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The Extended Linear Complementarity Problem!
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Abstract. In this paper we define the Extended Linear Complementarity Problem (ELCP),
an extension of the well-known Linear Complementarity Problem (LCP). We show that the
ELCP can be viewed as a kind of unifying framework for the LCP and its various generaliza-
tions. We study the general solution set of an ELCP and we develop an algorithm to find all
its solutions. We also show that the general ELCP is an NP-hard problem.

Keywords: linear complementarity problem, generalized linear complementarity problem,
double description method.

1 Introduction

1.1 Overview

In this paper we propose the Extended Linear Complementarity Problem (ELCP), an exten-
sion of the well-known Linear Complementarity Problem (LCP), which is one of the funda-
mental problems of mathematical programming. We show that the ELCP can be viewed as a
unifying framework for the LCP and its various extensions, such as the Vertical LCP of Cot-
tle and Dantzig [5], the Generalized LCP of De Moor et al. [8, 9], the Extended Generalized
Order LCP of Gowda and Sznajder [17], the Extended LCP of Mangasarian and Pang [20]
and so on.

The formulation of the ELCP arose from our work in the study of discrete event systems,
examples of which are flexible manufacturing systems, subway traffic networks, parallel pro-
cessing systems and telecommunication networks. Some of these systems can be described
using the so called max algebra [2, 7]. In [11, 12] we have demonstrated that many important
problems in the max algebra such as solving a set of multivariate polynomial equalities and
inequalities, matrix decompositions, state space transformations, minimal state space real-
ization of max-linear discrete event systems and so on, can be reformulated as an ELCP. We
shall illustrate this with an example. Although these problems do not always ask for the
generation of the entire solution set of the corresponding ELCP, in some cases such as e.g.
the (minimal) realization problem it can be interesting to obtain the entire solution set.

Therefore we also derive an algorithm to find all solutions of an ELCP. The core of
this algorithm is formed by an adaptation and extension of Motzkin’s double description
method [25] for solving sets of linear inequalities. Our algorithm yields a description of
the complete solution set of an ELCP by extreme rays and a basis for the linear subspace
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associated to the largest affine subspace of the solution set. In that way it provides a geometric
insight in the solution set of the kind of problems mentioned above. The algorithm we propose
is in fact a generalization and extension of the algorithm of [8, 9] for solving Generalized LCPs.
We also use some concepts of graph theory such as clique. This paper thus borrows from a
broad range of domains such as max algebra, linear algebra, mathematical programming and
graph theory.

In Section 1 we introduce the notations and some of the concepts and definitions that will
be used in this paper. We also give a concise introduction to the Linear Complementarity
Problem. In Section 2 we propose the Extended Linear Complementarity Problem (ELCP)
and show how it is linked to other Linear Complementarity Problems. Next we make a
thorough study of the general solution set of an ELCP and we develop an algorithm to find
all solutions of this problem. We also discuss the computational complexity of the ELCP. We
conclude with an example of the application of the ELCP in the max algebra.

1.2 Notations and definitions

All the vectors that appear in this paper are assumed to be column vectors. If a is a vector
then a; or (a); represents the ith component of a. If A is a matrix then the entry on the ith
row and the jth column is denoted by a;; or (A);;. We use A; to denote the ith row of A
and A ; to denote the jth column of A. The submatrix of A obtained by extracting the first
k rows of A is represented by Aj.; . The n by n identity matrix is represented by I, and the
m by n zero matrix by Opmxn. The transpose of A is denoted by AT. If a is a vector with n
components then a > 0 means that a; > 0 for i = 1,2,...,n. Likewise a = 0 means a; = 0
fori=1,2,...,n.

If A is a set then #A is the cardinality of 4. Consider a set of vectors A = {a,a2,...,a;}
l

with a; € R™ and define a = Z aja;. If a; € R then a is a linear combination of the vectors
i=1
of A. If a; > 0 we have a nonnegative combination. A nonnegative combination that also
!

satisfies g «; = 1 is a convex combination.
i=1

Definition 1.1 (Polyhedron) A polyhedron is the solution set of a finite system of linear
inequalities.

Definition 1.2 (Polyhedral cone) A polyhedral cone is the set of solutions of a finite sys-
tem of homogeneous linear inequalities.

The definitions of the remainder of this subsection are based on [28].

Definition 1.3 (Face) A subset F' of a polyhedron P is called a face of P if F =P orif F
is the intersection of P with a supporting hyperplane of P.

Note that each face of a polyhedron is also a (nonempty) polyhedron and that a k-dimensional
face of a polyhedron P in R"” is the intersection of P and n—k linearly independent hyperplanes
from the constraints defining the polyhedron.

Definition 1.4 (Minimal face) A minimal face of a polyhedron is a face not containing
any other face.



Definition 1.5 (Lineality space) Let P be a polyhedron defined by P = {xz | Az > b}. The
lineality space of P, denoted by L(P), is the linear subspace associated to the largest affine
subspace of P: L(P) = {z| Az = 0}.

A set C of basis vectors for £(P) is called a set of central rays. The dimension of £(P) is equal
tot = n —rank (A). If ¢ is equal to 0, then P is called a pointed polyhedron. The minimal
faces of P are translations of £(P). Hence the dimension of a minimal face of P is equal to t.
Now consider a polyhedral cone K defined by K = {x| Az > 0}. Clearly, the only minimal
face of K is its lineality space. Let ¢ be the dimension of £(K). A face of K of dimension ¢+ 1
is called a minimal proper face. If GG is a minimal proper face of the polyhedral cone K and
if e € G with e # 0, then any arbitrary point u of G can be represented as

U:Z)\kck—F/% with Ay ER and k> 0
cpeC

where C is a set of central rays of . We call e an extreme ray corresponding to G. If Kyeq is
the pointed polyhedral cone obtained by subtracting the lineality space from IC, then extreme
rays of I correspond to edges of K,eq. If C is a set of central rays of K and if £ is a set of
extreme rays of I, obtained by selecting exactly one point of each minimal proper face of I,
then any arbitrary point u of K can be uniquely represented as

u:Z)\kck—Fkaek with A\, € R and k; >0 .
cpeC el

Definition 1.6 (Adjacency) Two minimal faces of a polyhedron P are called adjacent if
they are contained in one face of dimension t + 1, where t = dim L(P).

Two minimal proper faces of a polyhedral cone IC are called adjacent if they are contained in
one face of dimension t + 2, where t = dim L(K). Eztreme rays corresponding to these faces
are then also called adjacent.

1.3 The Linear Complementarity Problem

One of the possible formulations of the LCP is the following [6]:
Given a matrix M € R™" and a vector ¢ € R", find two vectors w, z € R™ such that
w,z >0
w=q+ Mz
ZTw=0,

or show that no such vectors w and z exist.

The LCP has numerous applications such as linear and quadratic programming problems, the
bimatrix game problem, the market equilibrium problem, the optimal invariant capital stock
problem, the optimal stopping problem, etc. [6]. This makes the LCP one of the fundamental
problems of mathematical programming.



2 The Extended Linear Complementarity Problem

In this section we introduce the Extended Linear Complementarity Problem (ELCP) and we
establish a link between the ELCP and the Linear Complementarity Problem (LCP). We also
show that many generalizations of the LCP can be considered as special cases of the ELCP.

2.1 Problem formulation
Consider the following problem:

Given two matrices A € RP*", B € R?*", two vectors ¢ € RP,d € R? and m subsets ¢,
j=1,2,...,m,of {1,2,...,p}, find a vector x € R"™ such that

I Az —c)i =0 (1)

m
j=lico;

subject to Ax > ¢
Bx = d,
or show that no such vector exists.

In Section 2.3 we demonstrate that this problem is an extension of the Linear Complementarity
Problem (LCP). Therefore we call it the Extended Linear Complementarity Problem (ELCP).
Equation (1) represents the complementarity condition. One possible interpretation of this
condition is the following: since Az > ¢, condition (1) is equivalent to

H(Aa:—c)i:O for j=1,2,...,m .

1€Q;
So we could say that each set ¢; corresponds to a subgroup of inequalities of Az > ¢ and that
in each group at least one inequality should hold with equality:

Vjie{l,2,...,m} : 3i € ¢; such that (Ax —¢); =0 .
2.2 The homogeneous ELCP

Now we homogenize the ELCP: we introduce a scalar o > 0 and define u = l z ], P =

[ g _f ] and Q = [B — d]. Then we get an homogeneous ELCP:
1xXn

Given two matrices P € RP*", Q € R?*"™ and m subsets ¢; of {1,2,...,p}, find a (non-
trivial) vector u € R™ such that

> II (Pu)i =0 (2)

j=lice;
subject to Pu 0
Qu 0,
or show that no such vector u exists.

WV



In Section 4 we shall develop an algorithm to solve this homogeneous ELCP. Afterwards we
shall extract the solutions of the original inhomogeneous ELCP.

It is sometimes advantageous to use an alternative form of the complementarity condition:
since Pu > 0, condition (2) is equivalent to

I] (Pw)i =0 for j=1,2,...,m . (3)
1€Q;

2.3 Link with the LCP

w

The LCP can be considered as a particular case of the ELCP: if we set z = , A= Iy,

B=[I, —M], ¢ =0Opx1,d=qand ¢; = {j,j+n} for j =1,2,...,n in the formulation of
the ELCP we get an LCP.
2.4 Link with the Horizontal LCP

A problem that is slightly more general than the LCP is the so called Horizontal Linear
Complementarity Problem (HLCP), which can be formulated as follows [6]:

Given 2 matrices M, N € R™" and a vector ¢ € R", find two non-trivial vectors w, z € R"
such that

w,z >0

Mz+ Nw =q

Tw=0 .

The term horizontal is used to characterize the geometric shape of the matrix [ M N | since
the number of rows of this matrix is less than the number of columns. It is obvious that the
HLCP is also a particular case of the ELCP.

