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Abstract We give a characterization of the minimal tropical half-spaces containing a
given tropical polyhedron, from which we derive a counter-example showing that the
number of such minimal half-spaces can be infinite, contradicting some statements
which appeared in the tropical literature, and disproving a conjecture of F. Block and
J. Yu. We also establish an analogue of the Minkowski—Weyl theorem, showing that
a tropical polyhedron can be equivalently represented internally (in terms of extreme
points and rays) or externally (in terms of half-spaces containing it). A canonical ex-
ternal representation of a polyhedron turns out to be provided by the extreme elements
of its tropical polar. We characterize these extreme elements, showing in particular
that they are determined by support vectors.

Keywords Max-plus semiring - Max-plus convexity - Tropical convexity -
Polyhedra - Polytopes - Minkowski—Weyl theorem - Supporting half-spaces
1 Introduction

Max-plus or tropical convexity has been developed by several researchers under dif-
ferent names, with various motivations. It goes back at least to the work of Zim-
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mermann [35]. It was studied by Litvinov, Maslov, and Shpiz [29], in relation to
problems of calculus of variations, and by Cohen, Gaubert, and Quadrat [12, 13],
motivated by discrete event system problems (max-plus polyhedra represent invariant
spaces of max-plus linear dynamical systems [11]). Some of this work was pursued
with Singer (see [14]), with motivations from generalized convexity [32]. The work
of Briec and Horvath [7] is also in the setting of generalized convexity. Develin and
Sturmfels [16] pointed out some remarkable relations with tropical geometry, and de-
veloped a new approach, thinking of tropical polyhedra as polyhedral complexes in
the usual sense. This was the starting point of several works of the same authors, of
Joswig [26] and of Block and Yu [6]. Some of the previously mentioned researchers,
and some other ones, including Allamigeon, Butkovi¢, Goubault, Katz, Nitica, Meu-
nier, Sergeev, Schneider, have recently made a number of works in the field, we refer
the reader to [3, 5, 10, 19-22, 27, 28, 30] for a representative set of contributions.

A closed convex set can be represented classically in two different ways, either
internally, in terms of extreme elements (extreme points and rays) and lineality space,
or externally, as the intersection of (closed) half-spaces.

The max-plus or tropical analogue of the external representation, esspecially in
the case of polyhedra, is the main object of this paper.

The existence of an external representation relies on separation arguments. In
the max-plus setting, several separations theorems have been obtained, with vari-
ous degrees of generality and precision, by Zimmermann [35], by Samborskii and
Shpiz [31], by Cohen, Gaubert, and Quadrat [12, 13] with a further refinement in a
work with Singer [14], and by Develin and Sturmfels [16]. In particular, the results
of [12-14] yield a simple geometric construction of the separating half-space, show-
ing the analogy with the Hilbert space case. This geometric approach was extended to
the case of the separation of several convex sets by Gaubert and Sergeev [24], using
a cyclic projection method. Briec and Horvath derived a separation theorem for two
convex sets using a different approach [8].

The existence of an internal representation relies on Krein—Milman type theorems.
Results of this kind were established by Butkovic¢, Schneider, and Sergeev [10] and
by the authors [20], who also studied in [21] the analogue of the polar of a convex
set, which consists of the set of inequalities satisfied by its elements.

Polyhedra are usually defined by the condition that they have a finite external
or internal representation, the equivalence of both conditions being the classical
Minkowski—Wey] theorem.

In the max-plus setting, a first result of this nature was established by Gaubert
in [18, Chap. III, Theorem 1.2.2], who showed that a finitely generated max-plus
cone can be characterized by finitely many max-plus linear inequalities. One element
of the proof is an argument showing that the set of solutions of a system of max-
plus linear equations is finitely generated, an observation which was already made by
Butkovi¢ and Hegedus [9]. Some accounts in English of the result of [18] appeared
in [2, 19, 23].

To address the same issue, Joswig [26] introduced the very interesting notion of
minimal half-spaces (tropical half-spaces that are minimal for inclusion among the
ones containing a given tropical polytope), he stated that the apex of such a tropi-
cal half-space is a vertex of the classical polyhedral complex arising from the poly-
tope, and deduced that there are only finitely many such minimal half-spaces. This
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statement was refined by a conjecture of Block and Yu, characterizing the minimal
half-spaces, in the generic case [6, Conj. 14].

The finiteness of the number of minimal half-spaces is an appealing property,
which is geometrically quite obvious in dimension 2. It came to us as a surprise that
it does not hold in higher dimensions. We give here a counter-example (Example 2
below), contradicting the finiteness of the number of minimal half-spaces containing
a tropical polyhedron (Corollary 3.4 of [26]) and disproving Conjecture 14 of [6].
The analysis of the present counter-example is based on a general characterization of
the minimal half-spaces, Theorem 4 below, the main result of this paper, which gives
some answer to the question at the origin of the conjecture of Block and Yu.

In a preliminary section, we establish an analogue of the Minkowski—Weyl theo-
rem (Theorem 2), showing that a tropical polyhedron can be equivalently described
either as the sum of the convex hull of finitely many points and of the cone generated
by finitely many vectors, or as the intersection of finitely many half-spaces (there is
no tropical analogue of the lineality space). The proof is based on the idea of [18]
(Theorem 1 below), which is combined with the results of [20].

In the final section, we characterize the extreme elements of the polar of a tropical
polyhedral cone. The set of extreme elements of this polar has the property that any
inequality satisfied by all the elements of the cone is a max-plus linear combination of
the inequalities represented by these extreme elements, and it is the unique minimal
set with this property (up to a scaling). In particular, these extreme elements provide
a finite representation of the original polyhedron as the intersection of half-spaces.
Theorem 5 below characterizes these extreme elements, showing in particular that
each of them is determined by support vectors.

2 The tropical Minkowski—-Weyl theorem

Let us first recall some basic definitions. The max-plus semiring, Rmax, is the set
R U {—o00} equipped with the addition (a, b) — max(a, b) and the multiplication
(a,b) — a + b. To emphasize the semiring structure, we write a @ b := max(a, b),
ab:=a+ b, 0:= —oo and 1 := 0. The term “tropical” is now used essentially as
a synonym of max-plus. The semiring operations are extended in the natural way to
matrices over the max-plus semiring: (A @ B);; := A;; ® B;j, (AB);j := @k Ajr By
and (AA);; := AA;; for all i, j, where A, B are matrices of compatible sizes and
A € Rpax. We denote by ek € R the k-th unit vector, i.e. the vector defined by:
(€M) =1 and (b)), ;=0 if h #£k.

