-

View metadata, citation and similar papers at core.ac.uk brought to you byf’f CORE

provided by University of Birmingham Research Portal

UNIVERSITYOF
BIRMINGHAM

Research at Birmingham

A strongly polynomial method for solving integer
max-linear optimization problems in a generic case

Butkovic, Peter; MacCaig, Marie

DOI:
10.1007/s10957-014-0596-5

License:
Creative Commons: Attribution (CC BY)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):

Butkovic, P & Maccaig, M 2015, 'A strongly polynomial method for solving integer max-linear optimization
problems in a generic case', Journal of Optimization Theory and Applications, vol. 165, no. 3, pp. 941-963.
https://doi.org/10.1007/s10957-014-0596-5

Link to publication on Research at Birmingham portal

Publisher Rights Statement:
Eligibility for repository : checked 15/08/2014

General rights

Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

» Users may freely distribute the URL that is used to identify this publication.

» Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.

» User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
« Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 01. Feb. 2019


https://core.ac.uk/display/185480758?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1007/s10957-014-0596-5
https://research.birmingham.ac.uk/portal/en/publications/a-strongly-polynomial-method-for-solving-integer-maxlinear-optimization-problems-in-a-generic-case(4307a6e0-a0ac-4251-a772-511b545e9a7a).html

J Optim Theory Appl
DOI 10.1007/s10957-014-0596-5

A Strongly Polynomial Method for Solving Integer
Max-Linear Optimization Problems in a Generic Case

P. Butkovic - M. MacCaig

Received: 1 October 2013 / Accepted: 3 June 2014
© The Author(s) 2014. This article is published with open access at Springerlink.com

Abstract We study the existence of integer solutions to max-linear optimization prob-
lems. Specifically, we show that, in a generic case, the integer max-linear optimization
problem can be solved in strongly polynomial time. This extends results from our pre-
vious papers where polynomial methods for this generic case were given.
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Mathematics Subject Classification 15A80

1 Introduction

In the max-algebraic setting, we take maximization as our addition operation, addition
as our multiplication operation and work with the set of extended reals; the real num-
bers extended by —oo. Max-algebra (also called tropical linear algebra) is a rapidly
evolving area of idempotent mathematics, linear algebra, and applied discrete mathe-
matics. Its creation was motivated by the need to solve a class of non-linear problems
in mathematics, operational research, science, and engineering [1-4].

The question of finding integer solutions to max-linear systems of equations was
first addressed in [5]. Equations in max algebra are useful to model, for example,
scheduling problems; therefore, finding integer solutions is applicable to real world
examples.
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The two-sided system (TSS) in max-algebra is a matrix equation whose solution
can be used to describe, for example, the starting times of a synchronized system of
machines. The study of its solutions is also of interest since it is known that TSSs
in max-algebra are equivalent to mean payoff games [6,7]. Mean payoff games are a
well-known problem in NP N co-NP and the existence of a polynomial algorithm for
finding a solution remains open. Combinatorial simplex algorithms for solving mean
payoff games were discussed in [8].

The problems of finding solutions to two-sided max-linear systems have been pre-
viously studied and one solution approach is to use the Alternating Method [9,10].
If A and B are integer matrices, then the solution found by this method is integer,
however, this cannot be guaranteed if A and B are real. The Alternating Method can,
however, be adapted [11] in order to find integer solutions to TSSs. These methods
find solutions in pseudopolynomial time if the input matrices are finite.

Note that various other methods for solving TSS are known [12-14], but none of
them has been proved polynomial and there is no obvious way of adapting them to
integrality constraints. In [11], a generic class of matrices was defined for which it
could be determined, in strongly polynomial time, whether an integer solution to a TSS
exists, and find one if it does. The current paper extends the use of this generic case
to max-linear optimization problems (MLOP) with constraints in the form of a TSS.

The MLOP is a problem seeking to maximize, or minimize, the value of a max-linear
function subject to a two-sided constraint. Note that in other literature this is also known
as a max-linear programming problem. Without the integrality constraint, solution
methods to solve the MLOP are known, for example in [9,15], a bisection method
is applied to obtain an algorithm that finds an approximate solution to the MLOP.
Solutions using simplex methods were described in [8]. Also, a Newton type algorithm
has been designed [16] to solve a more general, max-linear fractional optimization
problem by a reduction to a sequence of mean payoff games. For integer solutions,
a pseudopolynomial algorithm was described in [11]. In this paper, we describe a
strongly polynomial solution method in a generic case. It remains open to find a
polynomial algorithm to solve a general MLOP with two-sided constraints.

2 Defining the Problem

In max-algebra, fora, b € R=RU {—o0}, we define a ® b := max(a, b),a @b :=
a + b and extend the pair (6, ®) to matrices and vectors in the same way as in linear
algebra, that is (assuming compatibility of sizes),

(A @ B)jj :=a;j ® bjj,

(A® B)jj := @a,’k ® by and
k

(o ®A),‘j =o®a;.

Except for computational complexity arguments, all multiplications in this paper are
in max-algebra and, where appropriate, we will omit the ® symbol. Note that o~
stands for —a.
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We will use ¢ to denote —oo as well as any vector or matrix whose every entry is
—oo. Note that ¢ is the max-algebraic additive identity, and O is the max-algebraic
multiplicative identity. A vector/matrix whose every entry belongs to R is called finite.
A vector whose j** component is zero and every other component is & will be called
a max-algebraic unit vector, and denoted e ;. We use 0 to denote the all zero vector of
appropriate size. An n X n matrix in the max-algebra is called diagonal, and denoted
bydiag(d,...,d,) = diag(d), if and only if its diagonal entries are dy, ..., d, € R
and off diagonal entries are ¢ (that is —oo). The max-algebraic identity matrix of
appropriate size is [ := diag(0, ..., 0).