2.5 Link with the Vertical LCP

In [5] Cottle and Dantzig introduced a generalization of the LCP which is now called the
Vertical Linear Complementarity Problem (VLCP) and is defined as follows [6]:

Let M be a matrix of order m X n with m > n, and let ¢ be a vector with m components.
Suppose that M and ¢ are partitioned in the following form:

M qQ

Mo q2
M = . and ¢ =

M, dn

n

where each M; € R™*" and ¢; € R™: with Z m; = m. Now find a vector z € R" such
i=1

that

q+Mz=>0



z>0
m;

ZiH(Qi+MiZ)j:O fori=1,2,...,n .
j=1

Since the number of rows of M is greater than or equal to the number of columns this problem

is a wvertical generalization of the LCP.

The VLCP is also a particular case of the inhomogeneous ELCP: let x = z, A = [ ?4 ] , B=
n

On><1
with s1 = 0 and s;11 = s; +m;.

[],c:l 4 ],d:[]andqu:{sj+1,sj+2,...,sj—f—mj,m+j} for j =1,2,...,n

2.6 Link with the GLCP

In [8, 9] De Moor introduced the following Generalized Linear Complementarity Problem
(GLCP):

Given a matrix Z € RP*™ and m subsets ¢; of {1,2,...,p}, find a non-trivial vector u € R"
such that
m
Z H U; = 0
j=licd;
subject to uw > 0
Zu = 0.

Now we show that the homogeneous ELCP and the GLCP are equivalent: that is, if we can
solve the homogeneous ELCP we can also solve the GLCP and vice versa.

Theorem 2.1 The homogeneous ELCP and the GLCP are equivalent.

Proof:

The GLCP is a special case of the homogeneous ELCP since setting P = I, and () = Z in
the definition of the homogeneous ELCP yields a GLCP.

Now we prove that an homogeneous ELCP can be transformed into a GLCP.

First we define the sign decomposition of u: v = u™ —u~ with ™, u~ > 0 and (u*)Tu™ = 0.
Next we introduce a vector of nonnegative slack variables s € RP such that Pu — I,s = 0.

m m
Since Pu = I,s, the complementarity condition Z H (Pu); = 0 is equivalent to Z H S =

j=lice; j=licg;
0. Because the components of u™, v~ and s are nonnegative we can combine the latter
condition with the condition (u*)Tw~ = 0, which yields the new complementarity condition

2": uiu; + i H si = 0. Finally we define n + m subsets ¢} such that
i=1 j=1i€d;
¢; = {ij+n} for j=1,2,...,n,
= {i+2n|i€ ¢j_n} forj=n+1n+2,....n+m .
This leads to the following GLCP:



U+ n+m

Find v = | u~ | such that Z H v; =0
S j=1 ie¢;

P —-P -1
subject to v > 0 and P ly=0.
) [ Q _Q qup ]

Hence we have proved that the ELCP and the GLCP are equivalent. O

In [8] an algorithm was derived to find all solutions of a GLCP. Since the GLCP and the
ELCP are equivalent we could use that algorithm to solve the ELCP. However, there are a
few drawbacks:

e To convert the ELCP into a GLCP we have introduced extra variables: u~ and the
slack variables (one for each inequality). This increases the complexity of the problem.
Because the execution time of the algorithm of [8] grows rapidly as the number of
unknowns grows, it is not advantageous to have a large number of variables. Since the
number of intermediate solutions and thus the required storage space also grows with
the number of variables, the problem can even become intractable in practice if the
number of variables is too large. Moreover, we do not need the extra slack variables,
since they will be dropped at the end anyway.

e The solutions set of a GLCP is characterized by a set of extreme rays £ and a set I" of so
called cross-complementary subsets of £ such that any arbitrary solution of the GLCP
can be written as u = Z Krep with kg > 0 for some subset & € I'*. Even if there

erEEs
is no redundancy in the description of the solution set of the GLCP after dropping

the slack variables, it is possible that the transition from u™ and u~ to u results in
redundant rays. It is also possible that some of the cross-complementary sets can be
taken together. This means that in general we do not get a minimal description of the
solution set of the ELCP.

We certainly do much unnecessary work if we use the detour via the GLCP. Therefore we
shall develop a separate algorithm to solve the ELCP, in which we do not have to introduce
extra variables and that will yield a concise description of the solution set. This algorithm
will also be much faster than an algorithm that uses the transformation into a GLCP.

2.7 Link with other generalizations of the LCP

In [17] Gowda and Sznajder have introduced the Generalized Order Linear Complementarity
Problem (GOLCP) and the Extended Generalized Order Linear Complementarity Problem
(EGOLCP). The EGOLCP is defined as follows:

Given k + 1 matrices By, B1,...,Br € R™"™ and k + 1 vectors by, b1,...,b; € R™, find a
vector x € R™ such that

(Box +bo) AN(Bix+bi)) A...AN(Bgz+bg) =0

where A is the entrywise minimum: if z,y € R" then z Ay € R” and (zAy); = min {x;, y; }.

4In Section 4 we shall show how the sets £ and T’ can be calculated and what they represent.



If we take By = I,, and by = O,,«x1 then we have a GOLCP.

The EGOLCP is a special case of the ELCP: since the entrywise minimum of the vectors

Bjx + b; is equal to 0 we should have that B;x > —b; and for every j € {1,2,...,n} there

should exist at least one ¢ such that (B;z +b;); = 0. So if we put all matrices B; in one large
By —bo

matrix A = : and all vectors b; in one large vector ¢ = : and if we define n sets
Bk _bk

¢; such that ¢; = {j,j+n,...,j+ kn} for j =1,2,...,n, then we get an ELCP:

Find = € R™ such that Z H (Ax — ¢); = 0 subject to Az > c,
j=lic¢;
that is equivalent to the original EGOLCP.

The Extended Linear Complementarity Problem of Mangasarian and Pang [16, 20]:

Given two matrices M, N € R™*"

such that

and a polyhedral set P in R™, find two vectors z,y € R"

z,y 20
Mx — NyeP
aly=0,

is also a special case of our ELCP:
We may assume without loss of generality that P can be represented as P = {u € R™ | Au > b}
for some matrix A € R*™ and some vector b € R!. Hence the condition Mz — Ny € P is

equivalent to AMx — ANy > b. If we define v =

5 ] then we get the following ELCP:

n
Find v € R?" such that Z ViVi+n = 0 subject to v >0 and [AM —AN]v>b.

i=1
Furthermore, it is easy to show that the Generalized LCP of Ye [33]:
Given A, B € R™*" C € R™** and ¢ € R™, find z,y € R” and z € R* such that
z,y,2 20
Ax+By+Cz=q
2ty =0,
the mixed LCP [6]:

Given A e R™" B e R™*™ (C € R™™ D € R™*" g € R" and b € R™, find v € R™ and
v € R™ gsuch that

a+Au+Cv=0
b+Du+Bv>0
v>=>0

v (b+ Du+ Bv) =0,



and the Extended HLCP of Sznajder and Gowda [30]:

Given k+ 1 matrices Cy, C1,...,C € R™" g € R"™ and k—1 vectors d1,ds,...,dg_1 € R"

with positive components, find zg, z1, ...,z € R" such that
k
C()JZ() =q + Z Cj%‘j
j=1
o, T1,..., 2k =0

dj —x; 20 forj=1,2,...,k—1
:UOTxlz()

(dj —xj) 200 =0 forj=1,2,...,k—1,
are also special cases of the ELCP.

Conclusion: As can be seen from this and the previous subsections, the ELCP can indeed
be considered as a unifying framework for the LCP and its various generalizations.

The underlying geometric explanation for the fact that all these generalizations of the LCP can
be considered as particular cases of the ELCP is that they all have a solution set that either
is empty or consists of the union of faces of a polyhedron, and that the union of any arbitrary
set of faces of an arbitrary polyhedron can be described by an ELCP (see Theorem 4.15).
For more information on the LCP and the various generalizations discussed above and for
applications, properties and methods to solve these problems the interested reader is referred
to [5, 6, 8,9, 13, 16, 17, 18, 20, 29, 30, 31, 32, 33, 34] and the references therein.

3 The solution set of the homogeneous ELCP

In this section we discuss some properties of the solution set of the homogeneous ELCP.
Note that the homogeneous ELCP can be considered as a system of homogeneous linear
equalities and inequalities subject to a complementarity condition. The solution set of the
system of homogeneous linear inequalities and equalities

Pu > 0
Qu = 0,
is a polyhedral cone K. We already know that an arbitrary point of K can be uniquely
represented as
U = Z)\kck—i— Z KLCk with A\ € Rand k. >0
cpeC er€€

where C is a set of central rays of I and & is a set of extreme rays of K. If ¢ is a central ray
then we have that Pc = 0. By analogy we call all points u € K that satisfy Pu = 0 central
solutions of IC and all points u € K that satisfy Pu # 0 non-central solutions. Note that if e



is an extreme ray then we have that Pe # 0.
Later we shall show that every solution of the homogeneous ELCP can be written as

u = ZAka-i- Z KLek with A\ € Rand k. >0
cpeC ep€Es

for some subset £ of £ (see Theorem 4.11). Note that we always have a trivial solution for
the homogeneous ELCP: u=[0 0 ... 0],

In the next section we shall present an algorithm to calculate C and £. But first we give some
properties of the solution set of the homogeneous ELCP.

Property 3.1 If c is a central solution of the polyhedral cone defined by Pu > 0 and Qu =0
then we have that Y\ € R : Ac is a solution of the homogeneous ELCP.

Proof: Since c is a central solution, we have that

S II @), = S [T APe)i = 0.

j=11ice; j=1ice;
Furthermore, we have that P(A¢) = A(Pc) =0 > 0 and Q(Ac) = A(Qc) = 0. So Ac is indeed
a solution of the ELCP. |

Note that every central solution of the polyhedral cone defined by Pu > 0 and Qu = 0
automatically satisfies the complementarity condition.

Property 3.2 Ifu is a solution of the homogeneous ELCP thenVk > 0 : ku is also a solution
of the homogeneous ELCP.

