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1 Introduction

A convex polyhedron is defined as the intersection of a finite number of closed half spaces.
If the boundary hyperplanes contain random variables in the expression of their analytic
definition then we have a random convex polyhedron. Thus we fix the number of half
spaces but allow them to be random. The number of vertices v of a random convex
polyhedron is a random variable which we define to be equal to zero if the intersection of
half spaces is empty. We are interested in the probabilistic behaviour of v in particular to
find the expectation E(r) under various assumptions.

The problem arose in connection with linear programming therefore we formulate the
problem so that the results should have immediate application or interpretation to this
field. Thus we consider the following equality, inequality systems

A1 1+ ATy < by, (11)
Z; > 07 j € J7

!The results of Sections 3-5 were presented by the author at the 5" International Symposium on
Mathematical Programming, London, 1964.



where J is a set of subscripts J C {1,...,n},

a1+ -+ apTy, =by,

(1.2)
xj > 0, jed
In both (1.1) and (1.2) the positive integers m,n are fixed while some or all of the
numbers a;x, b; are random.

If we are only interested in the number of vertices then instead of (1.1) we may consider
the following equality-inequality system

U121+ + Ty + Y = by,
{L‘jZO, ked, y1 > 0,...,ym > 0.

(1.3)

In fact keeping fixed for a moment the entries a;i, b;, it can be shown that the set defined by
(1.1) is nonempty if and only if the same holds for the set (1.3) and the convex polyhedra
(1.1), (1.3) have the same number of vertices. We remark that (1.1) is a subset of R"
while (1.3) is a subset of R"t™.

2 Necessary and sufficient condition that a vector z is a
vertex of the convex polyhedron (1.2)

The equality system (1.2) can be written in the matrix form Ax = b and also in the form

airy + - +apTy = b, (21)
where ay, ..., a, are the columns of the matrix A. A system of linearly independent vectors
a;,,...,a; will be called a basis of the vectors ai,...,a, if every a; (k =1,...,n) can be

expressed as a linear combination of vectors belonging to the system. Now we prove the
following

THEOREM 1 2 Suppose that the set K determined by the constraints (1.2) is not empty.
A wvector x is a vertex of the convexr polyhedron K if and only if there exists a basis

a;,,...,a; ofthe set of vectors ay,...,a, such that
zj=0 for jé&{i,....0p}=1 (2.2)
and
{1,...,n}—=J C 1. (2.3)

2This theorem was published first in [1].



PRrROOF. Let x be an element of K having the mentioned property. We prove that x is
a vertex. Indirect proof is used. Thus we assume that there exist vectors y,z € K, and a
A such that y #z, 0 < A <1 and

x=Ay+(1- )z (2.4)
Since z; = 0 for j ¢ I and by (2.3) y; > 0, z; > 0 for j ¢ I, it follows from (2.4) that
yj =2 =0if j ¢ I. (2.5)
This is, however, impossible because (2.5) implies
Z yja; = b,
jel

Z zZja; = b,

jeI

(2.6)

the vectors a;, j € I are linearly independent and y = z. This proves the first part of the
theorem.

To prove the second part let x € K be a vertex. First we show that there exists a
basis such that (2.2) holds. We may suppose that the non-zero components of x are those
which come first i.e.

1‘17&0,...,21?]{7&0, karl:O,...,xn:O. (27)

It is not necessary that there exist any non-zero or any zero component. The proof allows
both cases. Now it is clear that if x = 0 then a basis exists with the required property. If
on the other hand x # 0, then such a basis exists if and only if

al,...,ag (28)
are linearly independent. Using indirect proof we assume that the vectors (2.8) are linearly
dependent. This means that there exist numbers pq, ..., pg such that

a; + -+ pgar =0,
Hiay Hiag (2.9)
|| 4o A k] > 0.
Let € > 0 be so small that in
T+ e 1 —Ep1

y = T+ Epg ’ g— | Tk €k (2.10)
0 0
0 0



we have in each case where z; > 0,
x; +epu; >0, x; —ep; > 0. (2.11)

The vectors y, z are elements of K, y # z, and

11
X = = —7Z.
2y T3

This is a contradiction because x is a vertex of K. Thus there exists a basis satisfying
(2.2).

Let us add vectors to the set ay,...,a; to obtain a basis. We may suppose that these
additional vectors are agy1,...,a,. Now we subdivide the set of subscripts 1,...,n into
three categories in the following manner

1. 2. 3.
1,...,k k+1,....r; r+1,...,n.