We consider Ry« equipped with the usual topology (resp. order), which can be
defined by the metric: d(a, b) := |exp(a) — exp(b)|. The set R} . is equipped with
the product topology (resp. order). Note that the semiring operations are continuous
with respect to this topology.

A subset ¥ of R}, is said to be a max-plus or tropical cone if it is stable by
max-plus linear combinations, meaning that

MBuvey D

for all u, v € ¥ and A, u € Rpax. Note that, in the max-plus setting, positivity con-
straints are implicit because any scalar A € Rpax satisfies A > 0. As a consequence,
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max-plus cones turn out to share many properties with classical convex cones. This
analogy leads us to define max-plus convex subsets € of R . by requiring them to
be stable by max-plus convex combinations, meaning that Au & pv € % holds for all
u,v €% and A, u € Ryax such that A @ p = 1. We denote by cone(Z") the smallest
cone containing a subset 2" of R} ., and by co(Z") the smallest convex set con-
taining it. Therefore, cone(:Z") (resp. co(Z")) is the set of all max-plus linear (resp.
convex) combinations of finitely many elements of 2. A cone ¥ is said to be finitely
generated if there exists a finite set 2~ such that 7" = cone(Z"), which equivalently
means that 7' = {Cw | w e Rl .} for some matrix C € RILX!.

A half-space of R is a set of the form

max
@ aix; < @ bjxj},

1<i<n I<j<n

max

j‘f:{xeR"

where a, b € R}, ., and an affine half-space of R]L .. is a set of the form

< P aix,»>eac§< &b b,x,~>ead},

1<i<n 1<j<n

max

%:{XGR"

where a, b € R”

ax and ¢, d € Ryax. With the classical notation, the latter set can be
written as

H = {x eR! .« |max< max a; + x;, c) < max( max b; +xj,d>].
1<i<n 1<j<n
Note that half-spaces are max-plus cones.

Classical polyhedra can be defined either as a finite intersection of affine half-
spaces, or in terms of finite sets of vertices and rays, i.e. as the Minkowski sum of a
polytope and a finitely generated cone. Here we adopt the first approach and define
a max-plus or tropical polyhedron as the intersection of finitely many affine half-
spaces. We warn the reader that our notion of polyhedra is more general than the one
used in [16] (the latter reference deals with max-plus cones having a finite generating
family consisting of vectors with finite entries).

The following “conic” form of the Minkowski—Weyl theorem is equivalent to a
result established in [18], showing that a finitely generated max-plus cone is charac-
terized by finitely many max-plus linear equalities. This result was reproduced (but
without its proof) in the surveys [2, 19, 23]. For the convenience of the reader, we
include the proof here. The “if” part is equivalent to the existence of a finite set of
generators of a system of max-plus linear equations, which was first shown in [9].
There has recently been progress on these issues, leading to a faster algorithm, see
[3, 4].

Theorem 1 (Compare with [18, Chap. III, Theorem 1.2.2] and [23, Theorem 9]) A
max-plus cone is finitely generated if, and only if, it is the intersection of finitely many
half-spaces.

Proof Let ¥ C R be an intersection of p half-spaces. We next prove that ¥ is

max
finitely generated by induction on p.
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When p =1, as ¥ = {x € R, | @1§i§n aixi < @15j5n bjxj} = Ulgjgn 7,
where

V= {x cR”?

max |aixl~ <bjxj, Vi= 1,...,n},

to prove that 7/ is finitely generated it suffices to show that the cones ¥; are all finitely
generated. If b; # 0 and a; < b}, then it can be checked that ¥; = cone(Z;), where
X = {bje’ @aie/ |i=1,...,n}.Ifb;j =0o0ra; > b;, then ¥; = cone(Z), where
X :={e'|a; =0}.

Assume now that the intersection of p half-spaces is finitely generated and let

max max

”//::{xeR" |Ax§Bx}ﬂ{xeR" |ax§bx},

where A, B € RD:! and a,b € RIX" be an intersection of p 4 1 half-spaces.

max *
Then, we know that there exists a matrix C € REX!, for some ¢ € N, such that

(xeRL|IAx <Bx}={Cw|weR } As # :={weR  |aCw < bCw}

max max

is a half-space, there exists another matrix D € ]Rglﬁf(, for some r € N, such that

H ={Du|ueR 1} Therefore, ¥ ={Cw|aCw <bCw}={CDu|ueck }is

max max

finitely generated.

Conversely, let ¥ = {Cw | w € Rl ,,}, where C € RL!, be a finitely gener-
ated cone. Then, as finitely generated cones are closed (see [10, Cor. 27] or [20,
Lemma 2.20]), it follows from the separation theorem for closed cones of [14, 31,
35] that ¥ is the intersection of the half-spaces of Rl .. in which it is contained. Note

that a half-space {x € R}, | ax < bx} contains ¥ if, and only if, the row vectors a

and b satisfy aC < bC. Since {(a, b) € Rllnfu%” | aC < bC} is a finite intersection of
half-spaces, we know by the first part of the proof that there exist matrices A and B
such that (a, b) satisfies aC < bC if, and only if, (a, b) is a max-plus linear combi-
nation of the rows of the matrix (A, B). Therefore, ¥ = {x e R’ | Ax < Bx}, i.e.

max
¥ is an intersection of finitely many half-spaces. 0

Recall that the recession cone [20] of a max-plus convex set ¥ consists of the
vectors u for which there exists a vector x € % such that x @ Au € € for all A € Rpax.
This property is known to be independent of the choice of x € ¥ as soon as ¥ is
closed.

Given a max-plus cone #" C R ., anon-zero vector v € ¥ is said to be an extreme
vector of ¥ if the following property is satisfied

v=udw, u,weEY =>v=uorv=uw.

The set of scalar multiples of v is an extreme ray of ¥'. Given a max-plus convex set

% C Rl .., avector v € ¥ is said to be an extreme point of € if

v=Au®puw, u, W, A, M E€Rpax, AOu=1=v=uorv=uw.

As a corollary of Theorem 1 we obtain a max-plus analogue of the Minkowski—
Weyl theorem, the first part of which was announced in [19]. A picture illustrating
the decomposition can be found in [19, 20].
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Theorem 2 (Tropical Minkowski—Weyl Theorem) The max-plus polyhedra are pre-
cisely the sets of the form

co(Z) ® cone(¥),

where %,/ are finite sets. The set cone(¥) in such a representation is unique, it
coincides with the recession cone of the polyhedron. Any minimal set % in such a
representation can be obtained by selecting precisely one non-zero vector in each
extreme ray of the recession cone of the polyhedron. The minimal set % in such a
representation consists of the extreme points of the polyhedron.

Here, & denotes the max-plus Minkowski sum of two subsets, which is defined as
the set of max-plus sums of a vector of the first set and a vector of the second one.