Proof:
m m
(P(ru)); = > ] s(Pu)i
=1 icd; i=1ice;
m
= Z s H (Pu);
7j=1 1€Q;
= 0 because of complementarity condition (3) .

We have that P(ku) = k(Pu) > 0 because Pu > 0 and x > 0. We also have that Q(ku) =
k(Qu) = 0. So ku is a solution of the ELCP. O

Now we prove that extreme rays that do not satisfy the complementarity condition cannot
yield a solution of the ELCP. In our algorithm such rays will therefore immediately be removed
from &.

Property 3.3 If ¢ € £ does not satisfy the complementarity condition then we have that

VEs C & with e € E, VA, € R, Vg, > 0 with k; > 0: u = Z AkCr + Z Krer does not
cLeC er€Es
satisfy the complementarity condition.

10



Proof: If ¢; does not satisfy the complementarity condition then
m
Z H P el
j=li€g;

Since Pe; > 0 this is only possible if

Jj € {1,2,...,m} such that Vi € ¢; : (Pe;); #0 . (4)

Now assume that u = Z ApCr + Z Krey satisfies the complementarity condition. Then
CkEC ekégs
we have that

iH ( (Z AkCr + Z /ﬁ;kek)> =0

j=licg; c€C er€Es

i H (Z Ae(Pep)i+ > Hk(Pek)i) -0
Jj=licd; c€C erE€Es

and since Vc € C : Pc =0, we get

ZH ( (Per)i + Z /‘ik(Pek)i) =0.

Jj=li€g; er€€\{er}
Because Pep > 0, Pe; > 0,k > 0 and k; > 0 this is only possible if
Vjie{1,2,...,m},3i € ¢; such that x;(Pe;); + Z ki(Per)i = 0
ex€€\{er}

and also
Vjie{l,2,...,m},3i € ¢; such that (Pe;); =0

since k; > 0. But this is in contradiction with (4). Hence our initial assumption was false,
which means that u does not satisfy the complementarity condition. O

4 An algorithm to find all solutions of an ELCP

In this section we shall derive an algorithm to find all solutions of a general ELCP. As was
already indicated in Section 2.2 we shall first solve the corresponding homogeneous ELCP
and afterwards we shall extract the solutions of the inhomogeneous ELCP.

So now we consider an homogeneous ELCP. To enhance the efficiency of the algorithm we
first extract the inequalities of Pu > 0 that appear in the complementarity condition and put
them in Pju > 0. The remaining inequalities are put in Pou > 0. If we also adapt the sets ¢;
accordingly we get an ELCP of the following form:

11



Given three matrices Py € RPV*", QQ € RT*", Py € RP2*™ and m subsets ¢; of {1,2,...,p1},
find a vector u € R” such that

j=licd;
subject to Piu > 0
Qu = 0
Pu > 0.

m
Note that we now have that U ¢; ={1,2,...,p1}.
j=1

The ELCP algorithm consists of 3 parts:

Part 1: Find all solutions of Pyu > 0 that satisfy the complementarity condition. We describe
the solution set of this problem with central and extreme rays.

Part 2: Take the conditions Qu = 0 and Pou > 0 into account.

Part 3: Determine which combinations of the central and extreme rays are solutions of the
ELCP: i.e. determine the so called cross-complementary sets.

Now we go through the algorithm part by part. We represent the different parts of the
algorithm in their most rudimentary form. In the remarks after each algorithm we indicate
how one can improve the numerical stability and the performance of the algorithm.

4.1 Find all solutions of a system of linear inequalities that satisfy the
complementarity condition

The algorithm of this subsection is an extension and adaptation of the double description
method of [25] to find all solutions of a system of linear inequalities. We have adapted it to
get a more concise description of the solution set and we have added tests to reject solutions
that do not satisfy the complementarity condition. In this iterative algorithm we take a
new inequality into account in each step and we determine the intersection of the current
polyhedral cone — described by a set of central rays C and a set of extreme rays £ — with the
half-space determined by this inequality. We also immediately remove the rays that do not
satisfy the complementarity condition.

We give the algorithm to calculate C and £ in a pseudo programming language. < indicates
an assignment. Italic text inside curly brackets {} is meant to be a comment.

Algorithm 1: solve a system of linear inequalities subject to the complementarity
condition
Input: pi,n, P € RPV" {¢; ;-”:1
Initialization:
C—{cilei=Un)ifori=1,2,...,n}
E—10
Prec « ]

12



Main loop:
for k=1,2,...,p1 do { The rows of Py are taken one by one. }
Vs e CUE :res(s) «— (Py)g. s { Calculate the residues. }
Ct—{ceC|res(c) >0}
C~—{ceCC|res(c) <0}
CO« {ceC|res(c) =0}
ET—{ee€&lres(e) >0}
E—{ee&]res(e) <0}
EV« {e € &res(e) = 0}
if Ctr=0 and C" =0 and £ =0 then { Case 1}
{ The kth inequality is redundant. }
E «— E%U{ e € & | e satisfies the partial complementarity condition }
else
if C"=0 and C~ =0 then { Case 2}
E «— E%U{e € &T | e satisfies the partial complementarity condition }
for all pairs (et,e”) € ET x &~ do
if e’ and e” are adjacent then

new
€

—res(eT)e” —res(e”)e’
if e"®V satisfies the partial complementarity condition then
E—EU{e™}
endif
endif
endfor
else { Case 3}
C«— "
E—&°
Ct—Crtu{-s|seC}
Vs € C™ :res(—s) «— —res(s) { Adapt the residues. }
Take one ray c € CT.
if c satisfies the partial complementarity condition then
E—EU{c}
endif
Vet € Ct\ {c} :C—CU{res(ct)c—res(c)ct }
for allec ETUE do

new

"V —res(c)e —res(e)c do

if e"®V satisfies the partial complementarity condition then
E—EUu{e™™}
endif
endfor
endif

13



Add the kth row of P; to Phec.
endif

endfor

Output: C,&, Ppec

Remarks:

1. If s; and sy are two rays in the kth step and if res(s;)res(s2) < 0 then the new ray
s = |res(s1)]|s2 + |res(s2)|s1 (5)

will satisfy (Pp)g.s = 0, in other words, ray s will lie in the hyperplane defined by the
kth row of Pj.

Proof: Without loss of generality we may assume that res(s;) > 0 and res (s2) < 0.
Then we have that

(Pr.s = (P1)k (Jres(s1)|s2 + |res(s2) |s1)
= (P

(
)k. (res (s1) so — res (s2) s1)

= res(s1) (P1)k.s2 —res(s2) (P1)g.s1
(s1)

= res(sy)res(s2) —res(sg)res(sy)

= 0. O

In our algorithm we have worked out the absolute values in (5), which leads to the
different expressions for constructing new rays.

2. Because in each main loop we have to combine intermediate rays it is advantageous
to have as few intermediate rays as possible. The complementarity test is one way to
reject rays. We cannot use the complete complementarity condition (2) when we are
processing the kth inequality since this complementarity condition takes all inequalities
into account. However, if we consider the equivalent complementarity condition (3) then
it is obvious that we can apply the condition for ¢; to eliminate extreme rays as soon
as we have considered all inequalities that correspond to that particular ¢;. That is
why we use a partial complementarity test. In the kth step the partial complementarity
condition is:

H (Piu); =0 Vje{1,2,...,m} such that ¢; C {1,2,...,k} . (6)
1€,

If there are no sets ¢; such that ¢; C {1,2,...,k} then the partial complementarity
condition is satisfied by definition.

We know that extra rays can only be constructed by taking positive combinations of
other rays as indicated by (5). Because of Property 3.3, which is also valid for the partial
complementarity condition, any ray that does not satisfy the (partial) complementarity
condition cannot yield a ray that satisfies the complementarity condition. Therefore we
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can reject such rays immediately.

Since central rays automatically satisfy the complementarity condition, we only have
to check the extreme rays. We can even be more specific. According to the following
property we only have to test new extreme rays and extreme rays that have a non-zero
residue.

Property 4.1 Ife € £° in step k and if e satisfied the partial complementarity condi-
tion of step k— 1, then e will also satisfy the partial complementarity condition for step
k.

Proof: If e € £ then we have that (P;)g.e = 0 or equivalently (Pie); = 0 and thus

I (Pie)i =0 Vje{1,2,...,m} such that k € ¢; . (7)
1€Q;

Since e satisfies the partial complementarity condition of step k — 1 we know that

H(Ple)i:O Vje{1,2,...,m} such that ¢; C {1,2,...,k—1} . (8)
i€Q;

Combining (7) and (8) leads to

H (Piu); =0 Vje{1,2,...,m} such that ¢; C {1,2,...,k}
1€Q;

So e satisfies the partial complementarity condition of step k. O

. The matrix P, is used to determine whether two extreme rays are adjacent. The reason
that we only combine adjacent extreme rays is that we do not want any redundancy
in the description of the solution set. Note that at the beginning of the kth step Ppec
contains all the inequalities that define the current polyhedral cone. Furthermore, it is
obvious that we do not have to include redundant inequalities in Ppec.

Let KC be the polyhedral cone defined by K = {u | Pyect > 0} at the beginning of step k.
Let & be a set of extreme rays of K and let ¢ be the dimension of the lineality space
of K. So t is equal to the number of central rays of K. The zero index set Zy(e) of an
extreme ray e € & is defined as follows:

Zo(e) = {i|(Poece)i =0} .

Now we shall determine some necessary and sufficient conditions for two extreme rays
e1 and eg of the polyhedral cone K to be adjacent.

If e; and ey are adjacent then by Definition 1.6 there exist two minimal proper faces
G and Gj of K with e; € G and ey € G2 and a (t + 2)-dimensional face F' of I such
that G1 C F and Go C F. This means that both e; and es have to belong to the same
(t + 2)-dimensional face F' of . Since each element of such a face satisfies at least
n —t — 2 linearly independent equality constraints taken from Pe.u = 0, this leads to
the following property:
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Property 4.2 (Necessary condition for adjacency) A necessary condition for two
extreme rays e1 and eg to be adjacent is that the zero index sets of e and es should
contain at least n —t — 2 common indices.