We shall consider the logically possible following cases:

a. {r+1,...,n} C J,
B. there exists a j, r+1<j<mnsuchthat j¢ Jandi¢ Jfori=k+1,...,r,

7. there exists a j, r + 1 < j < n such that j ¢ J and there exists an i, k +1 <i <r
such that ¢ € J.

In case of a the proof is ready. In case of 3 we do the following. We choose an a; for
which 7+ 1 < j <nand j ¢ J. The vector a; is a linear combination of the basis vectors
i.e. a; can be written in the form

a; = deap. (2.12)
p=1

If € > 0 is small enough then in the relations

T

.
b= Z Tpa, —caj +ca; = Z(xp —edy)a, + cay,

p=1 p=1
., . (2.13)
b= Z Tpa, +eca; —ca; = Z(xp +edy)a, —caj,
p=1 p=1
xp —edy, > 0, xp + ed, > 0 whenever x, > 0. This means that the vectors
xr1 —edi,...,xr —edq,0,...,0,&,0,...,0),
( 1 1 T T ) (2'14)

(x1 +edy,...,zp +ed,0,...,0—¢,0,...,0)
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are elements of K. Denoting these by y and z, respectively, we have
1 1
=— = 2.15
X 2y + 2Z, ( )
contradicting to the supposition that x is a vertex of K.

In case of v we start to interchange the vectors a; for which r+1 < j <mnand j ¢ J
with the vectors a; for which k£ 4+ 1 < ¢ <r and ¢ € J, maintaining the condition that the
first r vectors are linearly independent. If such an interchange is not possible because the
first r vectors would be linearly dependent then every a;, r +1 < j < n, j ¢ J would be
an element of the subspace spanned by the vectors ay,...ag, a;,, k+1<:<r, i€ J.
Repeating the procedure applied in the case 3, we are lead to a contradiction. Thus the
interchange is possible and we go ahead step by step performing the interchange of one-one
vector each time. The procedure ends with the situation that there are no more vectors
among a,4i,...,a, to be interchanged with which we are ready. In fact we cannot arrive
at a situation where there is at least one among the vectors a;, » +1 < j < n to be
interchanged and none among the vectors a;, kK +1 < ¢ < r with which the interchange
is possible because this is just the case 3, which was shown to be impossible. Thus the

theorem is proved. O
COROLLARY If J = {1,...,n} then the set of vertices is identical to the set of x vectors
to which we can find basises a;,, ..., a;, such that

CCjZOfOrj¢{i1,...,’ir}.

An element of K will be called a solution while an element x of the sort just mentioned
in the Corollary will be called a basic solution.

We remark that the convex polyhedron (1.1) has the same number of vertices as the
convex polyhedron (1.3). In fact there is a one to one correspondence between the feasible
solutions of (1.1) and (1.3), namely if x is feasible in (1.1) then

x < (x,y), y=b—-Ax. (2.16)

Now let x be a vertex in case of (1.1) and suppose that it is not a vertex in (1.3). Then there
exist vectors (x1,y1) # (x2,y2), feasible in (1.3) such that with suitable A, 0 < XA < 1, we
have

(x,¥) = Alx1,y1) + (1 = A)(x2,¥2). (2.17)
Since
y1=b— Axy, y2 = b — Axy,
it follows that x; # x2 and according to (2.17)
x = Ax1 + (1 — N)xo. (2.18)

This contradicts to the supposition that x is a vertex in case of (1.1). Similar argument
shows that if x is not a vertex in case of (1.1) then the corresponding (x,y) is also not a
vertex in case of (1.3). Hence the assertion.



3 The case of symmetrical distributions

Let us introduce the notations

b = A= |, =10 (3.1)

Now we can write (1.1) in the concise form

ajry + - +apr, <Db,

(3.2)
xTj > 0, jed
Similarly the concise version of (1.3) is the following
a1+ +antn + ey + -+ enym = b,
(3.3)

{L‘jZO, jEJ, ylzo,...,ymzo,
where ey, ..., e, are the m-dimensional unit vectors. First we prove

THEOREM 2 We consider the random convex polyhedron (3.2) where we suppose that
m, n are fited, m < n, the set J has r elements and r > n —m. Let ay,...,a,, b be
stochastically independent random vectors where ay, ..., a, are continuously and symmet-
rically distributed. Under these conditions

E(v) = <T o m)> o (3.4)

where v is the number of vertices of the random convez polyhedron (3.2).

