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TROPICALIZING THE SIMPLEX ALGORITHM*
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Abstract. We develop a tropical analogue of the simplex algorithm for linear programming. In
particular, we obtain a combinatorial algorithm to perform one tropical pivoting step, including the
computation of reduced costs, in O(n(m + n)) time, where m is the number of constraints and n is
the dimension.
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1. Introduction. The tropical semiring (T,®,®) is the set T = R U {—o0}
endowed with the two operations ¢ ® b = max(a,b) and a ©b = a +b. We are
interested in the tropical equivalent of linear programming. In other words, our goal
is to give an algorithm for minimizing a tropical linear form max(c; +x1,...,¢n +p)
over a tropical polyhedron. The latter is the set of solutions x € T™ of finitely many
inequalities of the form

max(a; + Z1,...,an + Tp, apt1) = max(by + x1,...,0n + Tp, bpt1).

All the coefficients aj,b;, c; are elements of T. An example is depicted in Figure 1.
Several avenues lead to this research. First, the classical simplex method belongs
to the most relevant algorithms, for both its applicability and its theoretical impli-
cations. So it is natural to explore variants and derivations, including tropical ones.
In the form that we are studying this leads to a class of minmax problems which
are also interesting from a purely complexity-theoretic point of view. In [AGG12] it
is shown that a tropical analogue of the feasibility problem in linear optimization is
polynomial-time equivalent to deciding which player has a winning strategy in a mean-
payoff game. The latter decision problem is among the few problems in NP as well
as co-NP (see Zwick and Paterson [ZP96]) for which no polynomial-time algorithm is
known. This game-theoretic perspective leads to a second approach to tropical linear
programming. A third train of thought is more geometrical. Viro suggested investi-
gating the tropical aspects of real algebraic geometry [VirO1]. Nonetheless, the main
focus of tropical geometry so far concerns the tropicalization of algebraic varieties
which are defined over the complex numbers (or Puiseux series with complex coeffi-
cients). More recently, however, the tropicalization of real semi-algebraic sets has been
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Fic. 1. A tropical linear program. The feasible set is the union of the gray shaded area with
the thick black halfline. Three level sets for the objective function max(z1,x2) are depicted in blue.
The thick red segment is the set of optima.

studied by Alessandrini [Ale13]. In this vein our work seeks to contribute to under-
standing the tropicalizations of the most simple semialgebraic sets: convex polyhedra.
A related motivation arises from linear programming over ordered fields, the complex-
ity of which is a well-known open question [Meg89, section 2]. Ordered fields arise
naturally when dealing with perturbations of classical linear programs [Jer73, FAA02].

Tropical polyhedra or tropically convex sets have appeared in different guises in
the works of several authors, including [Zim77, CG79, LMS01, CGQ04, BHO04]; the
present work is specially motivated by the approach of Develin and Sturmfels [DS04],
in which tropical polyhedra are studied by combinatorial means, and by the further
work of Develin and Yu [DY07], who showed that tropical polyhedra are precisely the
images by the valuation of (convex) polyhedra over the field of Puiseux series.

With this in mind, the most natural approach for tropical linear programming
probably is to do linear programming over real Puiseux series and to tropicalize, i.e.,
to devise a method which traces the valuation of the path followed by the simplex
algorithm over real Puiseux series. This is exactly what we do here. What makes
our algorithm interesting is that the method itself does not manipulate Puiseux series
(explicit lifts to real Puiseux series are not needed). Instead it directly processes the
tropical input and “stays tropical” throughout the computations. In this way, the
arithmetical operations remain elementary.

In order to make our ideas more apparent, and to avoid technical details which
are too cumbersome to attack in a direct fashion, in the present paper we assume
that our tropical linear program is primally and dually nondegenerate. Further, we
assume that each point in the feasible region has finite coordinates only. Any tropical
linear program satisfying these properties will be called standard; see Assumptions
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ALGORITHM 1. PHASE Il TROPICAL SIMPLEX ALGORITHM.

Input: A matrix A € ']l'rxn, a column vector b € T}, an unsigned row vector c € T". A

tropical basic point ! of P(A,b), and the corresponding set I C [m)].
Output: A tropical basic point of P(A,b) that is minimal with respect to c.

