Combinatorial Bases in Systems of
Simplices and Chambers

Tatiana V. Alekseyevskaya
Rutgers University
Center for Mathematics, Science,
and Computer Education
SERC Building, Room 239
Busch Campus, Piscataway
New Jersey 08855-1179
USA

Email: tanyagel@.math.rutgers.edu

March 28, 1994

Abstract

We consider a finite set E of points in the n-dimensional affine
space and two sets of objects that are generated by the set -E : the sys-
tem ¥ of n-dimensional simplices and the system I' of chambers. The
relation (A4;%,T) introduced by the incidence matrix M =|| a5 |l
defines the notion of linear independence and rank in the system of
simplices and system of chambers. We introduce the notion of a com-
binatorial basis. Combinatorial bases of chambers can be described
in terms of a game. We describe the algorithm of decomposition of a
convex polytope into shells. In case of the affine plane with the help
of the game and the algorithm we construct combinatorial basis B of
chambers. Using the algorithm we also construct a basis B’ of sim-
plices that together with the basis B of chambers form a “triangular

pair”.
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Abstract in French

Nous considerons I’ensemble fini E des points situés dans ’espace affine de di-
mension n et deux systémes d’objets qui sont generées par I’ensemble E, c’est
4 dir, le systéme ¥ de simplexes de dimension n et le systéme de chambres
. La relation (A;X,T) introduite par la matrice d’'incidence M = ||a,,||,
determine la notion de base combinatorielle. Des bases combinatorielles de
chambres peuvent étre formulées comme le resultat d’un jeux. Nous presen-
tons un algorithme de decomposition d'un polytope convexe en “ shells .
En cas de plan affine nous utilisons ce jeux et 1’algorithme pour construire
une base combinatorielle B de chambres. Avec ’aide de 1’algorithme nous
contruisons aussi une base B’ de simplexes qui avec la base B de chambres
form “ une pair trianguliére”.
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1 Extended abstract

Consider a finite set of points E = (e1, €2,...,en) in the n-dimensional affine
space V, N > n and let P = conv(E) be the convex hull of E. Let us
assume that there are at least n + 1 points in general position. If the points
€iyy-- -y Einy, are the points in general position we denote by oy, . i\,, (or
sometimes simply by &) the n-dimensional simplex spanned by these points.
Denote by £ = {c} the set of all these simplices. All simplices ¢ (as a rule
overlapping) cover the polytope P. Simplices o divide the polytope P into
a finite number of chambers 7.

Let us give the definition of a chamber. Denote by & the boundary of the
simplex o and by ¥ the union of the boundaries of all the simplices o, i.e.
L= Uses & and let us denote P = P\ Z. Let ¥ be a connected component
of P and 7 be the closure of ¥.

Definition 1.1 We will call ¥ a chamber and ¥ an open chamber.

Denote by T the set of all chambers in P. Open chambers do not overlap
and all the chambers cover the polytope P. Note that every chamber is a
polytope. We will say that a point is a verter of a chamber if it is a vertex
of the corresponding polytope.

Thus, for a finite set of points £ we have constructed two sets of objects:
a system of overlapping simplices ¥ and a system of chambers I'. We can
consider a relation ! (A; Z,T) defined by the incidence matrix M,

M=|a,4|, o0 €L, v€T, where

aa,.,=1, lf v C o, aa,'1=01 Zf 7¢U (1)

For a relation a notion of rank is defined.

Let f, be the row of M that corresponds to a simplex o, g, be the
column of M that corresponds to a chamber 7. Denote by Vg the linear
space spanned by simplices ¢ € ¥ and by V¢ - the linear space spanned by
chambers v € T'.

Note, that dimVg = dimVp = rank(M).

Definition 1.2 Rank of the relation (A;Z,T) is the dimension of the sub-
space Vg or subspace Vr.

1A notion of relation was first introduced by MacLane.
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Since the rows of matrix M are in one-to-one correspondence with the
elements o € ¥, we can consider linear combinations of simplices o instead
of linear combinations of the corresponding rows of matrix M, and similarly,
we can consider linear combinations of chambers v € I'.

The systems of simplices and chambers appear in different problems (rep-
resentation theory, Kostant partition functions , hypergeometric functions ,
etc) and two important questions arises: 1) how to comstruct a basis of
simplices, 2) how to construct a basis of chambers. It is important for com-
binatorial problems to give an explicit construction of bases of chambers and
bases of simplices and not of their linear combinations.