For a € R, the fractional part of a is fr(a) := a — |a], where |-] denotes the
lower integer part. We extend these definitions to include ¢ = —oo by defining

le] :=¢,[e] :=¢eand fr(e) :=e.

For amatrix A € R™ ™" ,weuse |A] ([A]) to denote the matrix with (i, j) entry equal
to |a;j] ([a;;1) and snnllarly for vectors.

In this paper, a Vector x € R" is understood to be a column vector. Its transpose is
—nXxXm

denotedby x” € R Slmllarly, foramatrix A € R™ ™" its transposeis AT € R
A two-sided max-linear system is of the form

Ax®c=Bxdd

where A, B € R™" and c,d e R" Ifc=d = g, then we say that the system is
homogeneous, otherwise it is called nonhomogeneous. Nonhomogeneous systems can

be transformed to homogeneous systems [9]. If B € Eka, a system of the form
Ax = By

is called a system with separated variables.

If f e R", then the function f(x) = fT ® x is called a max-linear function.
MLOPs seek to minimize, or maximize, a max-linear function subject to constraints
given by max-linear equations described by TSS. Throughout this paper, the input of
an MLOP will always be finite matrices and vectors.

The integer max-linear optimization problem (IMLOP) is given by

fT®x—> min or max
StAX®c=Bx®d,xeZ"

where A, B € R"*" ¢,d € R", f € R". We will use IMLOP™" to mean the problem
minimizing f7x and IMLOP™ to mean the problem maximizing f7 x.

One example of an application of the TSS and the IMLOP is the multiprocessor
interactive system (MPIS) [1,9], which can be described as follows.

Products Py, ..., P, are made up of a number of components which are prepared
using n processors. Each processor contributes to the final product P; by producing
one of its components. We assume that processors work on a component for every
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product simultaneously and that work begins on all products as soon as the processor
is switched on.

Let a;; be the time taken for the j’ " processor to complete its component for P;
i=1,...,m;j=1,...,n). Denote the starting time of the j’h processor by x
(j = 1,...,n). Then, for each product P;, all components will be completed at time
max(x; + a1, ..., Xy + ain).

Further, k£ other processors prepare components for products Qi, ..., O, with
duration and starting times denoted by b;; and y;, respectively. The synchronization
problem is to find starting times of all n + k processors so that each pair (P;, Q;)
(i =1,...,m) is completed at the same time. This task is equivalent to solving the
system of equations

max(xy + a1, ..., Xp + @in) = max(yy +bit, ..., yk +bix) (i =1,...,m).
Additionally, we can introduce deadlines ¢; and d;, writing the equations as
max(xy + a1, ..., Xy + aip, ¢;) =max(y1 + b1, ..., yk + by, di) (i =1,...,m),

or equivalently, Ax @ c = By @d. For ¢; = d;, this indicates that the synchronization
of P; and Q; is only required after the deadline d;. The case ¢; < d; [¢; > d;] is
similar, but additionally models the requirement that P; [Q;] is not completed before
time d; [¢;].

When solving the MPIS, it may be required that the starting times are restricted to
discrete values, in which case we would want to look for integer solutions to the TSS.

In applications, it may also be required that the starting times of the MPIS are
optimized with respect to a given criterion. As an example, suppose that all processors
in an MPIS should begin as soon [late] as possible, that is, the latest starting time of a
processor is as small [big] as possible. In this case, we would set f = 0 and seek to
minimize [maximize] f Ty = max(xq, ..., Xy).

With this extra requirement, we obtain the MLOP,

fT®x — min or max
st.Ax®c=Bxdd.

It is important to note that throughout this paper, an integer solution is a finite
solution, x € Z", and so does not contain & components. For the problems described
above, it would also be valid to ask when there is a solution with entries from Z U {¢},
but we do not deal with this task here.

3 Preliminary Results

We will use the following standard notation and terminology based on [1,9]. For
positive integers m, n, k, we denote M = {1,...,m}, N = {1,...,n},and K =
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{1,...,k}.If A = (a;;) € R"™", then 1.(A) denotes the maximum cycle mean, that s,

Qi + ...+ ajiy

A(A) := max [ ;

:i1,...,i,eN,t=1,...,n].

The maximum cycle mean can be calculated in (’)(n3) time [17], see also [9]. If
A(A) = 0, then we say that A is definite. For a definite matrix, we define

A =loAdA’e... .0 A,

where [ is the max-algebraic identity matrix. Using the Floyd—Warshall algorithm,
see, e.g., [9],_A* can be calculated in O(n3) time.

Ifa, b € R = RU{+00}, then we define a @' b := min(a, b). Moreover, a ® b :=
a + b exactly when at least one of a, b is finite, otherwise

(—00) ® (+00) := 400 and (+00) ® (—00) := +00.
This differs from max-multiplication where

(—00) @ (400) := —o0 and (+00) ® (—00) := —00.

—mxn
For A e R , we define A to be the j th column of A. Further

—nXxXm —mXxn

AP = —AT e R and ATV :=—A€eR

_=n _n
Similarly, for y € R , we denote y(_l) = —y € R . For a scalar «, there is no
difference between ! and (1.

Given a solution x to Ax = b, we say that a position (i, j) is active with respect
to x if and only if a;; + x; = b;, it is called inactive otherwise. It will be useful in
this paper to talk about the entries of the matrix corresponding to active positions and
therefore we say that an element/entry a;; of A is active if and only if the position
(i, j) is active. In the same way, we call a column A ; active exactly when it contains an
active entry. We also say that a component x; of x is active in the equation Ax = Bx
if and only if there exists i such that either a;; + x; = (Bx); or (Ax); = b;; + x;.
Lastly, x; is active in f7x if and only if f;x; = fTx.