1 compute the tropical reduced costs y associated with I

2 while y has a tropically negative entry do

3 choose iout € I such that y;,,, is tropically negative

4 K« I\ {iout}

5 pivot along the tropical edge £x to the tropical basic point z!” for a set of the form
I/ = K ] {ient}

6 I+

7 compute the tropical reduced costs y associated with I

8 return !

4,5, and 6 below. We defer all ramifications which come from looking at degenerate
input or infinite coefficients to a subsequent second paper. Our main result is the
following theorem.

THEOREM 1.1. Consider a standard tropical linear program with n variables and
m inequalities. Then, the tropical simplex algorithm (Algorithm 1) terminates and re-
turns an optimal solution for any tropical pivoting rule. Every iteration (pivoting and
computing reduced costs) can be done in time O(n(m + n)). Moreover, the algorithm
traces the image by the valuation map of the path followed by the classical simplex
algorithm applied to any lift of this program to the field of real Puiseux series, with a
compatible pivoting rule.

In particular, under the assumptions of Theorem 1.1, linear programs over Puiseux
series are implicitly solved by the tropical simplex algorithm. By definition, a tropical
pivoting rule selects a variable of tropically negative reduced cost. A classical pivoting
rule is said to be compatible with the former tropical pivoting rule if they select the
same variables. Tropical pivot rules are the topic of section 4.

Our tropical simplex algorithm relies on several tools of independent interest.
For instance, Corollary 3.6 shows that, again under the general position assumption,
the cells of an arrangement of hyperplanes over the field of real Puiseux series are in
one-to-one correspondence with the cells of the arrangement of the associated tropical
hyperplanes. This leads to the notion of tropical basic points and tropical edges of a
system of tropical affine inequalities. Unlike the classical case, a tropical basic point
may not be tropically extreme; see Proposition 3.11 and Remark 3.12 below. This
stems from the lack of a good notion for a general “face” of a tropical polyhedron; see
the discussions in [Jos05, DY07]. This is related to competing notions of rank [DSS05,
AGGO09].

A fundamental discrepancy to the classical simplex algorithm is that a tropical
edge in T™ may have a more complex geometrical structure as, indeed, it consists of
up to n ordinary segments. These segments can be determined from tangent digraphs,
which encode a local description of a tropical polyhedron; tangent digraphs were ini-
tially introduced in the form of directed hypergraphs in [AGG13]. The cornerstone
of the tropical simplex algorithm is a new combinatorial characterization of the tan-
gent digraph (Proposition 4.3) at a point inside a tropical edge. In particular, this
entails an incremental computation of tangent digraphs from one ordinary segment
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to another (Proposition 4.9), leading to an O(n(m + n)) time method for one full
pivoting step; see Theorem 4.13. Finally, we define the tropical reduced cost vector,
which allows one to certify the optimality of a given basic point. We show that the
vector of reduced costs can be computed by solving a system of signed tropical linear
equations and that the running time of this step is also bounded by O(n(m+n)); see
Theorem 5.7.