If we consider a pointed polyhedral cone then ¢t = 0 and then this condition reduces to
the necessary condition for adjacency described in [22].

Since F' is a (t 4+ 2)-dimensional face of K and since e; € G; C F and ez € G2 C F, we
have that

F = {x‘ T = Z ApCL + K1e1 + koeo with A\ € R and 51,/1220}
cLeC

Since e; and ey belong to F' and since there is exactly one extreme ray in & for each
minimal proper face of K, there are no other extreme rays in & that also belong to F,
which leads to:

Property 4.3 (Necessary and sufficient condition for adjacency)
Two extreme rays e1,es € Ex are adjacent if and only if there is no other extreme ray
e € &k such that To(e1) NZy(e2) C Zy(e) .

The conditions of Properties 4.2 and 4.3 can be considered as an extension and a gener-
alization of the necessary and/or sufficient conditions for the adjacency of two extreme
rays of a pointed polyhedral cone of [8, 9].

It is possible that some of the extreme rays of K have already been eliminated in a
previous step of the ELCP algorithm because they did not satisfy the complementarity
condition. In that case the condition of Property 4.3 is not sufficient any more since we
do not consider all extreme rays.

Therefore we apply the following procedure in the ELCP algorithm to determine whether
2 extreme rays ep, es € £ are adjacent:

Adjacency Test 1: First we determine the common zero indices. If there are less than
n —t — 2 common zero indices then e; and es are not adjacent.

Adjacency Test 2: Next we test whether there are other extreme rays e € £ such
that Zp(e1) NZp(e2) C Zy(e). If such rays exist then e; and es are not adjacent.

Note that the first test takes far less time to perform than the second especially if the
number of extreme rays is large. That is why we use it first.

It is possible that two non-adjacent extreme rays pass Adjacency Test 2 if some other
extreme rays of K have already been eliminated. However, in that case the following
proposition provides a sufficient condition for adjacency:

Proposition 4.4 If two non-adjacent extreme rays e1,es € £ pass Adjacency Test 2,

then every positive combination of these rays will not satisfy the (partial) complemen-
tarity condition.

Proof: Since adjacency only depends on the extreme rays, we can assume without loss
of generality that ¢ = 0.
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If all sets ¢; are empty then the complementarity condition is always satisfied by defi-
nition and no extreme ray of the polyhedral cone will be eliminated, which means that
the condition of Property 4.3 is still sufficient. Therefore non-adjacent extreme rays
cannot pass Adjacency Test 2.

If at least one set ¢; is nonempty, then we have a complementarity condition. Since the
complementarity condition requires that some of the inequalities of Py, u > 0 should
hold with equality, there are only two possible cases:

e Every point of the polyhedral cone K satisfies the (partial) complementarity con-
dition.

e The (partial) complementarity condition only selects points that lie on the border
of the polyhedral cone K. So interior points of the polyhedral cone will not satisfy
the (partial) complementarity condition.

In the first case no extreme rays will be rejected because of the (partial) complementarity
condition, which means that the condition of Adjacency Test is still sufficient. Therefore
we can limit ourselves to the second case.

Now consider a face F' of the polyhedral cone I that contains both e; and es. Note
that F' is in itself also a polyhedral cone. If the non-adjacent rays e; and ey pass
Adjacency Test 2 then this is only possible if another extreme ray of F' has already been
eliminated because it did not satisfy the (partial) complementarity condition. Since
either all points of F' satisfy the (partial) complementarity condition or only points on
the border of F' satisfy the (partial) complementarity condition, this means that every
positive combination of the non-adjacent extreme rays e; and es — which always lies in
the interior of F' — will not satisfy the (partial) complementarity condition. O

So if two non-adjacent rays e; and ey pass both Adjacency Tests then the new ray eV
will not satisfy the (partial) complementarity condition and hence will be automatically
rejected. Therefore no redundant rays will be created.

Together these three tests provide necessary and sufficient conditions for adjacency.
Note that the final P,e. is also considered as an output of this algorithm because we
need it in the second part of the ELCP algorithm, when we process Pou > 0.

. If ¢ € C at the beginning of step k then both ¢ and —c are solutions of (Py)1.—1,u>0.
We have that res(—c) = (P1), (—¢) = —(P1)g, ¢ = —res (¢). Soif ¢ € C* then —c € C~
and vice versa. This explains why we may set CT «+ CTU{—s|s € C™} and why we have
adapted the residues in the next step. After this step all central rays have a nonnegative
residue.

. If we multiply a central or extreme ray by a positive real number it will stay a central
or extreme ray because of Properties 3.1 and 3.2. This means that we can normalize
all new rays after each pass through the main loop in order to avoid problems such as
overflow.

To avoid problems arising from round-off errors it is better to test the residues against
a threshold 7 > 0 instead of against 0 when determining the subsets CT, C—, C°, £7,
£ and &°.
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6. If both C and & are empty after a pass through the main loop, we can stop the algorithm.
In that case the homogeneous ELCP will not have any solutions except for the trivial
solution u = [0 0 ... 0]%.

For more information about the method used to find all solutions of a system of linear in-
equalities the interested reader is referred to [25]. One of the main differences between our
algorithm and that of [25] is that we only store one version of each central ray ¢, whereas in
the double description method both ¢ and —c are stored. We have also added the test on the
(partial) complementarity condition to eliminate as many rays as soon as possible.

4.2 Take the remaining equality and inequality constraints into account

The next algorithm is an adaptation of Algorithm 1. Since we have already processed all rows
of Py in Algorithm 1, we can now test for the complete complementarity condition.

Algorithm 2: add the equality constraints

Input: m,p1,q,n, P € RPY*" Q € RIX?, {gﬁj};”:l,C,E,Pnec
Main loop:
for k=1,2,...,q do { The rows of Q are taken one by one. }
Vs e CUE :res(s) «— Q. s { Calculate the residues. }

Cte{ceC|res(c) >0}
C~—{ceCC|res(c) <0}
C¥«— {ceC|res(c) =0}
Et—{e€ & res(e) >0}
E —{ee & res(e) <0}
EV {e € &|res(e) = 0}

if Ct=0 and C" =0 and £t =0 and & =0 then { Case 1}

{ The kth equation is redundant. }

else
if Ct=0 and C~ =0 then { Case 2}
E— &°
for all pairs (eT,e”) €T x &€ do
if e’ and e™ are adjacent then
eV «—res(et)e” —res(e”)e™
if €™V satisfies the complementarity condition then
E—EuUufe™™}
endif
endif
endfor
else { Case 3}
C (O
E—&°

Ct—Ctu{-s|lseC}

18



Vs € C™ :res(—s) « —res (s) { Adapt the residues. }
Take one ray c € CT.
Vet € Ct\ {c} :C+—CU{res(c")c—res(c)ct}
for allec EYUE do
e’V «—res(c)e —res(e)c
if e"®V satisfies the complementarity condition then
E—EU{e™}

endif
endfor
endif
endif
endfor
Output: C, &
Remarks:

1. We do not have to add any rows to P,ec since after the kth step every ray s will satisfy
Q1:x,.5 = 0. So adding the kth row of ) to P,ec would yield the same extra element in
all zero index sets. As a consequence Adjacency Test 1 for the kth step of Algorithm 2
becomes: if there are less than n — (k — 1) — ¢ — 2 common indices in the zero index sets
of e; and ey then e; and e are not adjacent.

2. The main difference with Algorithm 1 is that now we have to satisfy equality constraints.
That is why we only keep those rays that have a zero residue, whereas in Algorithm 1
we kept all rays with a positive or zero residue.

3. If we construct extra rays we immediately test whether the complementarity condition
is satisfied. We do not have to test the rays that are copied from the previous loop since
they already satisfy the complete complementarity condition. Since each new central

m

ray c will still satisfy Pic = 0 and thus also Z H (Pic); = 0, we only have to test new
j=lice;

extreme rays.

4. If one is only interested in one solution, one could use the equality constraints to elimi-
nate some of the variables. However, since we want a minimal description of the entire
solution set with central and extreme rays, we do not eliminate any variables. Further-
more, the matrix @) is not necessarily invertible.

To take the remaining inequalities into account we again apply Algorithm 1 but we skip the
initialization step and continue with the sets C and £ that resulted from Algorithm 2 and
the matrix Ppec from Algorithm 1. Adjacency Test 1 now becomes: if there are less than
n —q —t— 2 common indices in Zy(e1) and Zp(ez) then e; and eg are not adjacent. In the
main loop we only have to test whether newly constructed extreme rays satisfy the complete
complementarity condition.

To avoid unnecessary calculations and to limit the required amount of storage space,

19



it is advantageous to have as few intermediate rays as possible. That is why we split the
inequalities of Pu > 0 and why we process Qu = 0 before Pou > 0:

e The complementarity condition is one way to reject rays. Therefore we already use a
partial complementarity condition in Algorithm 1. Since we want to apply this test as
soon as possible we removed the inequalities that did not appear in the complementarity
condition and put them in Pyu > 0.

e In the next steps we then further reduce the solution set by taking the extra equality
and inequality constraints into account. Unless we have a priori knowledge about the
coefficients of the equalities and the inequalities, it is logical to assume that an equality
will yield less intermediate rays than an inequality, since we only retain existing rays
with a zero residue for an equality and rays with a positive or zero residue for an
inequality. That is why we first take Qu = 0 into account and only then Pyu > 0.

4.3 Determine the cross-complementary sets

Let I be the polyhedral cone defined by Piu > 0, Qu = 0 and Pou > 0. As a direct
consequence of the way in which C and £ are constructed, we have that every u that is
defined as

u = Z ALCL + Z KLCk with A\, € R and k1 > 0 9)
c€Cs erEEs

for an arbitrary subset Cs C C and an arbitrary subset & C &, belongs to K. Since the
complementarity condition requires that in each subgroup of inequalities of Piu > 0 that
corresponds to some ¢; at least one inequality should be satisfied by equality, the comple-
mentarity condition is satisfied either by all points of I or only by (some) points on the
border of . Since we have only rejected rays that did not satisfy the complementarity con-
dition and hence certainly would not yield solutions of the ELCP, any arbitrary solution of
the homogeneous ELCP can be represented by (9).