The combinatorial construction of a basis of simplices is in [AGZ]. In
[AGZ] the theorem about the system of linear relations among simplices
and the theorem about the system of linear relations among chambers are
formulated. The approach in [AGZ] is based on the notion of marking (see
also [B]) and is different from the geometrical approach used in the present
paper. Note that differently from [AGZ), in this paper we use only two
systems of objects: the system of simplices and the system of chambers, and
we do not consider the system of hyperplanes.

In section 1 we prove that among chambers in the n-dimensional affine
space there are linear relations that have simple geometrical meaning (Theo-
rem 1.1 , that was formulated also in [AGZ]). All the linear relations among
chambers are the linear combinations of these basic “geometrical relations 2.
In order to formulate these basic relations we will define a new point, and in
order to determine the signs in the relation we will introduce an orientation
around a new point.

Consider the set of all vertices of all chambers v € ['. Some of these
vertices are points from the set E = {e;} and some are not.

Definition 1.3 A vertez w of a chamber v € T is a new point if w ¢ E.

Let us denote by W = {w} the set of all new points of all chambersy € T.
The set of all vertices of all chambers y € ['is EUW.

Consider the case when through a new point w € W pass exactly n facets
of simplices 0 € £ , i.e. (n — 1)-dimensional faces of simplices o € L. This
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means that all the facets of simplices o € £ are in general position. &

We introduce an orientation around a new point. Let w € W be a new
point. The new point w lies in the intersection of exactly n facets of some
simplices 0 € E. Therefore we can introduce a local coordinate system
with the origin in the point w if we choose these n facets as the coordinate
hyperplanes and choose an arbitraty orientation.

Let us denote by 4(w) the set of all chambers that has the vertex w, i.e.
y(w) = {y:w € 7). * Let v € y(w) and let { € 7 be an arbitrary point
with the local coordinates 1,...,&x. Then the chamber v € y(w) can be
characterized by the sequence of + and —, i.e. by (sign(&1),- .., sign(&n))-
It is clear that this sequence does not depend on the point { € .

For a new point w we introduce the following function , €,(7)

ew(7) = sign(&1) - sign(é2) - .- - - sign(én)

Theorem 1.1 For any new point w € W there is the following linear relation
between chambers

Y. ew(r)y=0 (2)

~Ev(w)

Note that the choice of another local system of coordinates around w can
only change simultaneously the signs of functions €w(v) for all v € y(w) and
therefore will not change the relation 2.

In section 2 we introduce combinatorial bases in Vr. We prove that such
bases exist. Of course, any combinatorial basis is also a basis in terms of
linear algebra. ¢ Combinatorial basis consists of chambers (and not of their
linear combinations).

2We have this assumption in the Theorem 1.1 for simplicity of presenting the results
that are used later. In sections 4,5,6 that contain the main results we do not have this
assumption. Note also that this restriction about general position of facets of simplices
is applied only to a new point. For an “old point” (i.e. a point from E) there are no
assumptions.

3Chambers v € 7(w) we will call chambers adjacent to the vertex w.

“In the space Vx we can also define a combinatorial basis using the relations among
simplices introduced in [AGZ]. The linear space Vg will be considered in another paper.
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Definition 1.4 A basis of chambers is called combinatorial if any other
chamber can be ezpressed via basis chambers by consequently applying the
relation 2.

Combinatorial bases of chambers naturally arise from some game. In
section 2 we describe the game. This game will be also used in the proof
of the Theorem 1.2 , which is an important step in the proof of the main
Theorem 1.5.

Let us again assume S that through a new point pass exactly n facets of
simplicies ¢ € &, i.e. all the facets of simplices ¢ € ¥ are in general position.

Game. Let E = {e1,...,en} bea finite set of points in the n-dimensional
affine space. Let T be the set of all n-dimensional simplices spanned by points
e; € E and T be the set of all chambers (see Definition 1.1). Let W = {w}
be the set of all new points (see Definition 1.3). One has to paint initially
some chambers by , for example, blue color and pay for each blue chamber.
After the initial painting has been completed, it is allowed to paint by green
color some other chambers according to the following rule:

Rule. If all ezcept one chambers adjacent to a new point w € W are
already painted (either by blue or green), then the last chamber adjacent to
the new point w can be painted by green color.

Green chambers are “for free”, i.e. one does not pay for a green chamber
6

Definition 1.5 An initial painting B is called sufficient if all the chambers
v €T, v¢ B can be painted by green color according to the rule above.

The purpose of the game is to construct a sufficient initial painting that
has the lowest price (number of blue chambers).