Let us finally point out some related work. The study of the analogues of linear
programs over ordered semirings was undertaken in the book [Zim81]; in particular,
a duality theorem for a special class of linear programs can be found there. The idea
of looking for analogues of convex programming results over “extremal” (a variant of
tropical) structures is also apparent in [Zim76]. Several recent works have proposed
algorithms to solve various tropical programming problems. In [BA0S8], a dichotomy
algorithm is developed, allowing one to solve tropical linear programming problems by
a reduction to linear feasibility problems. In [GKS12], more general linear-fractional
programming problems are studied, in which one maximizes the difference of two
tropical linear forms. A policy iteration algorithm based on a parametric mean payoff
game is given there. These policies seem to have interesting connections with basic
points. However, our present approach leads to a fundamentally different method: we
move along edges in the graph of the tropical polytope, whereas policy iteration type
algorithms often take “great leaps” in the same graph; also, one iteration of the present
algorithm takes only O(n(m+n)) time, whereas every iteration in [GKS12] requires us
to solve a mean payoff game. Yet another different class of algorithms for solving trop-
ical linear feasibility problems relies on cyclic projection [CGB03, GS07, AGNS11].
Recall also that the tropical linear feasibility problem is equivalent to mean payoff
games, for which a number of algorithms are available, like pumping [GKKS88], value it-
eration [ZP96, AGG12], or policy iteration [GG98, DG06, BV07, Cha09]. A reduction
of mean payoff games to classical linear programs with exponentially large coefficients
is established in [Sch09]. The asymptotic simplex method developed in [FAA02] solves
arbitrary linear programs on Laurent series (which is sufficient for tropical linear pro-
grams with rational coefficients). Each iteration of their method requires O(s(m+mn)?)
operations, where s < (m+n) is the maximum taken over the valuations of all Puiseux
series arising during the computation. Our tropical simplex algorithm shows a better
complexity per iteration since the factor of s is dispensed with, but the approach of
[FAA02] does not require any genericity assumptions.

This paper is organized as follows. Section 2 describes our notation and collects
the relevant known facts about convex polyhedra over real Puiseux series. For the
reader’s convenience we introduce a running example which we refer to throughout
this paper. In section 3 we characterize the key players in our algorithms: tropical
basic points and tropical edges. The core of our paper is section 4, where we describe
the tropical pivot. Section 5 discusses tropical reduced costs. Finally, Theorem 1.1 is
proved in section 6.

Our algorithm for solving tropical linear programs is outlined in Algorithm 1. It
directly corresponds to Phase II of the classical simplex method over real Puiseux
series. Phase II starts from a given tropical basic point and proceeds along improving
edges toward an optimal tropical basic point, The Phase I problem, to find a first
tropical basic point, will be addressed in a sequel to this work. While classically
Phase I can be reduced to Phase II, in general, this requires solving a degenerate
linear program. As explained above, this is out of the scope of the present paper.
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2. Preliminaries.

2.1. Tropical arithmetic. The domain for our computations is the set T =
RU{—o0}. The neutral elements for the tropical “addition” and “multiplication” are
0 := —oo and 1 := 0, respectively. The usual definition of matrix operations carries
over to tropical matrices. Given two matrices A = (a;;) and B = (b;;), we denote by
A@® B and A® B the matrices with entries a;; ®b;; and @, air © byj, respectively. We
also denote by AT the transpose of the matrix A, by A; the ith row of A, and by A;
the submatrix of A formed from the rows i € I. For the sake of simplicity, we identify
vectors of size n with nx1-matrices. Given a = (a1;) € T'*™ and z € T", we denote
by argmax(a ® z) the set of indices ¢ € [n] = {1,...,n} attaining the maximum in

a ® z = max(a; + ;).
Jjeln]

The usual total order < on R extends to T. This induces a partial ordering of tropical
vectors by entrywise comparisons. The topology induced by the order makes (T, ®, ®)
a topological semiring.

In the following, we will think of the n-fold product space T™ as a semimodule
over T, where scalars act tropically on vectors by (A, z) — A@z = (A4x1,...,A+zy,)
and the tropical vector addition is (z,y) — = @y := (max(z1,41), ..., max(Tn, Yn))-

2.1.1. Signed tropical numbers. It will be convenient to use the set of signed
tropical numbers [Plu90], denoted here by Ty. The latter set consists of two copies of
T, called the set of positive tropical numbers and the set of negative tropical numbers,
respectively. These two copies are glued by identifying the element 0. Positive and
negative tropical numbers are written as a and Sa, respectively, for some a € T. By
definition, the numbers a and ©a are different, unless @ = 0. Their sign is sign(a) =1
and sign(©a) = —1 when a is not 0 and sign(0) = 0. The modulus of x € {a,Sa}
is defined as |z| := a. The multiplication x ® y of two elements z,y € Ty yields the
element whose modulus is |z|+ |y| and whose sign is the product sign(z) sign(y). The
positive part and the negative part of an element x € Ty are the tropical numbers x+
and x~ defined by

I |z| if z is positive, _ 0 if z is positive,
xt = . xT = .
0 otherwise, || otherwise.