However, if we take arbitrary subsets of C and £ then normally not every combination of

the form (9) will be a solution of the ELCP. The complementarity condition determines for
which subsets of C and £ (9) will yield a solution of the homogeneous ELCP. This is where
the concept “cross-complementarity” appears.
In [8] two solutions of a GLCP are called cross-complementary if every nonnegative combi-
nation of the two solutions satisfies the complementarity condition. This definition can be
extended to an arbitrary number of solutions. However, for the ELCP we have to adapt this
definition:

Definition 4.5 (Cross-complementarity) A set of solutions S of an ELCP is called cross-
complementary if every sum of an arbitrary linear combination of the central solutions in S
and an arbitrary nonnegative combination of the non-central solutions in S :

u = Z LSk + Z KL Sk with A\, €R and k >0 (10)
spESCen spESNC

where S = {s € S| Ps = 0} and 8™ = {s € §|Ps # 0}, satisfies the complementarity
condition.
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Note that every combination of the form (10) always belongs to K. So if S is a cross-
complementary set then every combination of the form

u = Z NSk + Z K Sk with A\ € Rand k; > 0

spEeSeen spESHe

where S®" = {s € S| Ps =0} and S"° = {s € S| Ps # 0} is a solution of the ELCP.
Now we shall determine the maximal sets of cross-complementary solutions. The following
property tells us that we can always set C; = C in (9):

Property 4.6 Ifu; is a solution of the ELCP then the set CU{u1} is cross-complementary.

Proof: First we define a set A such that A = R if u; is a central solution and A = {r €
R|r > 0} if u; is a non-central solution. So now we have to prove that VA, € R, Vu € A:

U= Z AxCr + puy satisfies the complementarity condition. We have that

cLeC
SI (Pl (Z AkCk + /wl) ) = 1T (Z Ae(Preg)i + M(P1u1)z‘>
7j=1 Z€¢J cxeC i 7j=1 ZE¢J cpeC

I
NE

(04 p(Pruq)i) since Picy, =0
=1 1i€¢;

Mac H (Pruy);
1 1€Q;

I
M 1

because of complementarity condition (3). So the set C U {u1} is cross-complementary. O

So now we only have to consider the extreme rays. The following property tells us that we
only have to test one positive combination to determine whether a set of extreme rays or
non-central solutions is cross-complementary or not:

Property 4.7 Let eq, ea, ..., e be arbitrary extreme rays (or non-central solutions) of the
ELCP. Then we have that

VK1,K2,...,Kk = 0 : Kiel + Koea + ... + Kpep satisfies the complementarity condition
if and only if

i, pa, ..o e > 0 such that pieq + pges + ... + uxer  satisfies the complementarity
condition.

Proof: Since the proof of the only-if-part is trivial we only prove the if-part.
If there exist positive real numbers pq, pa, ..., pr such that pie; + poes + . . . 4 ppe satisfies
the complementarity condition then we have that

H (Pr(pier + poea + ...+ pgex));, = 0 for j=1,2,...,m
i6¢j
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or

H (ul(Plel)i + /@(Pleg)i + ...+ ,uk(Plek)z) =0 for 7=12,....m

1€Q;
and thus
k
Z HHMPl@lz—O forj=1,2,....,m
(7/)17¢2v 7,¢}k)e =1 GTZJZ

where ¥; is the set of all possible k-tuples of disjoint subsets of ¢; the union of which is equal
to ¢j:

k
v, = {(wl,w,...,wk)\\ﬂe{l,z,...,k}:wlc@-;lez@- and
=1
Vll,l2€{1,2,...,k} cifly £l thenzpllﬂwb:@ }

Note that we also allow empty subsets 1/; in the definition of ;.
So

k
Z (Hﬂ#wl>'(HH(P1€z)i) =0 forj=1,2,...,m
) .

(Y12, 9r) €Y, I=1 i€

and since y; > 0 and (Pi1e;); > 0 for [ = 1,2,...,k, this is only possible if

V(1 , ... k) € HH (Prey); = 0 for j =1,2,...,m . (11)
=1 i€y,
Now we show that VK1, ke, ...,k = 0: K1e1 + koea + ... + kiep also satisfies the complemen-

tarity condition. Using the same reasoning as for pie; + puoes + ... + pper we find that

m
Z H (Pr(k1e1 + koea + ... + Kier));
Jj=licg;

= . > <H ’il#wl ) 11 (Prer);
J=1 (1,42, bk )€Y, =1 !
= 0 because of (11). O

To determine whether a set of extreme rays of the ELCP is cross-complementary we take an
arbitrary positive combination of these rays. If the combination satisfies the complementarity
condition then the rays are cross-complementary. If it does not satisfy the condition then the
rays cannot be cross-complementary.

Now we construct the cross-complementarity graph G. This graph has #& vertices — one
for each extreme ray e € £ — and an edge between two different vertices k& and [ if the
corresponding extreme rays e, and e; are cross-complementary. A subset V of vertices of a
graph such that any two vertices of V are connected by an edge is called a clique. A mazimal
clique is a clique that is not a subset of any other clique of the graph. In contrast to what has
been suggested in [9], finding all cross-complementary solutions does not amount to detecting
all maximal cliques of the graph G, as will be shown by the following trivial example.
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Example 4.8 Consider the following GLCP:

x
Find a vector | y | € R3 such that zyz = 0 subject to x,7,2 >0 and 0z +0y+0z=0.
z

The solution set of this GLCP has three extreme rays:

1 0 0
e1=10|,ea=|11] andeg=| 0
0 0 1

{e1,e2} is a set of cross-complementary solutions, and the same goes for {e2, e3} and {e3,e;} .
The graph G of cross-complementary rays is represented in Figure 1.

€3

e €2
Figure 1: The cross-complementarity graph G of Example 4.8.

{e1,e2,e3} is clearly a clique of this graph, but it is not a cross-complementary set since
e1t+ert+e3=[111 ]T does not satisfy the complementarity condition. O

To find all cross-complementary solutions we have to construct all maximal subsets &£, of cross-
complementary extreme rays. For Example 4.8 this would yield & = {e1,ea}, & = {e2,e3}
and &3 = {es, e1}.

We can save much time if we make some extra provisions, as will be shown by the following
properties.

Property 4.9 If ey € £ satisfies Pre; = 0 then ey belongs to every mazimal cross-comple-
mentary set.

Proof: Assume that & C & \ {e1} is a cross-complementary set. Now we show that E;U{e;}
is also a cross-complementary set. We have to prove that every nonnegative combination of
the rays of & U {e; }:

u:/iel—kZﬁ;kek with kK > 0 and k. > 0
er€Es

satisfies the complementarity condition.
Since & is a cross-complementary set we know that

i H Py Z K€k =0. (12)

j=licg; erEEs i
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Now we have that

i:n (Piu); =

s

M
S
<.
<
Il
_
i
m
S
<

P (nel + Z mkek))
er€Es i
ekEgs i

Z K€k since Pie; =0
er€Es i

I

<
I
.
m
S
<.

Ms

J=licg;
=0 because of (12).
So Es U {e1} is indeed a cross-complementary set. O

Property 4.10 If ey and es are two extreme rays and if
Vie{1,2,....p1} : (Pie1);i =0 if and only if (Pie2); =0 , (13)

then ey will belong to a maximal cross-complementary set if and only if eo belongs to that set.

Proof: Consider an arbitrary subset & C £\ {e1, ea2}. First we prove that if the set £;U{e; }
is cross-complementary then & U {e1, ea} is also cross-complementary.

If £;U{e1} is cross-complementary then every nonnegative combination of its elements satisfies
the complementarity condition. This means that

u = e+ Z er = e + vg
erEEs

with vs = Z e, satisfies the complementarity condition:
erEEs

H (Pi(e1+ws)); =0 forj=1,2,...,m

1€Q;
or
H ((Pre1); + (Pivs);) = 0 for j=1,2,...,m
1€Q;
and thus
Yo I @Pe) [ (Pog)i =0 forj=1,2,....m (14)
YeD(¢;) i€y i€ye

where D(¢;) is the set of all subsets of ¢; and ¢ = ¢; \ 9 is the complement of ) with respect
to ¢;. Since (Pre1); > 0 and (Pyv,); > 0, (14) can only hold if

Vi € D(¢J) : H (Plel)i H (Plvs)i =0 forj=1,2,...,m
i€y ST
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or equivalently
Vip € D(¢;) = (3i € ¢ such that (Preg); =0) or (3i € ¢ such that (Pivs); =0)

for j =1,2,...,m. Butif (Pie1); = 0 then also (Piez); = 0 and thus (Pi(e; + e2)), = 0. This
leads to
Vip € D(¢j) : (i €y such that (Pi(e1 +e2)); =0) or
(3i € ¥° such that (Pivs); =0)

for j =1,2,...,m, and consequently

H (Pi(er +ex+vs)); =0 forj=1,2,....,m .
i€¢j

Hence the nonnegative combination

v=eterto =etet ) e
er€Es

of the elements of & U {eq, e2} satisfies the complementarity condition. According to Prop-
erty 4.7 this means that the set & U {e1, ea} is cross-complementary.
To prove the only-if-part we interchange e; and ey and repeat the above reasoning. O

This leads to the following procedure for determining the sets of cross-complementary extreme
rays:

First we put all rays e € £ that satisfy Pie = 0 in &. Because of Property 4.9 we know that
these rays will belong to every maximal cross-complementary set.