Next, we give an overview of some basic properties.

Proposition 3.1 [1,9]IfA e R" " and x,y € R", then
X<y=>2AQx<AQyand AR x <AQ y.
Corollary 3.1 [9]If f e R" and x,y € R", then

x<y=flx<fly.
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Lemma 3.1 [9] Let A, B € Kmxn, c,d e R". Then there exists x € R" satisfying
Ax @ ¢ = Bx @ d if and only if there exists z € R""! satisfying (A|c)z = (B|d)z.

Theorem 3.1 [11] In IMLOP™™, with finite input, f™® = —oc if and only if ¢ = d.

Theorem 3.2 [11] In IMLOP™X, with finite input, f™* = +o00 if and only if there
exists an integer solution to Ax = Bx.

fAcR" " andb e R™, then, for all j € N, define

Mi(A,b):={teM: a,jbt_l = maxaijbi_l}.
1

Proposition 3.2 [5] Let A € Rmxn, b € R™ and
i:=A"Q b,

(a) Aninteger solutionto Ax < b always exists. All integer solutions can be described
as the integer vectors x satisfying x < X.
(b) If, moreover, A is doubly R-astic, then an integer solution to Ax = b exists if and

only if

U M. b)=m.

JiXjel

If an integer solution exists, then all integer solutions can be described as the
integer vectors x satisfying x < X with

U Mj@.p=m.

JRXj=Xj

A vector x € R" [x € Z"] satisfying Ax < Ax, x # &, is called an [integer]
subeigenvector of A withrespectto subeigenvalue A. Since integer vectors are finite, we
deal only with finite subeigenvectors here. The set of all finite [integer] subeigenvectors
with respect to subeigenvalue A is denoted

V*(A, L) :={x e R": Ax < Ax}
[IV*(A, ) = {x € Z" : Ax < )x}].

Existence of [integer] subeigenvectors can be determined, and the whole set can be
described, in polynomial time using the following result.

Theorem 3.3 [5,9] Let A e R"™", 1 e R.
(i) V*(A, L) # @ if and only if

A TA) <o0.
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(ii) If V¥(A, X) # @, then
VA, AN = {0 A uu e R
(iii) IV*(A, 1) # @ if and only if
MIRTTAY) < 0.
(iv) If IV*(A, 1) # O, then
IV¥(A, L) = {2 1A z: z € ZM).

We will need the following immediate corollary.

Corollary 3.2 If A is integer and M(A) < 0, then
IV*(A,0) ={A"z:z€Z"}.

For any TSS, we can deduce a simple criterion for when no integer solution exists.
This idea is key in proving the main results of the paper.

mxk

Proposition 3.3 [11]Let Ac R"™" B € R If

(Fi e M)(Vj € N,t € K) fr(aij) # fr(bi;) and a;j, biy € R,

then neither Ax = By nor (if n = k) Ax = Bx has an integer solution.

Observe that, if either matrix has an & row, row i say, then the existence of an integer
solution would imply that the other matrix also has its i’ row equal to ¢. In this case,
the i' row of the equation Ax = Bx can be removed without affecting the existence
of integer solutions.

By Proposition 3.3, we can assume, without loss of generality, that in every row
there exists a pair of indices j, t for which the finite entries a;;, b;; satisfy

friaij) = frbiy).

We will restrict our attention to matrices A and B that have exactly one pair of indices
Jj, t per row. (Note that, if we randomly generated real matrices A and B, it is likely
that (A, B) will have very few such pairs and so this assumption is not too restrictive,
provided that we are working with real valued, and not integer valued, matrices; of
course, for integer matrices, the existing methods [9] for finding real solutions to the
systems discussed will find integer solutions, and hence the interesting case to consider
is indeed when the input matrices are not integer). Given a pair of matrices with such
an assumption on the fractional parts of entries we define, for all rows i € M, the pair
(r(i), r'(i)) to be the indices such that

friairiy) = frbirq))-
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Withoutloss of generality, we may assume that the entries (a; ), b, (;y) are integer
and that no other entries in the equation for either matrix are integer (this is since we
may subtract a constant from each row of the system without affecting the answer to
the question).

We summarize this in the following definition.

ops —=mxn —mxk .
Definition 3.1 Let A € R ,B e R . We say that (A, B) satisfies Property
OneFP if, for each i € M, there is exactly one pair (r (i), r’(i)) such that

air(i)s bir’(i) € Z, and
foralli € M,if j # r(i) and ¢ # r'(i), then
ajj, bir > ¢ = friai;) # frbit).

Remark 3.1 Note that this definition allows for multiple & entries in each row, for
example, the pair (I, I) satisfies Property OneFP with r (i) =i = r/(i) for all i.

Throughout this paper, we restrict our attention to pairs of matrices satisfying
Property OneFP.

Recall, from Proposition 3.3, that a necessary condition for an integer solution to
exist is that there is at least one pair of entries sharing the same fractional part in each
row. As mentioned above, if we randomly generated two real matrices A and B, then
we would expect there to be very few pairs of entries, (a; (), bi (i), Which share the
same fractional part. So, when given a random two-sided solvable system, the most
likely outcome is that there is at most one such pair of entries in each row. While this
discussion is not mathematically rigorous, it does allow us to conclude that (A, B)
having exactly one such pair per row represents a generic case for solvable systems.

ops = =mxk .
Proposition 3.4 [/1] Let A € R"", BeR"" satisfy Property OneFP. Then, the
entries a; r(y [b; (] are the only possible active entries in the matrix A [B] with
respect to any integer vector x [y] satisfying Ax = By.