Modulus, positive part, and negative part extend to matrices entrywise. It was shown
in [Plu90] that signed tropical numbers can be embedded in a semiring, called the
symmetrized tropical semiring. Indeed, the sum of two signed tropical numbers with
opposite signs but identical modulus cannot be defined as a signed tropical number;
one needs to enlarge TL with a third type of elements, called balanced elements, to
represent such sums. We will defer the discussion of the symmetrized tropical semiring
until section 5.1, since the additional technicalities can be spared in the first three
quarters of this paper. In particular, the addition of signed tropical numbers will not
be used before section 5.1.

2.1.2. General position. The permanent of the square matrix M = (m;;) €

T™*" is given by

(21) tper(M) = @ Mio(1) ©-0 Mno(n) = oeg;(?nx(n) Mig(1) + Mpo(n)s
oc€Sym(n)
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where Sym(n) is the set of all permutations of [n]. Computing the tropical perma-
nent amounts to finding a permutation which attains the maximum in (2.1). Such a
permutation is a solution of the assignment problem with costs (m;;). It can found in
time O(n?) using the Hungarian method; see [Sch03, section 17.3]. A square matrix
is said to be tropically singular if tper(M) = 0 or if the maximum is attained at least
twice in (2.1).

A slightly more restrictive notion of singularity arises when signs are taken into
account. A signed matrix M € TP " is tropically sign singular if tper(|[M|) = 0 or
if the maximum in tper(|M]) is attained on two distinct permutations o and 7 such
that the terms tsign(o) © miy(1) © - -+ © Mpe(ny and tsign(m) © Miz1) © - © Myyr(n)
have opposite tropical signs, where tsign(c) = 1 if ¢ is an even permutation and
tsign(o) = ©1 otherwise. The notion of tropical sign singularity of a matrix appeared
in different forms in [GM84], [Plu90], and [Jos05, section 4].

We call a rectangular matrix W € T{"*" tropically generic if for every square
submatrix U of W either tper(|U]) = 0 or |U| is not tropically singular. Similarly,
the matrix W is tropically sign generic if tper(|[U|) = 0 or U is not tropically sign
singular, again for all square submatrices U.

Ezxample 2.1. Consider the following matrix with signed tropical entries:

-5 -3 o0
Cle=n -5 0
W=1"_7 2 <o

-2 ©o(-6) &0

The matrix W is not tropically generic. Indeed, consider its submatrix W’ formed
from the first two rows and the first two columns. We have tper(|W’]) = ((—5) ®
(=5)e(|lo(-=N|e(-3)) = (-10)® (—10), thus |W’| is tropically singular. However,
W’ is not tropically sign singular, as the terms 1 ® (—=5) ® (=5) = —10 and ©1 ©
O(—=T7)®(—3) = —10 associated with the maximizing permutations in tper(|W’|) have
the same tropical sign.

Now consider the submatrix W/ = (6(77)

-7
rows and the first and last columns of W. We have tper(|[W”]) = (|& (-7)| o | &
0) @ ((-7) ®0) = (=7) ® (—=7) and the two terms 1 ® &(-7) ® 60 = —7 and
616 (—7) ®0 = 6(-T) have opposite tropical signs. Thus W is not tropically sign
singular, and therefore W is not tropically sign generic.

@00) formed from the second and third

2.2. Tropically convex sets and tropical polyhedra. A set S C T" is said
to be tropically conver if A\ x®dpo©y € S for all z,y € S and A\, € T such that
A@ p = 1. The set S is said to be tropical cone when the same conclusion holds
even if the requirement that A @ p = 1 is omitted. A tropical cone is polyhedral
if it is finitely generated. These notions are analogous to the classical ones, since
the condition A, p > 0 is trivially satisfied. Given V' C T™, we denote by tconv(V')
the smallest (inclusionwise) tropically convex subset of T" containing V. Similarly,
tpos(V) denote the smallest tropical cone of T" containing V.