Proof Let ¥ C R .. be a max-plus polyhedron. Then, there exist matrices A, B and

max

column vectors ¢, d such that € = {x € R}, | Ax @ ¢ < Bx @ d}. Consider the
max-plus cone

“//;:{(i) ER"mgﬂAx@cngxeadx}.

Since ¥ is an intersection of finitely many half-spaces, by Theorem 1 it follows that
¥ = cone(Z"), for some finite subset 2~ of Rt !, Note that we can assume, without
loss of generality, that

7 ={(5)ermtlzezfu](}) ermst [yen) @

for some finite subsets 2, % of R”

max*

xe%(z)(i)e“//@(;g: SQ}ZG) @ @M(E)

yew

— x=<@xzz>@(@/\yy), Pr.=1

e¥ e €¥

Therefore, we have

& x €co(%) @ cone(¥),

which shows that € = co(Z) @ cone(%).

Conversely, let € = co(Z) @ cone(%'), where 2, % are finite subsets of R} .
Note that x belongs to ¥ if, and only if, (i) belongs to ¥ := cone(Z"), where 2" is
the finite subset of Rt ! defined in (2). Since 7 is a finitely generated cone, we know
by Theorem 1 that there exist matrices A, B and column vectors ¢, d such that ¥ =
{(}) eREE} | Ax @ ch < Bx @ d)}. Therefore, € = {x e R, | Ax ®c < Bx ®d},
i.e. € is a max-plus polyhedron.

Now let € = co(Z) @ cone(#?') be a max-plus polyhedron. From the definition
of recession cones, it readily follows that cone(%) is contained in the recession cone

of €. Assume that u is a vector in the recession cone of %. By the first part of the
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proof, if we define ¥ := cone(Z"), where 2 is the finite subset of Rg;g; defined
in (2), then there exist matrices A, B and column vectors ¢, d such that ¥ = {(i) IS
R{';g,} | Ax ®ch <Bx®dr}and € ={x e R}, | Ax ®c < Bx ®d}. Since u is in
the recession cone of ¢, there exists x € % such that x @ Au € € for all A € Rpyax.
This means that A(x @ Au) & ¢ < B(x & Au) @ d for all A € Ryax, SO we conclude
that Au < Bu. Therefore, (g) € ¥V = cone(Z"), which implies that u € cone(#’) by
the definition of 2. In consequence, cone(%) is equal to the recession cone of €.

Assume that z is an extreme point of €’. We next show that necessarily z € 2. To
this end, by the definition of extreme points, it suffices to show that z € co(Z). To
the contrary, assume that 7 = x @ u, where x € co(Z), u € cone(¥') and x; < u; for
some i € {1, ...,n}. Then, given any non-zero scalar > < 1, we have z = (x ® Au) &
A(x @ (—A)u), which contradicts the fact that z is an extreme point of & because
x @ Au and x @ (—A)u are two elements of ¢ different from z. Therefore, any extreme
point of " must belong to 2.

Now let y be an extreme vector of the recession cone of % . Since the recession
cone of % is equal to cone(#/), by the definition of extreme vectors, it follows that a
non-zero scalar multiple of y must belong to %'.

Finally, since % is closed because it is a finite intersection of closed sets, from
Theorem 3.3 of [20] it follows that any minimal set ¢ in the representation € =
co(Z) @ cone(?) can be obtained by selecting precisely one non-zero vector in each
extreme ray of the recession cone of 4, and a minimal set 2 in this representation is
given by the extreme points of €. O

3 The partially ordered set of half-spaces

In this section we prove the existence of minimal half-spaces with respect to a max-
plus cone #'. With this aim, it is convenient to start with the following lemma which

shows that any half-space J# of R]. . can be written as

H = {x € Ry ax @aix,- < @ajxj},
iel jeJ
where I and J are disjoint subsets of {1,...,n} and a; € R for all k € I U J. Hence-

forth, all the half-spaces we consider will be written in this way.
Lemmal Leta,b,c,d € Ryax. Then,

{(xeRpax |ax ®c<bx ®d}={x € Rpax | ax & c <d}
ifa>b,and

{x eRpax |ax ®c <bx ®d}={x € Rpax | c <bx & d}

ifa <b.
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Proof We only prove the case a > b because the other one is straightforward.
Assume that ax @ c < bx ®d.If x = 0, necessarily ¢ <d and thus ax &c=c <d.

If x # 0, then, as ax @ ¢ > ax > bx and ax d ¢ < bx @ d, it follows that ax & ¢ <d.
Conversely, assume that ax @ ¢ < d. Then, we have ax ®c <d <bx dd. O

and ¥ Cc R”

3 n
Given v e R naxs

o ax the supports of v and ¥ are respectively defined
by

suppv:={k|vx#0} and supp”¥ := U supp v.
veV

We shall say that a max-plus cone ¥" C R} .. has full support if supp ¥ ={1,...,n}.

For any non-zero scalar A € Ry,x, we define A~ := —A, and we extend this notation to

vectors of R” - with only finite entries, so that x~ represents the vector with entries

—x; fori e{l,...,n}

Lemma 2 Let

I = {x € Ry .«

GB%MSGB%W}

iel jelJ

and

max

%/ZZ{XGRn @bixif@bjxj}

iel’ jed’
be two half-spaces. Then, when I # @, 7' C A if,and only if, [ C I', J' C J and
bj(bj))” <aj(a)” forallielandjel'.
Proof (=) Assume that I ¢ I'. Pick any i € I \ I’. Then, ¢/ € 5 and & ¢ JZ,
which contradicts the fact that 57’ C J#. Therefore, I C I'.

Now assume that J' ¢ J. Pick any j € J'\ J andi € I C I, and define the vector
x € Rix by
xw:{m- if ke (i j). 3)
0 otherwise.

Then, x € " and x ¢ 7, which is a contradiction. Therefore, J' C J.
Finally, since the vector x defined in (3) belongs to .7’ for any i € I C I’ and
j € J', it follows that it also belongs to . and thus a;(b;)~ < a;(b;)". Therefore,
bj(bj)” <aj(a;)” forallieland jeJ'
(<) Since
xed =bixi <@Pbjx;. Viel' = bx <@Pbjx;. Viel
jeJ’ jeJ’
= x; < @bj(b,’)_xj, Viel = x; < @aj(ai)_xj, Viel
jelJ’ jeJ’
= aix; < @ajxj, Viel = a;x; S@ajxj, Viel =>xei,
jelJ' jeJ

it follows that 3¢’ C 7. O
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Lemma 3 Let ¥ C R}, be a max-plus cone with full support and {7 },en be a
decreasing sequence of half-spaces such that V' C F¢. for all r € N. Then, there

exists a half-space F€ such that 7 =, cn J--

Proof Assume that

I = {x e RN« @a{xi < @a;xj},
iel, jedr
where for all » € N, I, and J, are disjoint subsets of {1,...,n} and a,: € R for all

k € I, U J.. By Lemma 2 we may assume, without loss of generality, that there exist
I,J c{l,...,n}suchthat I, =1 and J, = J for all r e N. If I = @), we have 4 =
R} .« forall » € N, so in this case the result is obvious. We next consider the case
I # (. Note that in this case we also have J # (J, because ¥ C 7 for all r € N and
supp ¥ ={1,...,n}.