Next we define an equivalence relation ~ on £ \ &:

e ~ ey if ViE{l,Q,...,pl}: ((Plel)i:O)@((Pleg)i:O) ,

and we construct the equivalence classes. Now we take one representative out of each equiva-
lence class and put it in Eeq. If we define S = {Preg | e € Eeq} then Vs, € S @ s > 0. Since
for any arbitrary pair of extreme rays ey , es € Eoq We have that

(Pr(p1er + poe2)); = pi(Prer) + po(Prea)i = pi(s1)i + pa(s2)i
there is a one-to-one correspondence between the cross-complementary subsets of £..4 and

m

the cross-complementary sets of solutions of the GLCP Z H s; = 0 with s > 0. Therefore
Jj=licg;

we now present an algorithm to determine the maximal cross-complementary sets of solutions

of a GLCP:
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Algorithm 3: Determine the maximal cross-complementary sets of solutions of a
GLCP

Input: m,S,{¢; o
Initialization:
20
B — {binary(sg) | s € S} { Construct the binary equivalents. }
{ Construct the cross-complementarity matriz: }
for k=1,2,..., #B—1
for I=k+1,k+2,...,#B
if (by V by) satisfies the complementarity condition then
cross(k,l) «— 1
else
cross(k,l) 0
endif
endfor
endfor
depth «— 1
start(1) < 0
last(1) «— #B
Vk e {1,2,...,#B} : vertices(1,k) «— k
Main loop:
while depth >0 do

start(depth) < start(depth) + 1
depth

b\ buertices(d,start(d))
d=1
{ Determine the vertices for the next depth: }
current vertex «— vertices(depth, start(depth))
next_depth < depth + 1
start(next_depth) «— 0
last(next_depth) < 0
for k = start(depth) +1,...,last(depth) do
new_vertex «— vertices(depth, k)
if cross(current_vertex,new_verter) =1 then
if (bV bpew_vertex) satisfies the complementarity condition then
last(next_depth) < last(next_depth) + 1
vertices(next_depth, last(next_depth)) <« new_vertex
endif
endif

endfor
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{ If the next depth does not contain any vertices, then a new maximal }
{ cross-complementary set has been found: }
if last(next_depth) >0 then

depth «— next_depth

else
depth

Snew U {Syertices(d,Sta""t(d))}
d=1

if VS;el': 8™V ¢ S then

' —Tu{s"v}
endif
{ Check whether the current subset contains all remaining vertices, }
{ otherwise return to the previous point where a choice was made: }
if start(l) 4+ depth — 1 = #B then

depth «— 0
else

while start(depth) = last(depth) do

depth «— depth — 1

endwhile
endif
endif
endwhile
Output: I'={S51,S,...} { the set of all cross-complementary sets }
Remarks:

1. This algorithm is an adaptation of the algorithm of [3] to determine a maximum clique

of a graph, i.e. a clique of maximum cardinality. We start with a set that contains one
vertex and we keep adding extra vertices as long as the corresponding set of extreme
rays stays cross-complementary. If no vertices can be added without violating the cross-
complementarity, we have found a maximal cross-complementary set. Then we go back
to the last point were a choice was made and repeat the procedure.
For additional information about this algorithm the interested reader is referred to [3].
A recent survey of algorithms and applications of the maximum clique problem can be
found in [27]. However, note that finding all maximal sets of cross-complementarity
extreme rays does not amount to determining all maximal cliques of the cross-comple-
mentarity graph G (cf. Example 4.8).

2. If we encounter a set that is not cross-complementary, then according to Property 3.3
— which is also valid if ¢; is a nonnegative combination of extreme rays — each superset
of that set will also be not cross-complementary. So once we have found a set that is
not cross-complementary, we do not have to add extra vertices.

3. If we have found a new maximal cross-complementary set, we should add it to the list
I'. But first we determine if there is any redundancy. Because of the order in which we
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process the maximal cross-complementary sets it is impossible that a new subset is a
superset of a set that is already in the list. So we only have to test whether the new set
is a subset of one of the sets of I'.

4. As was mentioned in [8] the cross-complementarity test can be done in binary arithmetic
only. First we replace each solution by its binary equivalent:

if s € R" then b= binary(s) € R® with b, = 0 if|s| <7,
=1 if|sl =71,

where 7 > 0 is a threshold.

In the complementarity condition we use logical and (A) instead of multiplication and
logical or (V) instead of addition. Example: the binary equivalent of the complemen-
tarity condition s1s2+s3 =0 is [(by =0) V (b2 =0)] A (b3 =0) .

To determine whether two (or more) solutions are cross-complementary we first con-
struct a new vector by taking the entrywise or of the binary equivalents of the solutions
and then we test whether this vector satisfies the (binary) complementarity condition.
We have already included this technique in our algorithm since it will be much faster
than doing everything in floating point arithmetic.

Note that we can also use this technique in Algorithms 1 and 2 if we define s = Pu

m
because then complementarity condition (2) reduces to Z H s;=0.
j=licg;

5. We have only constructed the upper triangular part of the cross-complementarity matrix
cross because in the test cross(current_vertex, new_verter) = 1 we always have that
new_vertex > current_vertex .

6. If we are only interested in obtaining one solution of the ELCP we can skip Algorithm
3. However, this is certainly not the most efficient way to get one solution of the ELCP
(see also Section 4.5).

Once we have found the sets of cross-complementary solutions of the GLCP we reconstruct
the corresponding subsets of £ by replacing each s; in each subset S by the corresponding
er and all the other members of the equivalence class of e;. If we also add all the elements of
&y to each subset we finally get I, the set of subsets & of cross-complementary extreme rays
of the ELCP. Now we can characterize the solution set of the ELCP:

Theorem 4.11 When C, £ and T are given, then u is a solution of the homogeneous ELCP
if and only if there exists a subset of cross-complementary extreme rays Es € I' such that

UZZ)\ka-i-Zlikek with A\, € R and ki, >0 .
cpeC epEEs

This leads to:

Theorem 4.12 In general the solution set of an homogeneous ELCP consists of the union
of faces of a polyhedral cone.

Remark: The main difference between the ELCP and the GLCP is that the solution set of
an homogeneous ELCP consists of the union of faces of a polyhedral cone — which means that
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it can contain a linear subspace — whereas the solution set of a GLCP is the union of faces
of a pointed polyhedral cone, which means that it cannot contain a linear subspace. Hence
there are no central rays in the solution set of a GLCP.

The algorithm of [8] to calculate the solution set of a GLCP starts with C = (,€ = {e; | e; =
(Ip); for i =1,2,...,n} and Pyec = I, and directly goes to Algorithm 2 and skips all steps
that deal with central rays.

4.4 Solutions of the inhomogeneous ELCP

Uq,

Every solution of the homogeneous ELCP has the following form: u = l . ] with u, > 0.

First we normalize all nonzero o components:

e If ¢ is a central ray then both ¢ and —c are solutions of the homogeneous ELCP. Since
Co. = 0 this is only possible if ¢, = 0.

e For an extreme ray there are two possibilities: e, = 0 or e, > 0. If e, > 0 then we
divide each component of e by e, such that the o component of e becomes 1. Because
of Property 3.2 the new e will still be a solution of the homogeneous ELCP.

This results in two groups of extreme rays: & = {e; € £|(ep)a = 0} and " = {e; €
£|(ex)a = 1}. The rays in C and ™ will correspond to solutions at infinity, whereas £fi
will yield finite solutions of the inhomogeneous ELCP. If we extract the x part out of each
ray of C, £™ and £ we get X, the set of central rays; X™, the set of infinite rays and
X0 the set of finite rays respectively.

Finally we construct for every subset & € I' the corresponding subsets X;nf c xf and

Xsﬁn c Xfin. We only retain those pairs {X;nf, Xsﬁn} for which Xsﬁn is not empty. This yields
A, the set of pairs of cross-complementary infinite and finite rays.

Theorem 4.13 When X, X xfin gnd A are given, then x is a solution of the inhomo-
geneous ELCP if and only if there exists a pair {X;nf, Xsﬁn} € A such that

T = Z AkTE + Z KkTg + Z HkTk

TEEX N zpEXnf zeXxfin

wz’th)\kER,/ik20,,uk>0andZukzl.
k

Proof:
First we prove the if-part:

Take an arbitrary pair {5;nf, Sﬁn} with £in o£ (). Consider

w= > MCk+ Y, Krex+ Y. ek

cpeC €k Ggénf € Eggin

with arbitrary Ag, arbitrary x; > 0 and arbitrary pg > 0 such that Zuk =1. Letu = [ 5 ] .
k (03

Then we have that

Ug = Z)\k-O—FZHk'O—I—Z,uk-l = Z,uk =1.
k k k k
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Since v is a solution of the homogeneous ELCP and since u, = 1, we have that

Z H (Az —¢); =0, Az —c>0 and Bz —d =

Jj=1lic¢;
Hence
r= Y x> ERTp Y kT
TREX N TR €Xinf zpeXfin

is a solution of the inhomogeneous ELCP.
Now we prove the only-if-part:

T ] . Since z

is a solution of the inhomogeneous ELCP, u is a solution of the homogeneous ELCP. So there
exists a set £ such that

U = Z AkCr + Z vie;

ceC e €Es

Consider an arbitrary solution « of the inhomogeneous ELCP. Construct u = [

with A\x € R and v > 0 or if we extract £ and £fin:

u = Z)\kck—l- Z Kreg + Z Ukerk

cpeC ey €Einf ep€&fin

with/\kER,/<;k20,uk.>Oandua:I:Z)\k-0+2/€k-0+z,uk-1. SoZuk:I.
k k k k

Note that the set 8?“ cannot be empty since otherwise the o component of u would not be
equal to 1. O

This leads to the following theorem:

Theorem 4.14 The solution set of an ELCP either is empty or consists of the union of faces
of a polyhedron.

We can even reverse this theorem:

Theorem 4.15 The union of any arbitrary set S of faces of an arbitrary polyhedron P can
be described by an ELCP.

Proof: Let the polyhedron P be defined by P = {z| Az > ¢} for some matrix A € RP*"

and some vector ¢ € RP. Let F be the union of the faces in §: F = U F;.