Proor. We may suppose that zi,...,z,_, are those variables which are not con-
strained by non-negativity condition. Consider the equation

ajr]+ -t an_rTn_r + Ap—r+1Tn—r+1 + -+ anr, = b, (35)

where b is fixed at some of its realizations. Since ai,...,a,,, are independently and
continuously distributed, the joint distribution of the altogether m? components is contin-
uous and from this it follows immediately that equation (3.5) has a unique solution with
probability 1 and

P(x1 #0,...,2, #0) = 1. (3.6)

Out of the r vectors, ap_r41,...,a, we may choose m — (n—r) =7 — (n—m) in

(r - (g_ m)> =5 (3.7)
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different ways. Thus we have exactly s different vector systems containing always ay, ...,
a,_, with which we can write a (3.5) type equation. Let By,..., Bs denote these vector
systems and let

v(By),...,v(Bs) (3.8)

denote random variables taking on values 0 or 1, defined in the following manner

1, if equation (3.5) written with the vectors
longi B; h luti ith x; >
V(B;) = l?e onging to B; has a solution with z; > 0, i=1.... s (3.9)
] >n-—r,

0 otherwise,

Obviously
v=v(By)+ -+ v(Bs). (3.10)
It follows from this that
Ew) = S Ew(By) = 3 PW(B) = 1). (3.11)
i=1 i=1

We shall see that each probability standing on the right hand side is equal to

1
or—(n—m) "’

It is enough to consider equation (3.5) and prove that

1
P(xn_r+1 > 0, ey Ty > 0) = m (312)
This follows from the fact that a,_,y1,...,a, are independent, continuously and sym-

metrically distributed. Symmetrical distribution means that a; has the same distribution
as —a;. In fact the event

Tnry1 > 0,000 1 >0, Ty >0 (313)
has the same probability as the event
Tpert1 >0, 1 >0, z, <0 (3.14)

because if we use —a,, instead of a,, in (3.5), then the probability that z; >0, j >n —r
remains the same. This can be done with any of the random variables x,—,11,..., Zm.

As we may prescribe positivity and negativity of these in 2"~ (=™ different ways and
obtain always the same probability, moreover



it follows that (3.12) holds true. We proved somewhat more then what was wanted namely
that the events
Tp—rt1 > 0,0, 2 >0 (3.16)

are independent and each of them has the probability 1/2. We proved that the conditional
expectation E(v | b) is equal to the right hand side of (3.4). Thus (3.4) itself holds too
and our theorem is proved. ]

THEOREM 3 We consider the random convex polyhedron (3.3) where m and n are ar-
bitrary but fized positive integers. Let r denote the number of elements of J and suppose
that r > n—m. We suppose furthermore that all the m(n + 1) components of the random
variables ay, ... ,a,, b are independent, continuously and (with respect to zero) symmet-
rically distributed. If v denotes the number of vertices of the random convex polyhedron

(3.3) then we have
E(v) = < rm )L (3.17)

r—(n—m))2r—(n—m)’
Proor. Let z1,...,z,—, be those variables which are not restricted by non-negativity
constraints. We add to these some of the variables x,_y41,...,Tn,y1,...,Ym in order to

complete their number to m. There are two cases: a) there are no y variables among the
additional ones, b) there is at least one y variable among the additional ones. Case a)
requires only such investigations which are contained in the proof of Theorem 1. We refer
to the equation (3.5) and call the attention for (3.12). In connection with Case b) we shall
prove that the probability that in the solution of the equation

a1r1 + -t an—Tn—r +aAn—ry1Tp—rr1 + -+
+an i tTnryt T €1Y1 + -+ €Yy = b, (318)
t+v=m—-(n-r), t>0, v>0,

we have
Tpert1 >0, Tyt >0, y1 >0,...,y, >0, (3.19)
is again equal to
1
or—(n—m) "’
We remark that zero is the probability that at least one of the unknowns in (3.18) is equal
to zero. By the rule of Cramer we have

. (a17~--7an—7‘7an—r+17-"7b7"'7an—7‘+t7e17~--aev) .
Tp—rtj = y J= 17' 7t7
(ala"'van—raan—r-l—la"'7an—7‘+j7"'7an—7‘+t7e17"'7e’u)
(3.20)
(317"'7an71“7an77“+17"'7an71“+t7e17°°°7b7°°°7ev) .
yj = , Jg=1,...0,
(alu"'7an7TuaTL7T+17"'7an77‘+t7e17"'7e]’7"'e’0)



where vectors in parentheses means determinant.