We may also assume, without loss of generality, that P jeJ a; =1 forall r e N.
Then, since supp ¥ ={1,...,n} and @, alx; < @jeja;xj forre Nandx € 7,
it follows that the sequence {a; }, < is bounded from above for all i € I. Therefore,
we may assume, taking sub-sequences if necessary, that there exists @; € Rpax such
that lim, oo a; = a; fori € I.

We claim that a; # 0 for all i € I. To the contrary, assume that a; = 0 for some
h € I. Since by Lemma 2 we have a;(afl)_ < ajl. (a}l)_ for all j € J and r € N, this
implies that lim,_, 5 a; =0 for all j € J, which contradicts the fact that J # ¢ and
Dcs a; =1 forall r € N. This proves our claim.

Since @jej a; =1 for all r € N, the sequence {a;}reN is also bounded from
above for all j € J. Then, taking sub-sequences if necessary, we may assume that
there exists a; € Ryax such that lim, a; =aj for all j € J. If we define J =
{jeJlaj#0}and

max

%::{xeR”

Daixi < EBWJ}’

iel jel’
then it follows that 7" = (), .y 4% . Indeed, if x € (), oy 74, we have
. o — 1 r . 1 r . —_— . .
P = lim (D) = tim (D ) = Dy
iel iel jeJ JjeJ’

and thus x € . Therefore, (), .y-#4 C . Conversely, since J' C J and
aj(a;))” < a;(air)* foralli €I, j €J and r € N, by Lemma 2 it follows that
€ C A; for all r € N. Therefore, we also have J# C (), oy 74 O

Remark 1 Lemma 3 does not hold if " does not have full support. For instance,
consider

YV ={x e Ry | X2 =0,x1 <x3}
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and the decreasing sequence of half-spaces
M= x eRY o | x1 @ rx2 < x3),
where r € N. Then, (), oy % = ¥, but ¥ is not a half-space of R},

Theorem 3 Let ¥ C R, be a max-plus cone with full support. If V' is contained
in the half-space 7€, then there exists a half-space ' such that ¥V C 7' C A and

" is minimal for inclusion with respect to this property.

Proof By Zorn’s Lemma it suffices to show that for any chain {73 }4ca of half-
spaces which satisfies ¥ C %, C 7 for all o € A, there exists a half-space .77
such that 77 = (), o

According to Lemma 2 we may assume that

o, o
D 5@"1"1}

_ n
My = {x € Ry ax
iel jeJ

for all @ € A, where I and J are disjoint subsets of {1,...,n} and af € R for all
k € I' U J. Again, if I = {J the previous assertion is trivial, so assume / # {J. Consider
any sequence {a; },en C A such that the sequence {a‘j)." (af’)_}reN is decreasing and

Jim i (a)” = inf aj @) @
forall i € I and j € J. Then, by Lemma 3 there exists a half-space J#” such that
H' =), ey H, - Since (4) is satisfied, by Lemma 2, for any o € A there exists
r € N such that 7%, C J%,. Therefore, we have 7" = (1,c x 7 O

As a consequence of Theorem 3 and the separation theorem for closed cones
of [14, 31, 35], it follows that any closed cone ¥ with full support can be expressed
as the intersection of a family of minimal half-spaces with respect to #". When ¥
is finitely generated, by Theorem 1 we conclude that it is possible to select a finite
number of minimal half-spaces with respect to ¥ such that their intersection is equal
to 7. However, like in the classical case, even in the finitely generated case, the num-
ber of minimal half-spaces with respect to ¥ need not be finite, as it is shown in the
next section.

4 Characterization of minimal half-spaces

Throughout this section, #" C R .~ will represent a fixed max-plus cone generated
by the vectors v" € R}, ., where r =1, ..., p. For the sake of simplicity, in this
section we shall assume that all the vectors we consider have only finite entries. We
next recall basic definitions and properties related to the natural cell decomposition
of R? .. induced by the generators of ¥". We refer the reader to [16] for a complete
presentation, but we warn that the results of [16] are in the setting of the min-plus
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semiring Rpyin := (R U {400}, min, +), which is however equivalent to the setting
considered here.

We define the type of a vector x € R relative to the generators v” as the n-tuple
type(x) = (S1(x), ..., Sy (x)) of subsets S;(x) C{1,..., p} defined as follows:

S;(x) :={r|v;(x,-)—= &b v,ﬁ(xk)—}. )

1<k<n

Note that v;(xj)* < ®1§k5n v (xg)~ if r ¢ S;(x) and that any r € {1, ..., p} be-
longs to some S (x).

Given an n-tuple S = (S, ..., S,) of subsets of {1,..., p}, consider like in [16]
the set X s of all the vectors whose type contains S, i.e.

Xg:={xeRl,|S;CS;j), Vi=1,....n}. (6)

Lemma 10 of [16] shows that the sets Xg are closed convex polyhedra (both in the
max-plus and usual sense) which are given by

Xs= {XERH

max | Xjvf < xivf, Vi, jefl, ... n}withr e S;}.

The natural cell decomposition of Rf} . induced by the generators of ¥ is the col-
lection of convex polyhedra X g, where S ranges over all the possible types. This cell
decomposition has in particular the property that ¥ is the union of its bounded cells,
where a cell is said to be bounded if it is bounded in the (n — 1)-dimensional max-plus
or tropical projective space R" /(1, ..., 1)R (see [16] for details).