F,eS
Now consider one face F; € S with dimension k;. This face is the intersection of P and
l; = n — k; linearly independent hyperplanes from the constraints that define P. Let ¢; be
the set of indices that correspond to these hyperplanes. Then we have that F; = {z| Az >
cand Vj € ¢; : (Ar —¢); = 0}. Since Az — ¢ > 0, we also have that F; = {z|Az >

¢ and Z (Az—c); = 0}. If we define a set ¢; of indices for each face F; € S then F coincides
JEPi
with the solution set of the following ELCP:
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Find z € R™ such that

#S
I[[> (Az—0)j; =0 (15)

=1 ]€¢1
subject to Az > c.

Equation (15) really is a complementarity condition since we can always rewrite it as a sum
of products. O

Note that the empty set can also be described by an ELCP (e.g. by taking an infeasible
system of linear inequalities).

Remark: For the inhomogeneous ELCP we are only interested in cross-complementary sub-
sets that contain at least one finite solution. Therefore it is advantageous to put the extreme
rays that have e, # 0 at the top before determining the sets of cross-complementary rays. In
that case we do not have to consider all sets of cross-complementary extreme rays but we can
stop Algorithm 3 as soon as we have used all rays that have e, # 0.

4.5 The complexity of the ELCP and our ELCP algorithm

In each step of the algorithm to determine the central and extreme rays we have to make
combinations of intermediate rays. This means that the execution time of this algorithm
depends heavily on the number of extra rays that are generated in each step. In general
one could say that the execution time and the required amount of storage space grow as
the number of equations and variables grows. However, we have noticed that the execution
time and the storage space requirements do not only depend on the number of variables and
(in)equalities but also on the structure of the solution set.

In [22] Mattheiss and Rubin give a survey and comparison of methods for finding all vertices of
polytopes or polyhedra with an empty lineality space. The worst case behavior of Algorithms

1 and 2 can be compared with these algorithms if we would take the trivial complementarity
P

condition H (Ax — ¢); = 0, which means that at least one inequality should be satisfied by

equality 0; tlhat every border point of the polyhedron defined by Ax > ¢ is a solution of the
ELCP. Note that we may assume that there are no central rays since we can first determine a
set, of central rays by solving the system of homogeneous linear equations Az = 0 and Bx = 0,
and then remove the central rays from the ELCP solution by imposing the condition that
the other solutions should be orthogonal to the central rays. In [22] Mattheiss and Rubin
report execution times of the order O(v?) with p = 1.418 and v the number of vertices of the
polyhedron for the Chernikova algorithm, which is a special case of the double description
method: the Chernikova algorithm requires the additional constraint that all variables should
be nonnegative, so there are no central rays. However, note that according to the upper
bound conjecture [22] the least upper bound of the number of vertices of a polytope defined
by m (irredundant) inequality constraints in an n-dimensional space is given by

m_{nglJ + m_{n;2J

m—n m—n
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where |z is the largest integer less than or equal to x and (m) = _omt . This means
n (m —n)!n!
that in the worst case the number of vertices v can be of the order O (mL%J> fm>n>1
Fortunately, we can already use Property 3.3 to reject extreme rays that do not satisfy the
complementarity condition during the iteration process. This means that on the average the
execution times of our algorithm will be far less than the ones reported in [22]. Furthermore,
we have noticed that the number of intermediate rays also depends on the order in which the
inequalities and equalities are processed. It is still an open question how the optimal order
can be determined.
The execution time of Algorithm 3 depends heavily on the structure of the solution set and
on the number of finite rays (since we stop the algorithm as soon as all finite rays have been
considered).
Since the execution time of our ELCP algorithm depends on so many factors it is difficult to
give a neat characterization of the computational complexity as a function of the number of
variables and inequalities.

From the above we can conclude that the ELCP algorithm as presented in this paper is
not well suited for large problems with a large number of (in)equalities and variables and/or a
complex solution set. For such kind of systems one could try to develop algorithms that only
search one (non-trivial) solution, since in many cases we do not need all solutions. Possible
approaches are:

e global minimization [21]: for the ELCP we have to minimize the left hand side of the
complementarity condition over the equality and inequality constraints. The function
value in the minimum will be equal to 0 and the minimum will be a solution of the
ELCP. (See e.g. [15, 26] for methods and algorithms for constrained optimization);

e systems of polynomial equalities: by introducing slack variables the ELCP can be trans-
formed into a system of multivariate polynomial equalities;

e adaptations and extensions of the existing methods for LCPs and GLCPs of e.g. [1, 6,
19, 23, 24, 29, 34].

However, the following theorem shows that the ELCP is intrinsically a computationally hard
problem:

Theorem 4.16 The general ELCP is an NP-hard problem.

Proof: The decision problem that corresponds to the ELCP belongs to NP: a nondetermin-
istic algorithm can guess a vector x and then check in polynomial time whether x satisfies the
complementarity condition and the system of linear equalities and inequalities. Chung [4] has
proved that the decision problem that corresponds to the LCP is in general an NP-complete
problem. Since the LCP is a special case of the ELCP, the decision problem that corresponds
to the ELCP is also NP-complete. This means that in general the ELCP is NP-hard. O

So the ELCP can probably not be solved in polynomial time (unless the class P would coincide

with the class NP). The interested reader is referred to [14] for an extensive treatment of NP-
completeness.
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5 Example: application of the ELCP in the max algebra

The formulation of the ELCP arose from our research on discrete event systems. Normally
the behavior of discrete event systems is highly nonlinear. However, when the order of the
events is known or fixed some of these systems can be described by a linear description in the
max algebra [2].

The basic operations of the max algebra are the maximum (represented by @) and the
addition (represented by ®):

r®y = max{z,y} (16)

rTRY = x4y . (17)
The max-algebraic power is defined as follows:

¥ = a-x . (18)

Many important problems in the max algebra can be reformulated as a set of multivariate
polynomial equalities and inequalities in the max algebra:

Given a set of integers {my;} and three sets of real numbers {ax;}, {br} and {ck;} for
i=1,2,...,mg; for j =1,2,...,nand for k =1,2,...,p1 + p2, find a vector z € R” that
satisfies

mg n Chii

@aki@)@x]‘@ Y=y for k=1,2,...,p1,

i=1 j=1

Mk n Ckij

@aki®®xj® Ugbk fOI'k:p1+17p1+27"‘7p1+p27
i=1 j=1

or show that no such vector x exists.
Note that the exponents can be negative or real. In [12] we have proved the following theorem:

Theorem 5.1 A set of multivariate polynomial equalities and inequalities in the mazx algebra
is equivalent to an ELCP.

We shall illustrate this by an example:

Example 5.2
Consider the following set of multivariate polynomial equalities and inequalities:
(-8) @11 @z3@w:® s & 9L ®n®  ®ue® . &
0@ @z®  @as® = 3 (19)
2® fL‘1®_2 ® 332@4 ® $3®_7 ® l‘4®2 ® $5®2 ® I6®_3 ®
4® x2®_1 ® x4®3 ® x5®_2 = 14 (20)

(-3)® 21® @ @1 0 < 8. (21)

Using definitions (17) and (18) we find that the first “term” of (19) is equivalent to

(—8) + 4x1 + x3 + (—2):85 + xg .
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The other terms of (19) can be transformed to linear algebra in a similar way. Each term has
to be smaller than 3 and at least one of them has to be equal to 3. Hence we get a group of
three inequalities in which at least one inequality should hold with equality. If we also include
(20) and (21) we get the following ELCP:

Given
4 0 -1 0 2 —17 11
0 -4 0 2 0 2 6
1 2 0 0 4 0 7
A=1 9 4 7 9 9 g|awde=1 g,
0 1 0 -3 2 0 ~10
1 0 -3 2 0 0] 11 |

find a vector x € R® such that
(Az —¢)1 (Az —¢)2 (Az —¢)3 + (Az — )4 (Ax —¢)5 = 0

subject to Ax > c.

Using a similar approach we can also transform an ELCP into a set of multivariate max-
algebraic polynomial equalities and inequalities.

If we apply the ELCP algorithm to this ELCP we get the rays of Table 1 and the pairs of
subsets of Table 2. Any arbitrary solution of the set of multivariate polynomial equalities and
inequalities can now be expressed as

xr = Mz + Z KT, + Z (e,

zi exinf af exfin

for some s € {1,...,6} with \; € R, ki > 0, ,uk>OandZuk:1. O
k

Many problems in the max algebra such as matrix decompositions, transformation of state
space models, construction of matrices with a given characteristic polynomial, minimal state
space realization and so on, can be reformulated as a set of multivariate max-algebraic poly-
nomial equalities and inequalities [11, 12]. These problems are equivalent to an ELCP and
can thus be solved using the ELCP algorithm. In general their solution set consists of the
union of a set of faces of a polyhedron.

6 Conclusions and Future Research

In this paper we have proposed the Extended Linear Complementarity Problem (ELCP)
and established a link between the ELCP and other Linear Complementarity Problems. We
have shown that the ELCP can be considered as a unifying framework for the LCP and its
generalizations. Furthermore, we have made a thorough study of the general solution set of
the ELCP and developed an algorithm to find all its solutions.

Since our algorithm yields all solutions, it provides a geometric insight in the solution set
of an ELCP and other problems that can be reduced to an ELCP. On the other hand, this also
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leads to large computation times and storage space requirements if the number of variables
and (in)equalities is large. However, we are not always interested in obtaining all solutions
of an ELCP. Therefore our further research efforts will concentrate on the development of
(heuristic) algorithms that yield only one solution (as we have already done for the minimal
state space realization problem in the max algebra [10]).

Although we have shown that in general the ELCP is NP-hard, it may also be interesting

to determine which subclasses of the ELCP can be solved with polynomial time algorithms.
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Set Jocen Xinf Xﬁn

Ray x§ :1:11 1‘12 xg xil 1:15 xg xg xg
T -108 12 -4 0 36 0] -15 31| -15
T9 136 | -16 8 -2 | -56 -2 6 2 22
T3 -48 0 0 0 0 0 0 0
T4 -18 -6 2 0 6 0 2 ) 2
x5 -95 11 -1 1 37 1 5| 1.5 -13
e 290 | -26 14 -2 | -70 2 13 2 45

Table 1: The central, infinite and finite rays of the ELCP of Example 5.2.

s xnf Afin
L\ o, o, ol ) | {2}

2| {ah,2b} | {ah,2h)
3| {ah, 2, 2i} | {21, 25}
4| {ah, 2, 2b} | {ah, 25}
5| {zb} {21, 25, 25}
6 | {ah, 2, ab} | {21, 25,25}

Table 2: The pairs of cross-complementary subsets of the ELCP of Example 5.2.