We see from (3.20) that if we replace a,,—4; by —a,_,4; then x,,_,,; changes and only
this changes the sign. Therefore the probability of (3.19) is the same as the probability of
the event

Tp—r41 > 0,... » Tn—p4j—1 > 0, Tp—rtj < 0,

(3.21)
Tp—rtjr1 > 0,0 Tyt >0, y1 > 0,00,y > 0.

This can be done successively hence we may impose positivity or negativity conditions
ON Tp—_rt1,---,Tn—prtt and the probability will be always the same as the probability of
(3.19). Consider now a y variable, y;, say. We have

Y1 = (ala"'7an—7‘+t7b7627"'7ev) ) (322)

(a17 o, ap—r4t,€1,€2,. .. 7e’U)
If we replace a11,...,01n—rtt,01 By —a11,...,—@1n—rq¢, —b1 then @,y 7 = 1,...,¢
and yj, 7 = 2,...,t remain unchanged while y; goes over to —y;. This can also be

done successively proving that the probability of (3.19) and any other inequality system
obtained from that by changing some signs is the same. The sum of these probabilities is
equal to 1 hence the probability of (3.19) is again equal to

1
or—(n—m) "
Enumerating the possible cases we obtain the required result.

Much more difficult is to obtain higher order moments of v. This is explained by the
fact that the all order moments determine the distribution of v and determine in particular
the largest possible value of v. Consider e.g. the problem to find the maximum number
of vertices of convex polyhedra of the type

ajr1+---+a,r,=b

(3.23)

x1>0,...,2, >0,
where m and n are fixed but aj,...,a,, b vary. Let N be this maximum number of
vertices. Now let us randomize aj,...,a,, b so that all possible nunbers of vertices

occur with a positive probability. Essentially we are interested in having N vertices with
a positive probability but we do not know N in advance. We know, however, that if
all components in aj,...,a,, b are independently and normally distributed, then every
possible number of vertices occurs with a positive probability (there are other distributions
too, of course, having this property). Let py be the probability that (3.23) has exactly k
vertices, k = 0,1,...,N. The M-th moment of v is given by

Ew™) =) kMp. (3.24)
k=0

9



It follows from this that

&l-

N = lim [E(™)]

M—o0

(3.25)

Thus if we know E(vM) for every M = 1,2, ..., then we also know N and this would
solve a hard problem unsolved until now: what is the maximum number of vertices of
the convex polyhedron (3.23) if m, n are fixed and ay,...,a,, b vary arbitrarily in the
m-dimensional space. We only prove the following

THEOREM 4 If m = 2, b # 0 is any fized vector and all the 2n components of the
random variables a1, ..., a, are independent, normally distributed with expectations 0 and
variances 1, further v is the number of vertices of the random convex polyhedron (3.23),

=3[() ) -20)) o

ProOOF. We may suppose that the length of b is equal to 1. Consider the equations

ajri1+ asro + =b,

3.27
asys + azyz = b. (3.27)

We find the probability that z; > 0, o > 0, y2 > 0, y3 > 0 simultaneously holds. This

will be shown to be equal to % First we remark that a;, as, ag, a4 can be supposed to
be unit vectors, independently and uniformly distributed on the unit circle with center in

the origin. In fact the random vectors

1 1 1
—F——ai, ag, as
/2 2 /2 2 /2 2
ayy +ay ayy + ag ays +ay;
are independent of each other and of the random variables
\/a% + a3, aty + a3y, \/a%3 + ags, (3.29)

which are also independent of each other. Defining the random variables

[ 42 2 /2 2
I a/ll + a/21 - U17 T2 a12 + a22 - UQ,
2 2 2 2
yQ\/a12+a22 = 22, Y34/ i3 + az3 = 23,

we see that with probability 1, 1 > 0, zo > 0, y2 > 0, y3 > 0 if and only if v; > 0, v9 > 0,
29 > 0, z3 > 0. The unit vectors (3.28) are uniformly distributed on the circumference of
the unit circle.