Given a cell X, if we define the undirected graph G g with set of nodes {1, ..., n}

and an edge connecting the nodes i and j if and only if S; N'S; # @, then by Proposi-
tion 17 of [16] the dimension of X is given by the number of connected components
of Gg (in [16] the dimension of X is one less the one considered here because it
refers to the projective space). Any non-zero vector in a cell of dimension one, which
is therefore of the form {Ax | A € Ryyax} for some x € R”, is called a vertex of the
natural cell decomposition.
Example 1 Consider the max-plus cone ¥ C R}, generated by the vectors: v! =
(1,2,3)7,v> = (2,4,6)T and v*® = (3,6,9)T. This cone is represented on the left-
hand side of Fig. 1 by the bounded dark gray region together with the two line
segments joining the points v! and v3 to it. On the same figure we show the type
of a vector, for each cell Xg contained in ¥. For instance, the type of the vec-
tor a = (0,1, 3)T is § = type(a) = ({1}, {1, 2}, {2, 3}). Then, since the graph Gg
has only one connected component, a is a vertex. If we take b = (0, 1, 2.5)T, then
S = type(b) = ({1}, {1}, {2, 3}) so that in this case the cell X is two-dimensional. In
Fig. 1 this cell is represented by the line segment which connects the points v! and a.
The natural cell decomposition of R>, induced by the generators of ¥ has six ver-
tices, fifteen two-dimensional cells (six of them bounded) and ten three-dimensional
cells (only one of them bounded, which is represented by the bounded dark gray
region labeled by the type S = ({1}, {2}, {3}) on the left-hand side of Fig. 1).
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Fig. 1 Illustration of the combinatorial types (left) and of the natural cell decomposition of Rfmx induced
by the generators of a max-plus cone (right), as defined by Develin and Sturmfels [16]

A simple geometric construction of the natural cell decomposition of Rf . in-
duced by the generators of ¥ can be obtained if we consider the min-plus hyperplanes
whose apices are the generators of ¥. Given a € R]L ., the min-plus hyperplane with
apex a~ is the set of vectors x € R, such that the minimum minj<;<, a; + x; is
attained at least twice (we refer the reader to [26] for details on hyperplanes and their
relation with half-spaces). By Proposition 16 of [16], the cell decomposition induced
by the generators of ¥ is the common refinement of the fans defined by the p min-
plus hyperplanes whose apices are the vectors v”, forr =1, ..., p. In the case of our
example, these min-plus hyperplanes are represented on the right-hand side of Fig. 1,
where it can be seen that ¥ is the union of the bounded cells.

Assume that

max

H = {xeR"

Daixi < EB“J‘XJ}

iel jeJ
is a minimal half-space with respect to ¥". Then, we necessarily have I U J =

{1,...,n}. Indeed, if h ¢ I U J, defining a; = min;<,<,{€D a;jv; "(v,) "}, it fol-
lows that the half-space

jeJ

H' = {x eRI .

anpxn D (@a,-xl) < @ajxj}

iel jeJ

contains ¥ because it contains its generators, which by Lemma 2 contradicts the min-
imality of 7. For this reason, in this section we shall assume that I UJ = {1, ..., n}
since we are interested in studying minimal half-spaces, and like in [26] we shall call
the vector a~ € s C R . the apex of .

max
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The following lemma gives a necessary and sufficient condition for 7 to be con-
tained in a half-space in terms of the type of its apex.

Lemma 4 The max-plus cone ¥ is contained in the half-space

Paxi <P |

H = {x cR?
iel jeJ

max

with apex a™ if, and only if, Ujej Sia™)={1,..., p}.

Proof Assume that Ujej Si(a™)#({1,..., p}. Then, there existsr € {1, ..., p} such
that r ¢ Sj(a™) forall j € J, and so a;v}; < P4, akvy, for all j € J. Therefore,

we have
A ro__ e
@“ﬂ’j < @ “k”k—@“l”i’

jed I<k<n iel

which means that v” does not belong to . and so ¥ is not contained in #. This
shows the “only if” part of the lemma.
Now assume that Ujej Sia™)={1,..., p}. Then, for each r € {1, ..., p} there

exists j € J such that r € Sj(a™), which means that a;v}; = €D, <4<, axv;. There-

fore, we have
Dearrs = @ ari = Darv;

iel 1<k<n jeld
Since this holds for all r € {1, ..., p}, it follows that # contains the generators of
¥, and thus ¥ is contained in .7Z. This proves the “if” part of the lemma. O

Now we can characterize the minimality of a half-space with respect to ¥ in terms
of the type of its apex.

Theorem 4 The half-space

max

:%”:{xeR"

Do = Do |

iel jelJ

with apex a~ is minimal with respect to the max-plus cone ¥V if, and only if, the
following conditions are satisfied:

(i) Foreachi € I there exists j € J such that S;(a~) N Sj(a™) #9,
(ii) Foreach j € J there existsi € I suchthat S;i(a~)NSja™) ¢ Ukel\{j} Sk(a™),

(iii) Ujel Sia)=A{1,..., p}

Proof If 5 is minimal with respect to ¥/, for each i € I there exists r € {1, ..., p}
such that a;v] = ¢, a;v} because otherwise there would exist § > 0 such
that 8a;v] @ (@hel\{i}ahv,’l) < EBJ»GJ ajv; for all r € {1,..., p}, contradicting by
Lemma 2 the minimality of 7#°. Therefore, for each i € I there exist r € {1,..., p}
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and j € J such that a;v] =a; v; > ayvy, for all k, which implies that r € S;(a™) N
Si(@ ) andso S;(a”)NS;ja™) #0.

Analogously, if 7 is minimal with respect to 7/, for each j € J there exists
refl,...,p}suchthat P, ; a;v = ajv; > @ke]\{j} ayvy. Otherwise, there would
exist § < 0 such that ), ; a;v] < 8ajv; ® (@kej\{j}akv,:) forall r € {1,..., p},
which by Lemma 2 contradicts the minimality of .7#. Therefore, for each j € J
there exist r € {1,...,n} and i € I such that aivi’ = ajv; > akvz for all k, where
the inequality is strict for k € J \ {j}, which implies that r € S;(a™) N S;(a™) but
r & Ugen gy Sk@™-

Finally, since any minimal half-space with respect to #" contains in particular ¥,
it follows that _J jes Si(a™)={l1,..., p} by Lemma 4. This completes the proof of
the “only if” part of the theorem.

Now assume that the three conditions of the theorem are satisfied. By Lemma 4,
Condition (iii) implies that 7" is contained in .7Z. Let

@bixi < @bjx]‘}

iel jeJ'

max

%”’:{xe]R”

be a minimal half-space with respect to ¥ contained in .7, which we know exists
by Theorem 3. Then, since ' C ¢, by Lemma 2 we have I Cc I’, J' C J and
bj(bj)” <aj(a;)” forallielandjeJ'.

We first show that I = I’, and thus J = J'. To the contrary, assume that I # [’
and let h € I’ \ I C J. Then, by Condition (ii), there exist / € [ and r € {1, ..., p}
such that ajv; = apv) > arv forall k € J \ {h}. Therefore, since b (b;)~ < a;(a;)”
foralli € I and j € J/, we have

v > @B ata) vp = @ ara)vp = P by

keJ\{h} kel’ kel’

and so

@bivf > @bivf > bjv] > @bw,ﬁ ,

el iel keJ’

contradicting the fact that v € ¥ C #’. Therefore, we conclude that I = I’ and
J=1J.