Note that general systems can be converted into systems with separated variables
by Proposition 3.5 below and that this conversion will preserve Property OneFP. So
Proposition 3.4 holds accordingly for general systems.

Proposition 3.5 [11] Let A, B € R™™". The problem of finding x € Z" such that
Ax = Bx is equivalent to finding x € Z", y € 7" such that

A . B
1)*=\1)”
Hence we restrict our attention to the case of separated variables.

All integer solutions to TSS satisfying Property OneFP can be described by the
following.
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Theorem 3.4 [11] Let A € R"", B € R™™" satisfy Property OneFP. Foralli, j €
M, let

-1 —1
lij =a; ;) [ajre) 1 ® b i [bjri)]

and L := (l;j). Then, an integer solution to Ax = By exists if and only if L(L) < 0.
If this is the case, then Ax = By =y where y € IV*(L,0).

= —=mxk . p ..
Corollary 3.3 [11] For A € R"" B ¢ R"" satisfying Property OneFP, it is
possible to decide whether an integer solution to Ax = By exists in

O(m® +n+k)
time.
Remark 3.2 (i) Thei’ h row of L, as defined in Theorem 3.4, is equal to H (i )T where
HG) = (air0)  [A0)] @ (bi,r’(i))_l [B,i)]-
(i) Knowing Ax = y~1 = By forany y € IV*(L, 0), we can easily find x and y

using Proposition 3.2.
(iii) It follows from the definition that [e]e ! = (—00)(400) = &.

4 Strongly Polynomial Method to Solve IMLOP for Systems with Property
OneFP

In [11], a polynomial algorithm for finding integer solutions to an IMLOP satisfying
Property OneFP was described. The aim of this paper is to develop strongly polynomial
methods for solving I M L O P™™ and I M L O P™* under the assumption that Property
OneFP holds. Recall that IMLOP has the form,

fT ® x - min or max
St Ax®c=Bx®d,xeZ" “4.1)

where A, B € R"*" ¢,d € R™, f € R". We can write the constraints of the IMLOP
as

(Alc) ()(;) = (Bld) ()(;) x ez 4.2)

4.1 Consequences of Property OneFP
Letz = (xT,0)7 € Z"*!. By Proposition 3.5, the constraint (4.2) is equivalent to the

condition that there exists y € Z"*! such that (z, y) is an integer solutionto A’z = B’y
where

@ Springer



J Optim Theory Appl

A <A|c) . K(m—i—n-i—l)x(n—i—l)’ B - (B|d) ¢ RO HmEDX (D)

1 1
This is since, if (z, y) is an integer solution to A’z = B’y, then so is (z;}rlz, z;lrly)
-1 -1 -1
where Z, 12 = xT,0)T and Zy1Y = V1Y = T, 07,

Proposition 4.1 Let A, B € R™*" ¢,d € R™. If there exists a row in which the
matrices (A|c) and (B |d)‘ do not have entries with the same fractional part, then the
feasible set of IMLO P™" is empty.

Proof 1t follows from Proposition 3.3. O

For the rest of the paper, we will assume that the pair ((A|c), (B|d)) satisfies
Property OneFP, and hence so does (A’, B). Note that an example is provided at
the end of this paper to clarify many of the concepts that will be introduced in what
follows.

Corollary 4.1 Ler A’, B’ be as defined above. Let

= 1 1
L= () e Z" DX emtnt

where, foralli, j € {1,...,m+n+ 1},
. —1 -1
lij = (a0 1,01 ® B )" 6 )1

Then, a feasible solution to IMLOP exists if and only if A(L) < 0. If this is the case,
then

A'z=Bz
where z; = y”;l_jforanyy eIV*(L,0)and j €{l,...,n+ 1}

Proof Existence follows from Theorem 3.4.
Assume that (L) < 0, hence for all y € IV*(L, 0),

A|C _ (=D _ B|d

Let i € Z"*! be defined by Wj = ¥Ym+j,J =1,...,n+ 1, and note that since y is
finite so is w. Then,

Iz=pD = Iy.
O

Remark 4.1 (i) For A’, B’ as defined above, L can be calculated in O((m +n)?) time,
A(L) in O((m + n)?) time, and L* in O((m + n)?) time.
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(i1) Clearly,l;; = Oforalli € {1,...,m+n+41},andso A(L) > 0. Hence, an integer
solution to the TSS exists if and only if A(L) = 0.

This matrix L, constructed from A’ and B’, will play a key role in the solution of

the IMLOP. To construct the " row of L, we only consider columns A’ () and B, e

From Remark 3.2, the i"” row is equal to H (i) for

: —1 (TA) )] —1 (TBI )]
H(i) = (@) 1( I:<(il)) ® (Bl Irr’((il)) ’ @

where A” := (A|c) and B” := (B|d). Observe that,
H(i); >eforallie{l,.... m4+n+1},t €{l,...,m}

since A and B are finite. Further, wheni e {m + 1,...,m +n+ 1},i = m + j say,
thenr(i) = j =r'({) and [; ,q) =0 = I; (i) Hence,

o fA/ﬂ) (fB/ﬂ) . (fA’ﬂ ® fB/ﬂ)
H@G) = AN i) = J ity).
© ( I 1j I

. =i 1
Therefore, the matrix L € Zm+n+ has the form

P Q
R I
=mx(n+1)

where P € Z"", Q € Z R ezmthxm o7
Moreover, each row of Q has either one or two finite entries, for a fixed i €
{1,...,m}, the entries [;;, j € {m + 1, ..., m + n + 1} are obtained by calculating

(n+1)x(n+1)

max([a} i1 = @ > [0 1)1 = b priiy)»
where
a},r(i),j e{fm+1,....m+n+1}
form a max-algebraic unit vector, as do
b;-ﬁr,(i),j e{m+1,....m+n+1}.