The Extended Linear Complementarity Problem:
Addendum

Bart De Schutter and Bart De Moor

A Some worked examples of the ELCP algorithm

In this appendix we give two worked examples that illustrate our ELCP algorithm. In the
first example we solve a simple ELCP problem with Algorithms 1 and 2. However for this
small sized ELCP problem we do not get enough extreme rays to demonstrate Algorithm 3.
Therefore we give a second example in which we show how to determine all maximal sets of
cross-complementary extreme rays.

Example A.1: determination of the central and extreme rays

Consider the following ELCP:

Given
1 0 1 0
P=|1 11 -2 and Q= 0011},
1 -1 0 1
find u € R* such that
(Pu)y (Pu)2 + (Pu)2 (Pu)s = 0 (22)

subject to Pu >

Qu

Since all inequalities of
split Pu > 0.
First we process the inequalities of Pu > 0:

hUOO

u > 0 appear in the complementarity condition we do not have to

k=0
Initialization:

Co,1 = , €02 = y €0,3 = , C04 =

o O O
O O = O
o= O O
o O O

k=1

First we calculate the residues:

res (co1) =1, res(co2) =0, res(cp3) =1, res(coqa) =0 .



k=3

Hence C* = {cp1,c03} and C° = {cp2,c04}. Since the set C* is not empty we go to
Case 3 of Algorithm 1. First we put the elements of C° in C: c1,1 = co2 and c12 = o 4.
Since C~ is empty we do not have to transfer rays from C~ to CT. We set ¢ = ¢y and
put it in £: ey 1 = ¢p,1. Because no group of inequalities has been processed entirely yet,
condition (6) is void. So ¢ satisfies the partial complementarity condition by definition.
Finally we combine ¢ = cp1 and c¢p 3 and put the result in C:

61’3 = res (0073) 0071 — Ies (6071) 0073 = 0071 — 6073 .

So we find
0 0 1 1
11 = L c12 = 0 3= 0 el = 0
1,1 - O ’ 1,2 - 0 ’ 1,3 - _1 ) 1,1 - O
0 1 0 0
We have that
res(ci) =1, res(ci2) = —2, res(c13) =0, res(eg) =1 .

So Ct = {c11},C% = {c13},C™ = {c12} and E* = {e11}. Since C* is not empty
we go again to Case 3. We put ¢13 in C: ¢a1 = ¢13 and transfer —c; 9 to C*. The
ray ¢ = c1,) satisfies the partial complementarity condition (Pu); (Pu); = 0, since

0 . .
Pioci1= 1| Hence we put it in &: ez 1 = c¢1,1. We combine ¢ = ¢1,; and —c1 2 and
transfer the result to C:
C22 = TI€S (—6172) C1,1 —res (6171) (—0172) = 261,1 + c1,2 -

The combination of ¢ = ¢1,1 and ey satisfies the partial complementarity condition, so
we also put it to &:

6272 = Tres (CLl) €1,1 —Ires (6171) €11 =¢€11 — 6171 .

This yields

1 0 0 1

0 2 1 -1

C21 = 1 | C22 = BE €21 = BE €22 = 0
1 0 0

Using the same procedure as in the previous steps we find

€31 =C21+C22, €31 =Co1, €32 =€21 +C21, €33 =€22—2C21 ,

ii



and thus

1 1 1 -1
2 0 1 -1
1= | _q [@1= | | 27| 1|37 9
1 0 0 0

We do not have to reject any extreme rays since they all satisfy complementarity con-
dition (22).

Since we did not encounter any redundant inequalities, we have that Pn,.. = P. Now we take
the equality Qu = 0 into account:

k=1
We have that
res (c31) =0, res(egy) = —1, res(eg2) = —1, res(esz3) =2 .
So CY = {c31}, ET = {es3} and £~ = {ez1,e32}. Since CT =C~ = () we go to Case 2
of Algorithm 2. All elements of C stay in C:
T
C4’126371: [ 1 2 -1 1}

Now we have to determine which pairs of rays are adjacent. We find the following zero
index sets:

To(es1) = {1,2}, Zo(es2) ={1,3}, Zo(ess) ={2,3} .

If we consider Adjacency Test 1 then a necessary condition for two extreme rays to be
adjacent is that their zero index sets have n —t —2 =4 —1— 2 = 1 common element.
This means that all possible combinations of two different extreme rays pass Adjacency
Test 1. Note that Adjacency Test 2 is still necessary and sufficient since we have not
rejected any extreme rays. As a consequence we can conclude that the rays ez 3 and ez ;
are adjacent because Zp(es3) N Zo(esq) = {2} ¢ {1,3} = To(es2) . If we combine them
we get a new extreme ray that satisfies the complementarity condition, so we put it in

E:
T
€41 = 2e31 +e33 = [ 1 -1 0 0} .
Since the combination of the adjacent rays e33 and e32:
T
2esatess=]1 10 0]

does not satisfy the complementarity condition, we have to reject it.

T T
NowwehaveC:{{l 2 -1 1} }andé’:{{l -1 0 0} } Hence every com-

bination of the form

1 1
2 -1 .

u = A 1 + K 0 with A€ Rand x>0
1 0

is a solution of the ELCP.
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Example A.2: determination of the cross-complementary sets

Since the determination of the cross-complementary sets of an ELCP essentially reduces to
the determination of the cross-complementary sets of a GLCP, we demonstrate Algorithm 3
for a GLCP. Suppose that we have the following GLCP:

Given Z = [ 1 -1 —1 —1 -1 |, find u € R® such that
ug Uz Uy + ugus = 0 (23)

subject to u > 0 and Zu = 0.

The extreme rays of the solution set of this GLCP are

1 1 1 1
1 0 0 0
€] = 0 , €9 = 1 , €3 = 0 , €4 = 0
0 0 1 0
0 0 0 1

Now we use Algorithm 3 to determine which nonnegative combinations of the extreme rays
are also solutions of the GLCP.

e First we have to transform every ray into its binary equivalent. But since the rays are
already binary we can leave them as they are. The binary complementarity condition
is

[(uz = 0) V (ug = 0) V (ug = 0)] A [(uz = 0) V (us = 0)] . (24)

e Next we construct the cross-complementarity matrix, i.e. we determine which pairs of
extreme rays are cross-complementary.
The rays e; and ey are cross-complementary since

elv62:[1 110 O}T

satisfies the binary complementarity condition.
However eo and e4 are not cross-complementary since

62\/642[1 01 0 1}T

does not satisfy condition (24).

We check all other combinations of two different extreme rays and put the results in
the cross-complementarity matrix. To make the subsequent steps easier to follow, we
represent this cross-complementarity matrix by its graph G (see Figure 2). An edge
between two vertices of G indicates that the corresponding extreme rays are cross-
complementary.
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€1 €2

€3 €4

Figure 2: The cross-complementarity graph G for Example A.2.

e In Algorithm 3 we keep track of our progress by using lists of vertices to be investigated
for each depth d, where d is the number of elements of the set that we are currently
investigating. These lists are stored in the matrix vertices where the dth row contains
the vertices for depth d. The column index for the first vertex of the list for depth d is
start(d), and the column index for the last vertex is last(d). The combination we are

currently investigating consists of the first vertex of each depth. In our explanation Ny
last(d)

will represent the lists of vertices for depth d. So Ny = U {vertices(d,j)} .
j=start(d)

e We start with a list of vertices for depth 1: A7 = {1,2,3,4}.

Vertex 1 is the first vertex in the list, so now we look for other vertices of N7 that are
connected by an edge to vertex 1. Since the vertices 2, 3 and 4 satisfy this condition,
we get Ny = {2,3,4}.

The first vertices of each list are 1 and 2 so the set we are currently investigating is
{1,2}. Now we try to expand this set. The only other vertex in list A that is connected
to both vertex 1 and vertex 2 is vertex 3. So we check whether the set {ej, e, e3} is
cross-complementary. This is not the case since

T
61\/62\/63:[1 111 0}

does not satisfy condition (24). So we do not find any vertices for depth 3. This means
that the current set {e;,es} is a maximal cross-complementary set. We put it in the
list I': ' = { {e1,ea} }.

e We return to the previous point where a choice was made: we remove vertex 2 from N3:
Ny = {3,4}.
Now we are investigating the set {e;,es}. Since vertex 4 is connected to both vertex 1
and vertex 3 we check whether

T
61\/63\/64:[1 101 1}

satisfies the complementarity condition. Since this is the case, we add vertex 4 to the
list of depth 3: N3 = {4}. Because there is only one vertex in N3 we cannot augment



the depth. Hence we have again found a maximal cross-complementary set that should
be added to the list I': T' = { {e1,e2}, {e1,e3,ea} }.

e We return to previous point where a choice was made: we go again to depth 2 and we
remove vertex 3 from list NVy: Ny = {4}.
The current set is {1,4}. There are no more vertices left for the next depth so we have
a maximal cross-complementary set: {e1,es}. But since this set is a subset of the set
{e1,e3,e4}, that is already in the list I', we do not add it to I".

e Next we go back to depth 1, remove vertex 1 from N7 and so on.

Finally we get

I' = {{e1,ea}, {e1,e3,e4}, {€2,e3}} .
This means that every combination of the form
U = Ki1€1 + K€
or
U = Kie1 + K3es + Kqey
or

U = Koe€g + K3e3
with k1, Ko, k3, k4 = 0 is a solution of the GLCP.
Remark: We see again that finding all maximal sets of cross-complementary extreme rays

is not the same as finding all maximal cliques of the cross-complementarity graph G since
{e1,e2,e3} is a maximal clique but not a cross-complementary set.
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