Note that by Conditions (i) and (ii), it follows that Si(a™) # @ for all k. This im-
plies, by the covering theorem of Vorobyev [33, Theorem 2.6] and Zimmermann [34,
Chap. 3] (see [1] for a complete recent discussion, including generalizations; see
also Corollary 12 and Theorem 15 of [16]), that the apex a~ of Z belongs to 7.
Therefore, since " C 7', we have P, bi(ai)™ < Dc, bj(a;)”. Without loss
of generality, we may assume that €, ¢, bi(ai)~ <€D ,c; bj(a;)” = 1. Then, since
bj(aj)” <bi(a;)” foralli el and j € J, we must have b;(a;)” =1, i.e. a; = b;,
foralliel.

Now assume that a # b. Then, there exists j € J such that b; < a; (note that
by < ay for all k € J because @ke 7 br(ar)™ =1), and by Condition (ii) there exist
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ielandr e{l,..., p}such that
aiv; =a;v} > akvy

forall k € J \ {j}. Therefore, it follows that

r

biv; = ajv; =a;jv;

o
>ij]
and

biv =a;v] > arvy, > bruy

forall k € J \ {j}, implying that

@bhvz > bivl > @bkv,z ,

hel kelJ

which contradicts the fact that v" € ¥ C 5#”. In consequence, we conclude that a =
b, and so J# = ', showing that 57 is a minimal half-space with respect to ¥'. O

Note that the theorem above tells us that the property of being minimal with re-
spect to 7 depends on the type of the apex of a half-space. More precisely, if a~ € R”
is the apex of a minimal half-space with respect to " and b~ is in the relative interior
of X, where S = type(a™), then b~ is also the apex of a minimal half-space with
respect to . Observe also that, as it was shown in the proof of Theorem 4, the con-
ditions in this theorem imply that the apex of a minimal half-space with respect to %’
must belong to 7. However, these conditions do not imply that the apex of a minimal
half-space with respect to ¥ should be a vertex of the natural cell decomposition of
R} .x induced by the generators of #". In other words, if a~ is the apex of a mini-
mal half-space with respect to ¥ and S = type(a ), then G s need not have only one
connected component. Indeed, this is not the case, except when n = 3.

Example 2 Consider the max-plus cone ¥ C anax generated by the following vec-
tors: v = (1r, 2r, 3r, 4r)T forr =1, ..., 4, where the product is in the usual algebra.
Note that these vectors are in general position, as defined in [16]. Indeed, this kind of
cones were already studied in [5, 6] and can be seen as the max-plus analogues of the
cyclic polytopes.

If we take a = (8, 6, 3.5, (—O.5))T, then S =type(a™) = ({1, 2}, {2}, {3, 4}, {4}),
so a~ is not a vertex. However, since the conditions of Theorem 4 are satisfied for
I ={2,4} and J = {1, 3}, it follows that

H = {x cR?

max

| 6x2 ® (—0.5)x4 < 8x) @ 3.5x3}, (7)
or

A = {x € (RU{—00})! | max(6 + x2, —0.5 + x4) < max(8 + x1,3.5 + x3)
with the usual notation, is a minimal half-space with respect to #". Indeed, since

XS:{XGR4

max | X2 =2x1, x4 =4x3, 4x) <x3 <5x1},
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vt v Y3

Y2~

Ty

Y1

Fig. 2 The counter-example: a max-plus polyhedral cone (right) and its intersections with two members
of an infinite family of minimal half-spaces containing it (left and middle). Note that the apex of each
of these minimal half-spaces is not a vertex of the natural cell decomposition of Rﬁlax induced by the
generators of the cone

any half-space of the form

{xeR4

max

| 6x2 @ x4 < 8x) @ 84x3}, 8)

where —1 < § < 0, is minimal with respect to ¥ because its apex belongs to the
relative interior of Xg. Moreover, this also shows that, even if we assume that the
generators of a max-plus cone are in general position, the number of minimal half-
spaces need not be finite.

This is illustrated in Fig. 2, which shows the max-plus cone ¥ (rightmost pic-
ture, in blue) together with two minimal half-spaces containing it corresponding to
the choice of § = —0.33 (leftmost picture) and § = —0.67 (middle picture). The apex
of each of these half-spaces belongs to the max-plus segment joining the vectors v>
and v*. The existence of an infinite family of minimal half-spaces can be seen on the
picture: when the apex of the half-space slides along the middle part of this max-plus
segment, the intersection of the boundary of the half-space (in yellow) with the max-
plus cone yields an infinite family of sets, two instances of which are represented.
The pictures of the max-plus polytopes were generated with POLYMAKE [25], the
latest version of which contains an extension dealing with tropical polytopes [27].
We plotted them with JAVAVIEW. The bounded parts of the half-spaces and their
intersections with the max-plus cone were computed in SCICOSLAB using the MAX-
PLUS TOOLBOX [15]. A vector x = (xq, ..., x4)T in R* is represented by the vector
y = (y1, »2, y3)T € R3 with vi = Xxi+1 — x1. The axes yi, y2, y3 starting from the
origin v! are represented at the right of the picture.

Remark 2 Like in the classical theory of convex cones, we could define a face of a
max-plus cone ¥ C R}, as its intersection with the closure of the complement of
a minimal half-space with respect to ¥, which is also a half-space. However, unlike
the classical case, the extreme vectors of a face of a max-plus cone defined in this
way need not be extreme vectors of the cone, even in the finitely generated case. To
see this, consider the cone ¥ C R defined in Example 2 above and the minimal

half-space with respect to " given by (7). Then it can be checked that the face defined
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by this minimal half-space has extreme vectors which are not extreme vectors of 7.
Two similar faces are visible in Fig. 2.

When n = 3, the conditions in Theorem 4 imply that the apex of a minimal half-
space with respect to ¥ must be a vertex of the natural cell decomposition of R3
induced by the generators of #". This means that 7 can be expressed as a finite inter-
section of half-spaces whose apices are vertices. We next show that this property is
also valid in higher dimensions. With this aim, we shall need the following immediate

consequence of Proposition 19 of [16].

Lemma 5 Let X be a bounded cell of the natural cell decomposition of RLL . in-
duced by the generators of V. Then, x € Xy if and only if it can be expressed as
X = minj<s<y, Asa® for some scalars Ay € R, where a® for s € {1,...,m} are ver-
tices of the natural cell decomposition which belong to X (in other words, X g is the

min-plus cone generated by its vertices).