Thus, at least one will be finite and, if (i) # r/(i), there will be exactly two.
From Corollary 4.1, we have
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where w is the vector of the last n + 1 entries of some y € I1V*(L, 0). By Corollary
3.2, y = L*w for some integer vector w. Let V = (v;;) be the matrix formed of the
last n + 1 rows of L*, so that u = V ® w for w € Z™+"*+! equivalently

(g) C YD g D, (4.4)

Now, (4.4) can be split into two equations, one for the vector x and one for the
scalar 0. Further, we would like the second equation to be of the form ming wy = 0
for ease of calculations later. This leads to the following definition.

Definition 4.1 Let V(© be the matrix formed from V(=1 by max-multiplying each

finite column j by v 4441, j» and then removing the final row (at least one finite column

—=1x(m+n+1)

exists by Property OneFP). Let U € R be the row that was removed.

Note that U contains only 0 or +o0 entries.

Proposition 4.2 Let A, B, ¢, d, VO and U be as defined in (4.1) and Definition 4.1.
Then, x € Z" is a feasible solution to IMLOP if and only if it satisfies

x=VO &y

where 0 = U ®' v for some v € 7"+

Proof By Corollary 4.1, x is feasible if and only if (x”,0)7 = (=1 where p is the
vector containing the last n + 1 components of some y € IV*(L, 0). By the above
discussion, this means that

©
(-rerewr ()

We will first consider, in Subsect. 4.2, solutions to /M L O P when L*, and hence
also V@ and U, is finite. In Subsects. 4.4.1 and 4.4.2 we deal with the case when L*
is not finite.

Before this we summarize key definitions and assumptions that will be used through-
out the remainder of the paper, for easy reference later.

O

Assumption 4.1 We assume that the following are satisfied.
i) A,BeR™" ¢,d e R™.
(i) A” := (A|c), B” := (B|d) and

o= () e (),

(iii) The pair (A”, B”) satisfies Property OneFP (and therefore also (A’, B')).
(iv) L is constructed from A’, B” according to Corollary 4.1.

(v) Without loss of generality, A(L) = 0.

(vi) V is the matrix containing the last n + 1 rows of L.
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4.2 Finding the Optimal Solution to IMLOP when L* is Finite

Theorem 4.1 Let A, B, c, d satisfy Assumption 4.‘I and VO be as in Definition 4.1.
If L* is finite, then the optimal objective value f™" is attained for

xPt = v O /9.

Proof By Proposition 4.2, we know that any feasible x satisfies x = V() @’ v where,
by the finiteness of L* (and also V) we have UT = 0 and hence

/ /
Ve ...e Vm+n+]=0.

Therefore, x > V© @ 0 for any feasible x and further V©® &' 0 is feasible. The
statement now follows from the isotonicity of f7 x, see Corollary 3.1. O

Theorem 4.2 Let A, B, c, d satisfy Assumption 4.1 and VO pe as in Definition 4.1.
If L* is finite, then the optimal objective value ™ is equal to

Mev@eo.

Further, let y := V© ® 0 and j be an index such that f™* = fjyj-Ifi is such that

yj = Vj(?), then an optimal solution is x°P! = Vi(o)-

Proof By Proposition 4.2, we know that any feasible x satisfies x = V© @’ v where,
by the finiteness of L* (and also V) we have UT = 0 and hence

’ ’
VD ... D Vyynr1 =0.

Ifv; =0, thenx < V.(O) and therefore all feasible x satisfy x <y = VO & 0. Note
that y may not be feasible.

By isotonicity, fy > fT x for any feasible x. We claim that there exists a feasible
solution x for which they are equal. Suppose that 7y = fjyj-Leti be an index such

0)
that v i

we get a feasible solution x such that x; = y;. In fact, x = Vl.(o) . Hence,

= y;. By setting v; = 0 and all other components to large enough integers,

fixi=fiyi=fly= flx = fix;,
which implies f7y = fTx as required. |

It follows from Theorems_ 4.1 and 4.2 that, if A(L) < 0 and L* is finite, then an
optimal solution to IMLOP™" and IMLOP™#* always exists.
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4.3 Criterion for Finiteness of L*

Theorems 4.1 and 4.2 provide explicit solutions to IMLOP, which can be found in
O((m + n)3) time by Remark 4.1, in the case when L* is finite. We now consider
criteria for L* to be non-finite, and show how we can adapt the problem in this case
so that IMLOP can be solved using the above methods in general.

Proposition 4.3 Let A, B, ¢, d satisfy Assumption 4.1.

—m+n+l . . . . .
Lete; € R be the j™" max-algebraic unit vector. The following are equiva-
lent:

(i) L* contains an ¢ entry.

(ii) There exists j € {1,...,n + 1} such that L:‘n+j =enyj -

(iii) There exists j € {1,...,n+ 1} such that L4 j = ep+ .

(iv) There exists j € {1, ...,n + 1} such that neither A’j( nor B}/ contain an integer
entry.

Further, the index j satisfies the condition in (ii) if and only if j satisfies the condition
in (iii) if and only if j satisfies the condition in (iv).

(x 9)

,Rezmthxm 1 o7

Proof Recall that L has the form

where P € Z"™, Q € Zmx et

(i1)=(i): Obvious.

—(iii)= —(i): Assume that, for all j, L; # e;. We know that the first 2 columns
of L are finite and, by assumption, every column of Q contains a finite entry. This
means that L2 will be finite and thus so will L*.