Note, that in the game the process of painting chambers by green color
is actually the way of consequently applying the relations 2. Therefore, a
combinatorial basis can be constructed from a sufficient initial painting that
has the lowest price.

5In the section 4 we reformulate this game on the affine plane without this assumption.

61t is clear that in this game there are iterations of painting chambers by green color ,
because after we have painted some green chambers according to the rule, more chambers
that can be painted by green color can appear.
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In section 3 there is an algorithm of construction of some set of chambers
B in the n-dimensional affine space. This set B will be studied in sections
45,6 in case of the affine plane. However, it is also important that this
algorithm gives a decomposition of a convex polytope P into “shells” Sk (in
case of the affine plane this decomposition into shells defines a triangulation).

Lemma 1.1 Let E = {ej,ez,...,en} be a finite set of points in the n-
dimensional affine space. A sequence of points €;;,€i,,. .., €iy, where e;, €
E can be constructed such that

FinP. =0, for k=1,...,N, (3)

where
P = conv(E\ (€iyy:+ -, ei,) (4)
Fr = conv(e;l,...,e;k) (5)

We assume also Fo = 0, Py = 0, Py = conv(E) = P, Fy = conv(E) = P.

Algorithm. Let us construct the set of chambers B. Let E = {ey, ..., en}
be a finite set of points in the n-dimensional affine space and let ¥ be the
set of simplices and T' be the set of chambers. Construction of the set of
chambers B will be made by steps. Let us denote by By the set of chambers
that will be constructed on the k-th step. We define then

B:{7:7€UBk} .

First step. We choose a vertex of the polytope P and denote it by e;,.
We define the set B; as a set of all chambers in P adjacent to the vertex e;,
, 1.€.

Bi={y: YCP e, €7} .

Step k. We choose a point e;, € E\ (ei,---,€i,_,) such that Fi N P = 0
and we define a set By as the set of all chambers in the polytope Pi_; that
are adjacent to the point e;,, i.e.

Bi={v: 7€ P, €, €7} .
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Since in the set of polytopes Po D P1 D P, D ... every polytope has
less by one vertex than the preceding one, the algorithm ends after a finite
number of steps. As the result of the algorithm we obtain the set B of
chambers

B={‘73‘Yel;JBk}- (6)

It follows from Lemma that the number of operations in the algorithm is
O(N).

In the algorithm we have constructed a sequence of points {e;, } and two
sets of polytopes Po D P1 D ... D Py_n and Fo C F1 C ... C Fn-n. Let us

consider the polytope
Sk = Pioa \ Pra (7)

where A means the closure of the set A. From the definition of polytopes Sk
follows

Proposition 1.1 There is a decomposition of the polytope P into the poly-
topes Sk,

N-n

The polytopes Sk we will call shells.
We describe the geometrical properties of shells Sk. Let us introduce a
notion of visibility.

Definition 1.6 Let V be an n-dimensional affine space , P be a convez
polytope and a point e such that e ¢ P. We say that the point p € Vs
P-visible from the point e if (e,p) N P = 0, where (e,p) is an open segment.

Proposition 1.2 The point e, € Pi_y is Pi_y—uvisible point from the point
Bl

From this proposition and the algorithm follow that:

1. The polytope Sk has the following shape: Sk is a part of the convex

cone with the vertex e;, bounded by the “cover” L., where L is the set of
all points of the polytope Pk that are Pi-visible from the point e;,.
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9. The “cover” L, satisfies the following condition: if z;, z2 € L, then
any point z C (z;,z,) either belongs to Li or does not lie in Sk.

3. Inside Si there are no points from E.

Particularly, if V is the affine plane, the shell Si is a part of an angle with
the vertex e;,, two sides q1,¢2 and the “cover” L which is a convex polygon
line.

Let Q = {q} be the set of all faces of all simplices o € & and star(e) =
{q € Q : e is the vertex of g}.

Proposition 1.3 Let Si and Sk41 be two neighbor shells, e;; be the vertez
of Sk and e;,,, be the vertex of Sky1- Then

Sk 0 Spyx = star(eq ) O Lk,

where Ly is the set of all Py-visible points from the point e;,.

In sections 4, 5, 6 we study in details the case of the affine plane.
In section 4 we prove the following theorem.

Theorem 1.2 Let B be the set of chambers constructed by the algorithm
(see formula 6). Any chamber vy € T 1s a linear combination of chambers

v € B.

This theorem will follow from the following theorem that is formulated
in terms of the game (defined in section 3) . Consider the set B as an initial
painting, i.e. suppose that all the chambers v € B are painted by blue color.