As a consequence, we have the following separation theorem in the special case
of finitely generated max-plus cones whose generators have only finite entries.

Proposition 1 Assume that y € RLL,, does not belong to the max-plus cone V. Then,
there exists a half-space containing ¥ but not y whose apex is a vertex of the natural
cell decomposition of R”. . induced by the generators of V.

max

Proof By the separation theorem for closed cones of [14], there exists a half-space

@b;xi < @bjxj}

iel jeJ

I = {x eRN.«

containing ¥ but not y whose apex b~ belongs to . To be more precise, in [14]
it is shown that we can take b~ = max{x € ¥ | x < y}. Let S = type(b™) be the
type of b~. According to Lemma 4, we have Ujel Si(b7)={1,..., p}, and so the
half-space

max

{xeR”

Deixi = @c,-x,-}

iel jeJ
contains ¥ if ¢~ belongs to the (bounded) cell X.

Let (@®)” € R, where s € {1,...,m} for some m € N, be the vertices which

belong to Xg. Then, by Lemma 5 we know that there exist scalars Ay such that b~ =
miny<s<m As(a@*)”, and thus

b= EB (hs)~a.

1<s<m

Since y does not belong to .7# we have

@( D @Av)‘af)yf:@bm >€Bb,,~y,-=@( D (M)_aj?>y,/,

iel “1<s<m iel jelJ jeJ M<s<m
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and so there exists r € {1, ..., m} such that

P o ayi > P ) dhy;.

iel jeJ

This means that the half-space

n r r
{x € R« @aixi < @ajxj},
iel jelJ
whose apex is the vertex (a”)~, separates ¥ from y. 0

The previous proposition leads us to study minimal half-spaces with a fixed apex.

Lemma 6 The maximal number of incomparable half-spaces of R
apex is (L J)

" ax With a given

Proof By Lemma 2 two half-spaces with the same apex a~ € R

Daixi < EBam}

iel jeJ’

max

H' = {x € R}«

and

max

H = {xER"

Paxi =P |

iel jeJ

satisfy 7" C 27 if, and only if, I C I’. Therefore, the maximal number of incom-
parable half-spaces with a given apex is equal to the maximal number of incompa-
rable subsets of {1,...,n}, which is equal to ( Lg J) according to Sperner’s Theorem

(see [17]). O

Remark 3 There exist cones ¥ C R”

max
given apex. For example, consider n odd and define ”i/ as the cone generated by the
following vectors:

which have (L” J) minimal half-spaces with a

v, =

1. |0 ifiel,
1 otherwise,

where [ is any subset of {1, ..., n} with exactly | 5| elements. Then, applying Theo-
rem 4, it can be checked that any half-space of the form

@xii@x,‘},

iel jel

max

{x eR”?

where again I is any subset of {1, ..., n} with exactly |5 | elements, is minimal with
respect to V.
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When the generators of a cone ¥ C R are in general position, it is possible

to have (at least) P(n) minimal half-spaces with respect to #* with the same apex,
where { P (n)},cn is the Padovan sequence, which is defined by the recurrence

P(n)=Pn—-2)+Pn—3) )

with P(1) = P(2) = P(3) = 1. More precisely, the max-plus cone ¥ C R}, gen-
erated by the vectors v" = (1r,2r, ..., nr)T forr =1,..., n, where the product is in
the usual algebra, has P(n) minimal half-spaces with apex a, where a; ;==Y ;_, k
fori=1,...,n.

To see this, in the first place note that due to the definition of a, the type of a
is given by S, (a) = {n} and Si(a) = {k,k + 1} for 1 <k < n. Since by Lemmas 2
and 4 minimal half-spaces with a fixed apex a correspond to subsets J C {1,...,n}
such that {S;(a)};es is a minimal covering of {1,...,n}, it follows that each time
S-_1(a) and S, (a) belong to such a covering, then S,|(a) cannot belong to it be-
cause Sy(a) C Sy—1(a) U Sy41(a). Observe also that if S._1(a) belongs to a min-
imal covering but S;(a) does not, then S,;1(a) must belong to it. Finally, since
Sq(a) C S,—1(a), precisely one of these two sets must belong to a minimal cover-
ing.

Let {S;(a)}jes be a minimal covering of {1,...,n}, and assume that S, (a) be-
longs to it. Then, S,,—2(a) must also belong to the covering. If we define the sets S;. (a)

forj=1,...,n=3by S| _;(a):={n—3}and S} (a) := Si(a) for 1 <k <n—3,then

it can be checked that there is a bijection between minimal coverings of {1, ...,n —3}
by the sets S’; (a) and minimal coverings of {1, ..., n} by the sets S ' (a) which contain
S, (a).

Analogously, if we now assume that S,,_1(a) belongs to a minimal covering of
{1, ..., n}, and if we define the sets S}’(a) forj=1,...,n=2by S’ ,(a):={n—2}
and S)/(a) := Sx(a) for 1 <k <n — 2, it can be checked that there is a bijective

correspondence between minimal coverings of {1, ..., n — 2} by the sets S}/ (a) and
minimal coverings of {1, ..., n} by the sets S;(a) which now contain S, _1(a).
In consequence, the number of minimal coverings of {1, ..., n} by the sets §;(a) is

given by the Padovan sequence because these numbers satisfy the recurrence relation
that defines this sequence.

Example 3 Taking n = 4, the argument used to establish the recurrence (9) defining
the Padovan sequence shows that at a = (1, 3, 6, IO)T, there are two minimal cover-
ingsof {1, ..., 4} by the sets S;(a). One consists of S (a) = {1, 2} and S3(a) = {3, 4},
and corresponds to the half-space

(=3)x2 @ (—10)x4 = (=Dx1 & (—6)x3

which coincides with the one in (8) when § = —1 and has the same shape as the ones
in Fig. 2. The second minimal covering consists of Sj(a) = {1,2}, S2(a) = {2, 3},
Sa(a) = {4}, it corresponds to the half-space

(=6)x3 < (—Dx1 & (=3)x2 @ (—10)x4

which is represented in Fig. 3.
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Fig. 3 One of the two minimal
half-spaces with apex
(1,3,6,10)7

5 Relation between the extreme rays of the polar and minimal half-spaces

In the classical theory of convex cones, it is known that the extreme rays of the polar
of a convex cone correspond to its supporting half-spaces. Since the notion of extreme
ray carries over to the max-plus setting [10, 20] as well as the notion of polar [21], it
is natural to investigate the relation between the minimal half-spaces with respect to
a max-plus cone and the extreme rays of its polar.