(i)« (iii): We show L, ; = ey if and only if Lﬁlﬂ. = ey j. Fix j such that
Ly+j = epyj. Then clearly, Li 4 = €m+j and hence (iii)=-(ii). Although (ii)=
(iii) follows from above, we need to also prove that the same index j satisfies both

(n+1)x(n+1)

statements. To do this, we suppose that L%Hj = epyj. Then, forall i € {1,...,m}
withi # j, we have
Homyj
(lin oo lim)® : ® (lim+1 o limnr)®1j =¢
lm,m+j
where [; 1, ..., m € R. Thus,
l],m+j =...= lm,m+j =¢£

and hence Ly = ey .
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(iii) < (iv): By the structure of L, (iii) holds if and only if Q contains an & column.
Fix j e {l,...,n+ 1}. Now, foranyi € M,

qij =€
S limyj=¢

/ /
S i@y = €= Oy

Sr@)# jandr'(i) # j
& alf}, bl’; ¢ 7.
Therefore, Q contains an ¢ column if and only if neither A” = (A|c) nor B” =
(B|d) contains an integer entry. O

Observe that, for each j € {1,...,n + 1}, either L;‘H_j = ep4j Or L:H—j is finite.

Further L} is finite for all 1 € M since P and R are finite.

Corollary 4.2 Let A, B, ¢, d satisfy Assumption 4.1. L* is finite if and only if, for all
J€{l,...,n+ 1}, either (Alc); or (B|d); contains an integer entry.

4.4 IMLOP when L* is Non-Finite

Theorems 4.1 and 4.2 solve IMLOP when L* is finite. In this case, U7 = 0 and
we took advantage of the fact that v; > 0 held for every component of v. However,
if L:‘nﬂ. = eyyj for some j € N, then U; = 400 and so v; will be unbounded.

This suggests that feasible solutions x = V©® & v are not bounded from below and
introduces the question of whether f™" = ¢ in these cases. We define the set J to be

J :={j € N : Neither A; nor B; contain an integer entry}.

Clearly, this definition of J is independent of whether or not ¢ and d contain integer
entries, this is necessary because, by the discussion above, only values v; with j € N
may be unbounded (note that Uy, 1,41 = 0 regardless of whether or not L* is finite).
In the following sections, we will use it to identify “bad” or inactive columns of A and
B, which can be removed from the system. First, we consider the case J = {4, under
which all v; are bounded even though L* may not be finite.

Observe that J = ¢ if and only if U T — 0. Further, it can be verified that, the
results in Theorems 4.1 and 4.2 hold when the assumption that L* is finite is replaced
by an assumption that U7 = 0, in fact, the same proofs apply without any alterations.
The case J = @ is therefore solved as follows.

Proposition 4.4 Let A, B, ¢, d satisfy Assumption 4.1 and V) be as defined in Def-
inition 4.1. Suppose J = (.

(1) For IMLOP™™, the optimal objective value f™" is attained for

7 =vOgo.
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(2) For IMLOP™?, the optimal objective value ™ is equal to
TevOgo.

Further, let y :== VO ® 0 and j be an index such that ™ = fiyj Ifiis such
that y; = Vj(?), then an optimal solution is x°P' = Vi(o).
It remains to show how to find solutions to I ML O P™" and I ML O P™ in the
case when UT # 0, 1i.e., when L* is not finite and J # @. We do this in the following
subsections.

4.4.1 IMLOP™™ when L* is Non-Finite

If J # ¢, then we aim to remove the “bad” columns A, Bj, j € J from our problem
and use Theorem 4.1 to solve it. The next result allows us to do this when J C N.
It will turn out that, in this case, under Assumption 4.1, an optimal solution always
exists; this will be shown in the proof of Proposition 4.7 below. The case J = N will
be dealt with Proposition 4.8.

Proposition 4.5 Let A, B, c, d satisfy Assumption 4.1 and f € R".
Suppose ) # J C N. If an optimal solution x exists, then f™" = f;x; for some
jeEN-—J.

Proof Suppose x is a feasible solution of /M LOP™" such that fTx = f™n but
S™ #£ fix; foranyl € N — J. Let

Ji={teJ: M= fx).

Observe that, for all ¢ € J, neither A, nor B; contains an integer entry and so, by
Proposition 3.4, x; is not active in the equation Ax @ ¢ = Bx @ d. Thus, the vector x’
with components

xja~! otherwise

, [x/ itj¢ 7
Xj= ;

for some integer o > 0 is also feasible but f7x’ < f7x, a contradiction. m|

Hence, we can simply remove all columns j € J from our system and solve
this reduced system using previous methods. Formally, let g be obtained from f by
removing entries with indicesin J.Let A~, B~ be obtained from A and B by removing

columns with indicesin J,s0 A~, B~ € R™ wheren' =n — |J]. By IMLOP; and
IMLOP,, we mean the IMLOPs

(IMLOP)min fT ®@x = f(x)
st.AX®c=Bx®d,x €Z" 4.5)
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and

(IMLOP)min g ® y = g(y)
st.ATy@®c=B"y®d yeZ" (4.6)

where, by assumption, the pair ((A|c), (B]|d)) satisfies Property OneFP, and therefore
so does ((A™|c), (B|d)).

To differentiate between solutions to IMLOP; and IMLOP,, the matrices L, L*,
V(O), U will refer to those obtained from A, B, ¢, d . When they are calculated using
A=, B, c,d, we will call them L, L*, VO U,

In order to prove that an optimal solution always exists, we recall the following
results which tell us that, for any IMLOP, the problem is either unbounded, infeasible
or has an optimal solution. Let

IS={xeZ": Ax ®c = Bx ®d},
S™N — (x € IS: f(x) < f(z) Vz € 1S} and
SMX — (x e IS: f(x) > f(z)Vz € IS).

From Theorems 3.1 and 3.2,

fMin = 00 & ¢ =dand ™ = 400 < (Ix € Z")Ax = Bx.