(3.28)

From (3.27) we obtain the formulae for the solutions

T = (baaQ) To = (alub)
' (31732)’ 2T (81782)’
(3.30)
Yo = (b7a3) Y3 = (a27b)
(ag,az)’ (ag,a3)

10



Considering the probability that they are all positive we immediately see that

P(CCl >0, 9 >0, yo >0, y3 > 0) = P(CCl <0, z9 >0, yo >0, ys > 0) (331)

because if we replace a; by —aj, then the probability that 1 > 0, zo > 0. yo > 0, y3 > 0
remains the same. Similarly we can write

P(.’/UQ >0, y2 >0, y3 > 0) = P(.’/UQ >0, yo >0, y3 < 0). (3.32)
(3.31) and (3.32) together imply

P($1>0, zo >0, yo > 0, y3>0)
= P(z9 > 0, y2 > 0)P(z; > 0)P(y3 > 0)

1
= ZP($2 >0, yo2 > 0). (3.33)
The probability in the last row is equal to the following

P(.CI?Q >0, y2 > 0)
= 4P((b,a3) > 0, (ag,ag) > 0, (al,b) > 0, (al,ag) > 0). (3.34)

This probability is the same for every b # 0. Thus we may suppose

()

Our problem can be formulated in the following manner: what is the probability that as
is on the upper, a; is on the lower hemicircle and the angle between a; and as as well as
between as and ag is positive but less than .

Fig. 1:

11



The point as can be supposed to be on the upper hemicircle. If its position is z
(0 < z < 7), then the probability of the event just mentioned is

1(r =)
4 g2
hence "1 )2
1(r—xz)*dx 1
p > 0, >0)=14 - = 3.35
(@20, >0 =4 [ IS (3.3)
Let us consider the random variable
n

v=uvi+-+Us, s—(2>. (3.36)

If v;, vj belong to disjoint pairs of vectors then v;, v; are independent. If these two pairs
have one vector in common then by (3.33) and (3.35) we have

~—

(3.37)

E(1s) = sE 'S v | + Z = i KZ) +2<§) + g(g)} . (3.38)

This proves the theorem. O

4 The case of non-negative random variables

We consider the system of constraints

ajz1+---+apr, =Db
(4.1)
1 2>20,...,2, >0,

where the dimension of the vectors a;, b will be denoted by m and we suppose m and n
to be fixed, n > m.

THEOREM 5 Suppose that the m(n + 1) components of the vectors ai,...,a,, b are
independent and exponentially distributed with the same parameter A > 0. Let v denote
the number of vertices of the random convex polyhedron (4.1). Then

E(v) < (”) Vim+ DY (4.2)

m mm

12



ProOOF. We may suppose that A = 1. Consider the first m vectors and the equation

a1r1 + -t anT,

1 “ 1 -
= ar <Z az‘11’1> +ot+ an (Z az‘mfl’m>
Z a;1 =1 Z Gim =1
i=1

i=1

- me (i bi> . (4.3)
Z b; i=1

The vectors
1 1 1

= m al,...7dm: m aAm, d:m—
§ a1 § Qim E b;
i—1 i=1 i—1

are independent and uniformly distributed over the simplex in the m-dimensional space

d;

b (4.4)

214tz =1
(4.5)
2120,...,2m20.

We have to find the probability that the convex polyhedral cone generated by dy, ..., d;,
contains the vector d. This probability p is equal to the espectation of the m — 1-
dimensional volume ¢ of the intersection of this convex polyhedral cone and the simplex
(4.5) divided by the (m — 1)-dimensional volume of the simplex (4.5). The distance of the

1
simplex (4.5) from the origin is —, the (m — 1)-dimensional volume of the simplex (4.5)

N

is m hence
1 1 1
—|(dy,...,dp)| =t — - — 4.
furthermore
—Ed b =E{|(dy,.... )]} (47)
p= \/ﬁ - 1y---,Um . .
(m—1)!
The random variables > /" | a;x, kK =1,...,n are independent of each other and of the
random vectors dq,...,d,,. Thus

E{|(a,...,an)|} =E {H Zaik} E{|(dy,...,dy)|} = m™E{|(d1,...,dn)|}. (4.8)

k=1k=1

13



We anticipate that
E{(ai,...,a,)*} = (m+1). (4.9)

Taking this into account we obtain
E{|/(ai,...,an)|} </ (m+ 1)L (4.10)
Combining (4.7), (4.8) and (4.10) we obtain the inequality (4.2). It remains to prove (4.9).