Following [21], we define the polar of a max-plus cone ¥ C R as

Yo . {(a’b)e(R?nax)z‘ @ aijx; < @ bij', Vxe”//},

1<izn 1<j<n

i.e. 7° represents the set of all the half-spaces which contain #". Conversely, we may
consider the max-plus cone defined by the intersection of a set of half-spaces. This
leads to define (see [21]), for all # C (R"., )2, a “dual” polar cone

max

@ aix; < @ bjx]', V(a,b)e”‘//}.

1<i<n 1<j<n

max

W = {xeR"

Then, by the separation theorem for closed cones ([14, 31, 35]), it follows that a
closed cone ¥ is characterized by its polar cone:

¥V =(v°)°.

In particular, when ¥ is finitely generated, this means that ¥ = #'°, where # C
(Rf’nax)2 is the (finite) set of extreme vectors of #°. Thus, the extreme vectors of the
polar of ¥ determine a finite family of max-plus linear inequalities defining 7.

The following theorem characterizes the extreme vectors of #° in terms of the
generators of 7.
Theorem 5 Assume that V' C RPL . is a max-plus cone with full support generated
by the vectors v" e R, ,wherer =1, ..., p. Then, up to a non-zero scalar multiple,

the extreme vectors of V'° are either (0, e) or (e, ei),for i=1,...,n, or have the
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form (ei, @je] bjej)forsome ie{l,...,n},where J C{1,...,n}\ {i}. Moreover,
a vector of V° of the latter form is extreme if, and only if, the following condition is
satisfied:

For each j € J there existsr € {1, ..., p} such that v} =ij; > @ brvy. (10)
keJ\{j}

Proof In the first place, note that by the definition of ¥°°, the vectors (0, ei), for
i=1,...,n, belong to ¥°, so these vectors are clearly extreme vectors of #° and
the only ones of the form (0, ). Moreover, since ¥ has full support, ¥"° does not
contain vectors of the form (e’, b;e’) with b; < 1. This implies that (e’, ¢') is also an
extreme vector of ¥° foranyi=1,...,n.

Since 7¥° satisfies

@@a’,byev°=(a',b)e¥°and (a”’,b) e V°,

it follows that (a, b) is an extreme vector of ¥"° with a # 0 only if there exists i €
{1,...,n} such that either supp(a) = {i} ¢ supp(b) or (a, b) is a non-zero scalar
multiple of (e',e’). Therefore, in the former case we may assume that a = ¢’ for
somei €{l,...,n}\ supp(b).

Let (e’,@jej bjel), with i ¢ J C {1,...,@}, be a vector of ¥° which satis-
fies Condition (10). Assume that (e’ @jej bjel) = @ISng (a®,b*), where m e N
and (a®,b%) € ¥° for all s € {1, ..., m}. Then, there exists [ € {1, ..., m} such that
a' = e'. We claim that b’ = @jej bje’, which implies that (e’, @j§1 bje’) is an
extreme vector of #°. To the contrary, assume that ! <P el bje’. Then, since
b < Dcs bje/, we must have bi. < bj for some j € J. By Condition (10) for this

J € J there exists r € {1, ..., p} such that v] = b;v > (Dye () brvy). and thus
@ ahvh =l =b;v} > ( @ bkv,€> @bljv; > @ b,
1<h<n keJ\{j} 1<k<n

which contradicts the fact that (a’, b') € #°. This proves the “if” part of the second
statement of the theorem.

Now assume that (e, &P jeJ b jej ) is an extreme vector of #°. If Condition (10)
was not satisfied, there would exist j € J and é < 0 such that

v;5< &y bkv,z>eaaij;
keJ\(j}

for all r € {1, ..., p}, implying that (¢/, (@ke]\{j}bkek) @ 8bje’) € ¥°. Then, we
would have

(ei, @bjef> - (ei, < s bkek) @ab,e/’) ® (0.b;¢’)

jeJ keJ\{j}
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which contradicts the fact that (ef, éh jeJ b jej ) is extreme because (0, b; el) e ye.
This completes the proof of the theorem. g

More generally, there is a hypergraph characterization of the extreme points of a
max-plus cone defined by finitely many linear inequalities [5]. In the special case of
the polar, Theorem 5 shows that this hypergraph reduces to a star-like graph.

The following proposition shows that the extreme vectors of the polar ¥° are
special minimal half-spaces, up to a projection of #". Here, Réax denotes the vectors
obtained by keeping only the entries of vectors of R” = whose indices belong to the
set J U {i}.

max

Proposition 2 A vector (¢!, P jeJ b jej ) of the polar V° is extreme if, and only if,

{x GRI{E}EI ‘x,- f@bjxj}
jeJ

is a minimal half-space with respect to the projection of ¥ on Rr{lﬁ”.

Proof This follows readily from Theorem 5 and Lemma 2. 0

Remark 4 When the entries of the generators of 7 are all finite, if (e/, P jeJ bje 7
is an extreme generator of ¥, Propos1t10n 17 of [16] and Condition (10) imply that

the projection of (6P ; jes Che e/)®e on Rmaxl is a vertex of the natural cell de-

composition of R,{]a,{(l} induced by the projection of the generators of ¥” on Rrﬁ){f} .

Example 4 Consider again the max-plus cone ¥ C Rmax of Example 2. Applying
Theorem 5, it can be checked that (e2, 2¢' @ (—3)e?) is an extreme vector of ¥°.
The projection of ¥ on Rﬁlgi’” is represented in Fig. 4 by the bounded dark gray
region together with the two line segments joining the points (0, 1, 2)” and (0, 4, 8)7
to it. The unbounded light gray region represents the projection of the half-space
{x e Rmax | x2 <2x1 @ (—3)x3}. The fact that this projection is minimal with respect
to the projection of ¥ is geometrically clear from the figure.

Remark 5 Condition (10) of Theorem 5 shows that when (¢, jerb je/) is an ex-
treme vector of the polar #°, the hyperplane

I~ {x eRy | X

,=@b,-x,}

jeJ

contains at least |J| generators v" of ¥'. The latter may be thought of as support
vectors. It also follows from this theorem that the coefficients b; of this hyperplane
are uniquely determined by these support vectors.

Remark 6 We noted above that the set % of extreme vectors of the polar 7 ° satisfies
W =¥, in other words, it yields a finite family of max-plus linear inequalities

@ Springer



J Algebr Comb (2011) 33: 325-348 347

Fig. 4 Tllustration of the
relation between extreme
vectors of the polar and minimal
half-spaces. The minimal
half-space is in light gray. The
two support vectors are 2.5 221 &(—3)z
represented by bold points :

€3

5SS NN

defining 7, the size of which can be bounded by using the results of [5]. However, the
bipolar theorem of [21] shows that # is not always a minimal set with this property.
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