Proposition 4.6 [11]Let A, B, ¢, d, f be as defined in (4.1). If I S # V), then fmin
—00 = S £ P and M < 400 = ST £ (.

Proposition 4.7 Let A, B, ¢, d satisfy Assumption 4.1 and f € R". Let A=, B~, g
be as defined in (4.6). Suppose § # J C N. Then f™" = g™in x°P! can be obtained
from its subvector y°P! by inserting suitable “small enough” integer components and
IMLOP; can be solved by Theorem 4.1.

Proof First, observe that an optimal solution to IMLOP; always exists since Ut = 0,
so all components of v are bounded below. This implies that feasible solutions to
IMLOP;, and therefore also IMLOP, exist. So, by Proposition 4.6, IMLOP either
has an optimal solution or f™" = g If f™" = ¢ then, by Theorem 3.1, ¢ = d which,
under Property OneFP, means that ¢, d € Z™ and there are no integer entries in A or
B. This is impossible since J # N.

Suppose x°P! is an optimal solution to IMLOP; and let y’ be obtained from x°?' by
removing elements with indices in J. Using Property OneFP, we know that components

x%" j € J are inactive in Ax @ ¢ = Bx @ d. Further, from Proposition 4.5, we can

i
assume also that x?', j € J are inactive in /™ (can decrease their value if necessary
without changing the solution). Hence,

min T _opt T, ./
fM=fx =gy
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and

A Y Dc=AxP"®c=Bx" ®d =By ®d.
So y' is feasible for IMLOP;. If y’ is not optimal, then g™" = g7y” < ™" for some
feasible (in IMLOP;) y” . But letting x” = (x;) where, for j € J, x} corresponds to
y}’ and x}, j ¢ J, are set to small enough integers, we obtain a feasible solution to
IMLOP; satisfying f7x’ = g™ < f™min 3 contradiction. Therefore, y = y’!. A
similar argument holds for the other direction.

We now show how to solve IMLOP,. By Proposition 4.2, feasible solutions to
IMLOP; satisfy

y
0=U&® v,ve gmn'+l
Case 1: There exists an integer entry in either c or d. .
Observe that IMLOP; can be solved immediately by Theorem 4.1 since L* is finite.

Case 2: Neither ¢ nor d contains an integer entry.
Now L* is not finite. However, U is finite and

+00
+00

All other columns of V@ are finite. The single +oc column contains no finite entries
and will never be active in determining the value of a feasible solution. Hence, any
feasible solution y still satisfies y > V@ & 0 and y??' = V© @' 0 as in the proof of
Theorem 4.1. O

Coro!lary 4.3 Let A, B, ¢, d satisfy Assumption 4.1 and f € R". Let A~, B__, g,
and VO be as defined in (4.6). If § # J # N, the optimal objective value f™" of
IMLOP; is equal to g7 y°P' for
yopt — ‘}(O) ®/ 0.
The final case for IMLOP™™ is when J = N.

Proposition 4.8 Let A, B, c, d satisfy Assumption 4.1 and f € R". Suppose J = N.
If c = d, then f™" = —oo. If, instead, ¢ # d, then IMLO P™" is infeasible.

Proof Follows from Theorem 3.1 and the fact that entries in columns with indices in
J are never active. O
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4.4.2 IMLOP™ when L* is Non-Finite

We will now discuss I M L O P™* when J # ). The case when neither ¢ nor d contains
an integer is trivial and will be described in Proposition 4.10. We first assume that either
c or d contains an integer entry. Here, we cannot make the same assumptions about
active entries in the objective function as in the minimization case, as demonstrated
by the following example.

Example 4.1 Suppose we want to maximize (0, 1)7 x subject to

0 —-1.5 —0.5 0 —1.6 —0.6
(—0.5 —1.5)x 6B( 0 ) = (—0.6 —1.6)x ® ( 0 )
Note that J = {2}. It can be seen that the largest integer vector x which satisfies this

equality is (0, 1).
Therefore, ™ = 2, the only active entry with respect to f7 x is x, and 2 € J.

Instead, we give an upper bound y on x, for which f™* = 7y and we can find a
feasible x” where f7 x’ attains this maximum value. Forall j € J, wehave U; = +o0

and also V'* non-finite since L. j = em+j We will therefore adapt the matrix V ©
to reflect this.

Definition 4.2 Let V be obtained from V@ by removing all columns j € J.

Proposition 4.9 Let A, B, ¢, d satisfy Assumption 4.1 and f € R". Let V be as
defined in Definition 4.2. Suppose either c or d contains an integer and § # J < N.
Then, the optimal objective value f™ is equal to fTy for

y=V®O0.

Further, let j be an index such that f™* = f;y; and i satisfy y; = \_/ji. Then, an
optimal solution is x°P' = V.

Proof From Proposition 4.2, any feasible x satisfies

x=vVOgy

0 = minv;, v € Z"H"+1
ieT

where
T={,....m4+n+1}—{m+j:jeJ}
Note that T is the set of indices 7 for which U; =0and |[T|=m+n+1—|J|.
Consider an arbitrary feasible solution x’ = V@ @’ v'. Let i/ be the subvector of
v’ with indices from 7'. Then,

x/=V(O)®/v/§\_/®/,U/§\_/®0=y
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since min; y; = 0. Therefore, f7x" < fTy.

We claim that there exists a feasible x such that f7x = fTy and hence it is
an optimal solution with f”%* = fTy. Indeed, let j € N be any index such that
fTfy = fjyj. Leti € T be an index such v;(i))
vj, j # i to large enough integers, we obtain a feasible solution x = Vl.(o) which
satisfies f7x = fTy. O

= y;. Then, by setting v; = 0 and

Proposition 4.10 Ler A, B, ¢, d satisfy Assumption 4.1 and f € R". Suppose neither
¢ nor d contains an integer entry. If there exists x € 7" such that Ax = Bx, then
M = 400. If no such x exists, then I M LO P™* is infeasible.