LEMMA 1 Suppose that the elements of the random determinant

ail a2 ... Gim
A, = . L . (4.11)

Aml Am2 ... OGmm

are independent, exponentially distributed random variables with the same parameter A =
1. Then
E(A2) = (m+ 1) (4.12)

PRrROOF. Let us develope A according to the first row. We obtain

A, = a1l +aplpp+ ..o+ almAlm, (413)
furthermore
E(A%n) =E Z ah‘aleh‘Alj =2 Z E(A%Z) + Z E(Alelj) (414)
ij=1 i=1 itj

Here we took into account that
E(aij) =1, E(al)=2, i,j=1,...,m. (4.15)

Introduce the notations

E(A%) = D,
(4.16)
—E(A11412) = By
It follows from (4.14) that
m
D,, =2mD,,_1 + 2<2>Bm—1' (417)

The determinants A1, — Ao differ only in the first column. If we develope both according
to the first columns then we obtain

m—1
Bm—l = —E(A11A12) = (m - 1)Dm—2 - 2( 9 >Bm—2' (418)

14



We can express B,—1 and By,_9 from (4.17) and substitute them into (4.18). We conclude

Dy = —m(m —3)Dp_1 +m(m —1)?Dy_a,  m=34,.... (4.19)

It is easy to see that D; = 2, Dy = 6, further D,, = (m + 1)! satisfies (4.19). Thus the
lemma is proved and with this the proof of our theorem is also complete. O
THEOREM 6 Letay,...,a,, b be m-dimensional random vectors where all the (n+1)m

components are independent, exponentially distributed with the same parameter A > 0. Let
v denote the number of vertices of the random convex polyhedron

ajry + - +apr, < Db,

(4.20)
z ZO7°°°7xn207
where m and n are fized. Then we have
! !
E() < n (m+1) N m \/Tfi
m mm m—1/\1)mm1
(4.21)

(o) (35 e () () e

PrROOF. We have seen that the convex polyhedron (4.20) has the same number of
vertices as the convex polyhedron

ayry + - +aptn ey + -+ emym = b,

(4.22)
leO,---aflfnZOa ylzoavymzo
To form a basis we may choose a certain number of vectors among aq, ..., a, and a certain
number among e, ...,e,,. This selected system consists of altogether m vectors. If we
choose

ai,...,ag, €1,...,€m_k, (4.23)

then we have to find the probability that the solutions of the equation
ary+--tagTp e+t e kYmk =Db (4.24)

are positive. The same reasoning can be applied as what was applied in the proof of
Theorem 5. We only have to recognize that

E{(al,...,ak,el,...,em,k)Q} = (k‘—i—l)' (425)

i.e. the same as E(A%). But it is obvious since eq, ..., e,,_ are unit vectors and Lemma 1
n

applies. We may select a system of type (4.23) in (k) (m”jk) different ways, k = m, m —
1,...,1,0. If £ =1 then instead of the estimation

E{|(ai,e1,...,em1)|} < V2

the exact value of the left hand side is used which is equal to 1. If £ = 0 then (4.24) has
positive solution with probability 1. Thus Theorem 6 is proved. O
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5 Some exact results for non-negative random variables

In this section we consider random convex polyhedra of the type

a11x1 +- -+ apTy, =1,

a21x1 +"'+a2n$n = 1,

az1ry +- -+ azpry, =1,
1 >0,...,2, >0,

(5.1)

where the a;;’s are independent non-negative random variables depending on the same
probability distribution, which is supposed to be continuous. Let v denote the number of
vertices of this random convex polyhedron. We want to find the exact formulae of E(v) in
some particular cases. What we have to do is to find the probability that

P(xl > 0,29 > 0,23 > 0), (5.2)

where the random variables z1, x2, z3 are defined as the unique (with probability 1) solu-
tions of the system of random equations

aj1z1 + ajprs + a13r3 = 1,
ao1x1 + a9oxo + asgrs = 1, (53)
a31xq + a32x9 + as3xrs — 1.

Let us define the vectors

1 ai;
d; = a0 ¥ 0z 0o Zzi . (5.4)
Considering the random equation
diz1 +dozo +dszs =1, (5.5)

where 1 is the vector all components of which are equal to 1, it is true that the probability
of x1 > 0,29 > 0,23 > 0 here is the same as the probability (5.2). The vectors d; are
elements of the simplex in the three-dimensional space:

21+ 22+ 23 =1, (56)
212072220723207 .

which is a regular triangle. Thus our problem can be formulated so that we choose three
independently and identically distributed random points in a regular triangle, what is the
probability that the random triangle the vertices of which are these random points, covers
the center of gravity C' of the regular triangle (see Fig. 2)7 The probability distribution
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Fig. 2:

of these random points can be determined by the probability distribution of the random
variables a;;. If e.g. this is exponential then the random points are uniformly distributed in
the regular triangle. Two special cases will be investigated, the case of the exponential and
the case of the uniform distribution. First a general formula is derived for the probability
in question and this will be specialized. We remark that the random triangle with vertices
Py, Py, P3 covers the center of gravity if and only if their projections @)1, @2, Q3 from the
center of gravity onto the boundary of the regular triangle have the property that the new
triangle belonging to @1, Q2, Q3 covers the center of gravity (see Fig. 3).