Theorem 1.3 Let E be a finite set of points on the affine plane. The set of
chambers {y: ~ € B} is a sufficient initial painting.

In order to prove the Theorem 1.3 we introduce a partial ordering of new
points w € W in the polygon Sk, (i.e. w € WnNS,) and prove that this partial
ordering is correctly defined. A polygon Sy is a part of an angle bounded by
the convex polygon line L¢. Let ¢i1,92 be the sides of the shell Sk, i.e. the
sides of this angle.
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Definition 1.7 We will compare only new points that lie on some edge q €
Q. Let w',w" € q. There are two possibilities.

1) The edge q passes through the point e;, , i.e. €;, € q. Then we say that
w' < w", if| e, w |<| e, w" |, where | e,w | is the length of the segment
(e, w).

2) The edge q intersects one of the sides qu, q2 of the shell Si, for ezample,
q1 and let wo be a new point in their intersection, t.e. qNq = wp, wog € W.
Then for any w',w" € ¢ we say that w' < w”, if | wo, w' |<| wo, w” |-

We also define e;, < w, for any w € W N 5.

Definition 1.8 Let ¥ € Sk be an arbitrary chamber v € I'. A vertez w € v
is called the minimal new vertez of the chamber v, if w < w’ for any w' € v
such that (w,w') is an edge of the chamber 7.

Proposition 1.4 In the polygon Sy any chamber ¢ has the minimal vertez.

Let B be the set of chambers constructed in section 3. Consider the
chambers v € B as an initial painting for the game on the affine plane. In
other words, let us paint all chambers ¥ € B by blue color. According to
the game we can now paint some chambers by green color if they satisfy the
rule’.

Let e;, be the vertex and qi, ¢2 be the sides of the shell Sx. We will explain
how to paint chambers in Sk adjacent to the sides q1,¢2 of the shell Sk.

Proposition 1.5 Suppose that anyy € 51 U...USk-1, 7 ¢ B is painted by
green color. Let 4 € Sk be a chamber adjacent to a new point w € ;. The
chamber 4’ can be painted by green color according to the Rule I of the game.

The Proposition 1.4 and Proposition 1.5 enables us to prove the following
lemma.

Lemma 1.2 Suppose that any chamber v € S1U...USk-1, v € B is painted
by green color. Then any chamber v € Sk,v ¢ B can be painted by green
color according to the Rule I of the game.

7On the affine plane we use slightly different rule in the game (Rule 1) in order not to
restrict ourselves by general position of edges of triangles that pass through a new point.
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The Theorem 1.3 is then proved by induction on the polygons S.

In section 5 we prove that all the chambers 4 € B are linearly independent
and that the set B is a combinatorial basis of chambers. Let E be a finite
set of points on the affine plane and B be the set of chambers constructed in
section 3.

Theorem 1.4 All the chambers v € B are linearly independent.

In the proof of Theorem 1.4 we correspond a simplex o € ¥ to each
chamber v € B. The incidence between these simplices and chambers v € B
is given by the submatrix M’ of the incidence matrix M and is defined by
the following formulae:

aa;‘n]" =1, a'o;‘,-y:‘ =0, lf L #Ja aaf,—y"" =0, fOT k>m,

where v* € By, B = {v:7 € U Bx.

Since the matrix M’ is a triangular matrix, the columns of M’ are lin-
early independent. By construction of M’ these columns correspond to the
chambers v € B, therefore the columns g,, v € B of matrix M are linearly
independent.

From the Theorem 1.2 and Theorem 1.4 follows

Theorem 1.5 Let E be a finite set of points on the affine plane and B be
the set of chambers constructed in section 3. The set B is a combinatorial
basis in the linear space Vr.

Using the algorithm of construction of the set B we can calculate the
rank r of the relation (A; Z,T).

Proposition 1.6

r=@"1N - G0,

q€Q

where m(q) is the number of points e € E on the edge q € Q.

In section 6 we construct a basis of simplices B’ using the algorithm from
section 3. We show that there is a “triangular relation” between the basis of
chambers B and the basis of simplices B'.

=] =



Definition 1.9 A pair of a basis ey, ..., e, in the space V and a basis f1,..., fa
in the dual space V' is called a triangular pair, if (e, fx) =0, fori >k, and
(C", fl) =1. -

Theorem 1.6 1. The set of simplices B' = {c} is the basis in Vg.
2. The basis of chambers B and the basis of simplices B' form a triangular
pair.
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