Proof Follows from Theorem 3.2 and the fact that ¢ # d since they do not have any
entries with the same fractional part. O

We conclude by noting that all methods for solving the IMLOP under Property
OneFP described in this paper are strongly polynomial.

Corollary 4.4 Given input A, B, c, d satisfying Assumption 4.1 and f € R", both
IMLOP™™ and IMLOP™* can be solved in O((m + n)3) time.

Proof From A, B, c, d, we can calculate V(O), V,and U in O((m+n+ 1)3) time by
Remark 4.1. Then V@ @0, V@ ® 0 or V ® 0 can be calculated in O(n(m +n + 1))
time. From this we can calculate f min . ™ in O(n) time. Finally, for IMLOP™#*,
we can find an optimal solution in O(m + n + 1) time.

In the cases described in Proposition 4.10, we can perform the necessary checks in
O((m + n)?) time. o

4.5 An Example

Suppose we want to find f™™ and ™ subject to the constraints x € Z* and
3 0.5 —-1.7 =25 o -03) (14 11 1 -13 ® -0.2
37 -19 21 =37)"%\ -1 )J7\o8 1 —13 —22)"¥\-24)"
Note that J = {4} and

_ (3 05 -17 _ (14 11 1
A Z(—3.7 ~1.9 —2.1) and B =(0.8 1 —1.3)'

We first construct A’ and B’, these are

3 05 -—-17 =25 -03 1.4 1.1 1 —-1.3 -0.2
-37 -19 =21 =37 -1 08 1 —-13 —-22 =24
0 & £ £ e 0 e e & £
& 0 & e e and | ¢ 0 e & e
e £ 0 £ £ £ £ 0 & e
€ & & 0 £ £ £ £ 0 £
€ & £ £ 0 I3 £ £ e 0
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Then,
0 -2 -3 & —1 ¢ ¢ 0 —2 -3 -3 -1 ¢ —1
1 0 & —1 ¢ €1 1 0 -2 -1 0 ¢ 1
31 0 & € € ¢ 31 0 0 2 & 2

L=]12 1 & 0 € e€elandl* =2 1 -1 0 1 & 2
1 =1 ¢ ¢ 0 ¢ ¢ 1 -1 -2 -2 0 ¢ O
-1 -2 ¢ €& ¢ 0 ¢ -1 -2 -4 -3 -2 0 —1
0 -1 ¢ & ¢ €20 0 -1 -3 -2 -1 ¢ O

Note that A(L) = 0 and hence feasible solutions exist, further L} 44 = €244 85
expected from Proposition 4.3. Now, using Definitions 4.1 and 4.2,

-3 -2 -3 -2 -3 =2

-2 -2 =2 =2 =2 =2

-1 0 -1 0 -1 O
11 1 1 1 1

) -3 -2 -3 -2 -3 -2
and VO =[-—2 -2 —2 -2 -2 2
-1 0 -1 0 —1 0

V=

(recall that V© is calculated from A=, B~ as defined in (4.6)).
Suppose f1 = (0, —1, 1, 0). We first look for f™". By Corollary 4.3, we have that

g =0,-1,1)® (VP& 0)=(0,-1,1)®(-3,-2,-1)=0.

Hence, fmi“ = 0and x?" = (=3, =2, —1, x4)T for any small enough x4.
Now we look for /™, By Proposition 4.9, we have that

fmax— T gy —(0,-1,1,0)® (=2, 2,0, DT = 1.

Following the proof of this proposition, we see that the optimum is attained either
fori = 3 ori = 4. For i = 3, this relates to columns 2, 4, or 6 of V and hence
the optimal solution can be obtained by setting either v, v4, or ve to 0. This yields
xPt = (=2, -2,0, x4)T for any small enough x4. If we instead choose i = 4, then
we conclude that any column of V admits an optimal solution.

Finally, observe that V© can be obtained from V by removing rows with indices
in J. This is since A~ and B~ differ from A and B only in columns with indices from
J, meaning that L = L[N — J]and L* = L[N — J]*.

5 Conclusions

In this paper, we presented a strongly polynomial method to determine whether an
integer optimal solution exists to a max-linear optimization problem when the input
matrices satisfy Property OneFP. We gave a necessary condition for existence of an
integer feasible solution and, further, showed that, under this condition, an integer opti-
mal solution always exists. We described how to find an optimal solution in strongly
polynomial time. Our solution methods can be used to describe many possible integer
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optimal solutions to the system. It remains open to determine necessary and sufficient
conditions for the existence of an integer solution to a TSS/IMLOP when Property
OneFP does not hold. This is one direction for possible future work, as is the con-
struction of a polynomial time algorithm to find integer solutions to the TSS, or prove
that no such algorithm exists.

We restricted our attention to finding integer solutions without —oo, the zero entry
in the max-algebraic semiring, as this is more applicable to a real world example.
However, it would be interesting to study the set of integer solutions that do allow
—o0 entries, it is expected that the generic case described in this paper will also allow
for integer solutions with —oo to be found in strongly polynomial time.

At the time of writing, for TSSs which do not satisfy the generic property, it is
unknown whether an integer solution can be found in polynomial time. If we remove
the integrality requirement, then it is known that finding a solution to a max-algebraic
TSS is equivalent to finding a solution to a mean payoft game [6]. Mean payoff games
are a well-known class of problems in NP N co-NP; it is expected that a polynomial
solution method will be found in the future.
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