The probability distribution of a random point P in this triangle uniquely determines the
probability distribution of the projected point @@ on the boundary. In the course of the
calculation the length of the boundary will be supposed to be equal to 6. One point, P,
say, can be supposed to be placed on one half of a side (see Fig. 4) where the cumulative
probability between 0 and x will be denoted by F(x) with F'(0) = 0, F(1) = 1/6. Thus
the conditional probability distribution function of the point P; on this section is equal to
6F (z), 0 <z <1. The point P, will run around the circumference of the triangle. To each
fixed positions of P; and P, there corresponds a probability that P53 has a position such
that the triangle with vertices Pi, P», P3 covers the center of gravity C'. This favourable
part of the boundary for Ps is indicated by the parentheses in Fig. 4. P starts at 0 and
goes to the right. Six half sides are on the way and we denote by p1, p2, p3, p4, D5, Pg, the
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probabilities belonging to the half sides, that the small triangle covers C. Before giving
the formulae for p;, i = 1,2,3,4,5,6, we remark that if P; is at the point z, 0 < z < 1
then its transformed P| via C' onto the other side of the regular triangle is at

/_4(1_$)
T = (5.7)
N R
OR P1 OR 1 B 0R 1
& j
\ \ YA
0R1 0R 1 0R 1
Fig. 5:

where 2’ = 0 at the top vertex of the triangle on Fig. 4 and 2/ = 1 at the half of the side
coming to the right from the top vertex. Figure 5 shows the six cases for P, and illustrates
the calculation of the probabilities p;, ¢ = 1,2,3.4,5,6. From Fig. 5 we see that

e ([ (452) (452w

B (EE2) - (45 o
e (452 (45 arwur
oo [ (452 - r (45 arwars
e [ (b () 1 (42
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Using the notations

we obtain further

R Ty (T
—12// —12/0F<><>dF<>
1 / / F(y) dF(2) dF(y) — 12 / F(a)F(2') dF(x) (5.10)
S [ [ ] ar - [ Fr
:2/0Fy dF(y) —24/0Fxe dF(z)

Let us introduce the notation

a:/l F(z")dF(x). (5.11)
0
We see easily that
p2 = 2a, (5.12)
P3=ps = 1i8’ (5.13)
p4:1—18+2/ "dF(x +6// (z) dF (y)
1 /0 /O (F(y) + F(2/)] dF (y) dF (x) (5.14)
1 1 px’
1—18+4a—12/0 F2(2") dF( —12/0 / F(y')dF (y) dF(z).



For the last term we derive

// F(y)dF(y)dF(x // r)dF (y) = /OlFQ(y’)dF(y). (5.15)

Thus
P4 ———I—4a—24/ F2(2')dF(x (5.16)
Finally it is easy to see that
1
= — —2a. 1
Pe = 1g — 2 (5.17)

Some further simplifications are possible. In fact

1 1
| P ap@) = (P F@) -2 [ P P are)
0 0

1 (5.18)
= 2/ F(x)F(2))dF(x) = 2.
0
Summing up the probabilities we conclude
2
P:p1+p2+p3+p4+p5+p6:§+60z—72ﬂ. (5.19)

Before specializing this to particular distributions we mention the following

LEMMA 2 Consider a reqular n-dimensional simplex and let P be a random point uni-
formly distributed in the simplex. Let C' be the center of gravity and consider the random
point @ on the boundary of the simplex which is defined so that P is projected from C onto
the boundary. Then Q is uniformly distributed on the boundary.

