain conservative (upper-bound)

MSA and conservative SS improvement:

(Al) N’ <00 VN > N': g(N) < qg(N+1) < q(N+2)<..., where

(N) def Pr{L(XN*D c(N+1))>b(N+1)}
quN) = Pr{L(XN),cN)>bN}

, and
def ..
(A2) Jqxpe) = lim g(N) <1
N—oo
PROPOSITION 3.1. Assume (Al) and (A2) hold. Then MSA exists and
lim S logPr{ L(X™) ¢N) > bN} =loggq
N—oco N ’ (X.b.c)

and furthermore

Pr{L(X™,cN) > bN} < 75fe Nixbo < o Nlixbo,

MSA/Resource-Requirement Aspects: Consider the accumulated arrival
process X [0, ¢) having a predetermined QoS requirement towards the service-
queue of capacity C, Pr{L(X,C) > B} < ¢, where L(X, C) is the corre-
sponding steady-state queue length in the system and where ¢ is generally a
low target. The equivalent capacity or bandwidth requirement of the arrivals
can be defined as the minimal server capacity for which the QoS target is

satisfied: Coqu S inf{C : Pr{L(X,C) > B} < ¢}, and similarly, the buffer
requirement is defined through:

Broq inf {B : Pr{L(X,C) > B} <e},
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which means triple optimisation for the corresponding resource requirements
based on the MSA approximation of the overflow probability, Cézﬁ and

Brig, as compared to the double optimisation of the overflow probabil-
ity. We have developped the double-optimisation-form resource require-
ments: Introducing the rate-type, server-capacity- type and buffer-size-type

functions /g, C(s t) = sta(s 1) —s(B+Ct), 8p,(s, t) le a(s £+ logs +§

and B (s, 1) Era(s, ) + =1oge

= Sup;sq infs>0.73,c(s, 1).

— Ct, MSA transforms to —[x g c) =

PROPOSITION 3.2.
sup 1nf €pe(s,1) < C

. 1>05>0
sup inf I c(s,t) <loge =
1>05>0 sup inf Bee(s, 1) < B,
t>05>

and similarly for 6pg(s,t) and Bcg(s,t).

(Amsa) Assume that the double optimisation of the involved rate func-
tions are attained for some parameters s and ¢, e.g.,

sup inf S c(s,1) = maxmlnfB c(s,1).
t>OS>0 t>0 s

THEOREM 3.3. Assume (Apmsa). Then

IB.c(sp,c.tpc) <loge < Bpe(spe,tpe) < C o Bee(Sce,tce) < B,
yB,C(SB,C; tB,C) =loge & gB,e(SB,ea tB,s) =C & $C,s (SC,Sth,S) =B,
IB,c(sB,c,tp,c) >loge & Gpe(spe,tpe) > C & Bee(sce,tce) > B.

LEMMA 3.4, Fort > 0 such that inf is min:

Ip.c(spc(t),t) <loge & Gpe(spe(t),t) < C & Bce(sce(t),t) < B.
LEMMA 3.5. Fort > 0 such that inf is min:

IB,c(sp,c(t),t) =loge & Cpe(spe(t),t)=C < Beg(sce(t),t)=B
LEMMA 3.6. Fort > 0 such that inf is min:

IB,c(sp,c(t),t) >loge & Cpe(spe(t),t) > C < Bce(spe(t),t) > B.
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MSA/On-Off-Type Approximation We define for, X[0,¢) = Z X;[0,1)
independent but not necessarily i.i.d. sum, the on-off-type approx1mat10n of
the effective-bandwidth function by

esStP — 1
s, )€ — (1 + E(X[O,t))>
tp
for the aggregate and
N .
. defx— 1 eSthi — ]
Cf(S,t) = Z glog <l + TE()(I[O, t))>

i=1
for the per-source approximations.

For the bufferless multiplexing (Chernoff bound), briefly,
PI‘{MX, C) > B} < PI'{X > C} < emf sofsax(s,0)—sC} def_I(X’O’C)
with

1
ax(s,0) dgf; log E(eSX),

_ —1
Cé)qu défmf{ e lx0,0 < s} = inf {a(s,O) + oge } ,
s>0 s

0 def
Breq

mf{B > 0: e~ Ix0.0) <e} 0,

and the on-off-type versions are

1 P _ |
a(s,0) %~ 1og <1 4 ¢ E(X))
s p

and

spi _ |

N
_ 1
aGs,0<'y ;10g<1+ . E(X,-)),
i=1 !

respectively.

The corresponding notation of the respective aggregate on-off-type ap-

. . - - —=0 B,
proximations are —I(x0,¢), —1(x,B,¢)> Cequ- Ceqfl and Breq, and the per-

source on-off-type approximations are —/I\( X,0,C)» —I( X,B,C)> Cequ, Z‘éflﬁ and

5
ef <1+¢ p x1f0<x<p_z =1 Di-
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Erig . We show that the on-off-type approximation reduces MSA to the
bufferless multiplexing and that the aggregate on-off approximation often
delivers the trivial (peak-rate) approximation:

THEOREM 3.7. ¢ [(X.B,0) = ¢ 1x0,0), ¢ ~IX,B,0) = ¢~ 1X0,0), Ef(ifl =
—=0 ~NBe 0
= Cequ’ Cequ = Cequ’
. 0 Ceu<C R 0 Cu<C
£ Ce _
Bieq = 0 and By = ~0 .
o0 Cequ>C Sy Cequ>C

PROPOSITION 3.8.
E(X)

N
—B,e =0
N 2e = Cequzcequzzpkzp-
> k=1Pk k=1
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