PROOF. Let H be a measurable set on the boundary. The (n— 1)-dimensional measure
of this set and the n-dimensional measure of the set

(Z|Z=XC+(1-NQ, QeH, 0<I<1} (5.20)

differ from each other only by a constant. Thus the probability of ) € H is proportional
to the (n — 1)-dimensional measure of H which proves the lemma. O

The probability p in (5.19) equals the probability (5.2). It remains for us to obtain the
function F(x) for special probability distributions concerning the random variables a;j.
First we consider the exponential distribution. In this case the vectors di,ds, ds defined
by (5.4) are uniformly distributed on the regular triangle (5.6) the side-length of which is
equal to v/2. By the previous lemma we can find the probability (5.2) so that we substitute
n (5.19) the function

Fz)==, 0<z<l. (5.21)

T
6
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For a and 5 we obtain

a_/olpﬁl_i_gi)) dF(x)_%/olﬁl_i;?dx_%(p;logQ), (5.22)

5_/011:(%) Plz)dF(z) —ﬁ/olﬁl_i_gi)xdx

(5.23)
1 15— 161og 2
108 27 '
Thus we have for the required probability
2 2 10
= - —720=—= 114 —log2 | =~ 0.2452. .24
p9+6a 20 27(+30g)05 (5.24)

We have proved the following

THEOREM 7 The expectation of the number of vertices of the random convex polyhedron
(5.1) in case of independently and exponentially distributed coefficients a;, having the same
parameter A > 0, is given by the formula

E(v) = (g) 237 (1 + 1—?? log 2) . (5.25)

If instead of (5.1) we consider the random convex polyhedron

a1z +- -+ apxn <1,
a2171 + -+ agpxy <1,

az1x1 + -+ azpTy <1, (5.26)
I 207-"7:Cn207
then beyond the probability (5.24) we have to find the probability
P(.lel >0, z9 >0, y1 > 0), (5.27)
where
aijr; +agxre +ey; =1, (5.28)
and also the probability
P(.’/Ul > 0, Y1 > 0, Y2 > 0) (5.29)
where
ajxr; + ey +exys = 1. (530)

We suppose again that the coefficients are independently and exponentially distributed
with the same parameter. The probability (5.29) will be equal to 1/3 while for the prob-
ability (5.27) we get

)

=2 9a— L334 81082 (5.31)
P=18  ““ 7 1,2 06 4): '
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These can be obtained similarly as we obtained (5.24), the difference is that one, resp.
two points on the boundary of the triangle are fixed at vertices. From these immediately
follows

THEOREM 8 If the a;i’s are independently and exponentially distributed random vari-
ables having the same parameter then the expected number of vertices of the random convex
polyhedron (5.26) is given by

n\ 2 ny\ 1
E(v) = (3)5(3 + 10log 2) +3(2>@(33 +8log2) +n+ 1. (5.32)

Now we turn to the case where the a;;’s are uniformly distributed in the interval (0, a),
where a > 0. As E(v) is independent of how large a is choosen, let us choose a = v/2. Tt
can be shown that on the boundary of the triangle with side length 2 we now have

Fla) = 2 YT

62—+
In fact Figure 6 shows a part of the cube with side length 2 which has a probability equal
to the probability that @ € (0,z) where 0 < z < 1, @ is the projection onto the boundary
of the point P which is the intersection of the random ray varying in the cube and the
triangle having vertices (v/2,0,0), (0,+/2,0), (0,0,/2). The part of the cube in question

is between the origin and the triangle on the upper face. The value of z depends on x so
that

0<z<l1. (5.33)

Z \
/ \
R AN
AN
T =N
S N
/ \,\| ‘C AN
/ | N
/ - — = >
/ s -
/ // - . —
/s -
At
Fig. 6:

2=, (5.34)



thus the probability of that part of the cube is

—_

: ¥V
5/ V=g

and this equals F'(z), 0 < x < 1. Using this, we have

[4(1 =)
oo ['F M dF (z dz ~ 0.021, (5.36)
[ () e =5 ) F< %)

(5.35)

B

5= / ( 1_‘”>F(x)dF(g;)
41 —x)
1t 1-3x 7 v\
=515 ), e 2_\/5(2_\/5) dz ~ 0.00146. (5.37)
4—3x

THEOREM 9 If the a;;’s are independently and uniformly distributed in (0,a) where
a > 0, then the expectation of the number of vertices of the random convex polyhedron

(5.1) is given by
E(v) = (g) (g + 60 — 725) , (5.38)

where « and 3 are defined by (5.36) and (5.37), respectively.

The proof is already given. We call the attention to the fact that the probability (5.29)
is equal to 1/3 i.e. it does not depend on F' while the probability (5.27) is equal to (as it

5)
stands in (5.31)) i 2a. Thus we have proved also

THEOREM 10 If the a;’s are independently and uniformly distributed in (0,a) where

a > 0, then the expectation of the number of vertices of the random convex polyhedron
(5.26) is equal to

E(v) = (g) (g + 6o — 725) + 3(2) (% - 2a> tn+l, (5.39)

where o and 3 are given by (5.36) and (5.37), respectively.
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