2.2.1. Tropical half-spaces and s-hyperplanes. An (affine) tropical half-
space is a subset of T™ of the form

(2.2) max(o + L1, ..., Oy + Ty Apyr) = max(By + 1. .., By + T,y Prgi),

where a, 3 € T"*! . When a,, 11 = Bny1 = 0, it is said to be a linear tropical half-
space. Throughout this paper, we assume that half-spaces are defined by nontrivial
inequalities.
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Assumption 1. There is at least one nonnull coefficient in the inequality (2.2),
ie.,

max | max o, max 3; ] >0
JEm+1] 7 jeln+1]

Without loss of generality (see [GK11, Lemma 1]), we also always assume that
half-spaces are induced by an inequality satisfying the following condition.

Assumption 2. Each variable appears on at most one side of the inequality (2.2),
ie.,

min(e;, B;) =0 for all j € [n+1].

Then, we can concisely describe a tropical half-space with a signed row vector a =
(a1j) € TL*™ and a signed scalar b € Ty as

HZ(a,b):={zeT"|af, 0z & - ®af, Oz, ®bT
>an Or1 @ Dap, O, Bb}
={zeT"|a" @zab" 2a Ozdb }.

A signed tropical hyperplane, or s-hyperplane, is defined as the set of the solutions
x € T" of an equality of the form

(2.3) H(a,b) ={z € T" |at Oz db =a" Oz b },

where a € TL*™ and b € Ty. When H>(a,b) is a nonempty proper subset of T", its
boundary is H(a,b).

Remark 2.2. The set H(a,b) is said to be signed because it corresponds to the
tropicalization of the intersection of a usual hyperplane with the nonnegative orthant
over Puiseux series; see section 2.3. A tropical (unsigned) hyperplane is defined
by an unsigned row vector a = (aj;) € T'*" and an unsigned scalar b € T as
the set of all points z € T™ such that the maximum is attained at least twice in
a®x®b=max(a1 + x1,...,01n + Tn,b); see [RGSTO05]. This corresponds to the
tropicalization of an entire ordinary hyperplane.

2.2.2. Tropical polyhedra. A tropical polyhedron is the intersection of finitely
many tropical affine half-spaces. It will be denoted by a signed matrix A € T{"*" and
a signed vector b € T as

PAD) :={zeT" |ATozab > A" 0zab } = (| H>(Ai,b)
i€[m]
If all those tropical half-spaces are linear, i.e., if b is identically 0, that intersection is
a tropical polyhedral cone.
Example 2.3. The tropical polyhedron depicted in Figure 1 is defined by the
following matrix and vector:

-5 -3 a0 e
_ @(—7) -5 _ 0 —
A= 750 T [ andb=|

The half-space depicted in orange in Figure 1 is HZ(A1,b1) = {z € T? | max(z; —
5,9 — 3) > 0}. Its boundary is the signed hyperplane H(Aj,b1) = {x € T? |
max(z1 — 5, z2 — 3) = 0}. The last three rows yield the inequalities
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max(xe2,0) > x1 —
max(ry — 7,22 —2) 20,
x1 > max(xg — 6,0),

which define the half-spaces respectively depicted in purple, green, and khaki in
Figure 1.

A point z in a tropical polyhedron P(A,b) clearly satisfies the inequalities 2; > 0
for all j € [n]. Although redundant, including these inequalities in the representation
of a tropical polyhedron is occasionally useful.

Assumption 3. For all j € [n], all points € P(A,b) satisfy z; > 0 or the non-
negativity constraint x; > 0 appears in the external representation of P(A,b), i.e
there exists a row index i € [m] such that (A; b;) is the row vector whose jth entry is
1 while all other entries are 0.

The Minkowski—Weyl theorem holds in the tropical case: a tropical polyhedron
can be defined either externally (i.e., by means of half-spaces), or internally as the
convex hull of finitely many points and rays.

THEOREM 2.4 (see [GK11, Theorem 2]). A subset P C T" is a tropical polyhedron
if and only if there exist two finite sets V, R C T™ such that

P={zx®y|z € tconv(V) and y € tpos(R)}.

It will be convenient to homogenize a tropical polyhedron P (A, b) into the tropical
polyhedral cone C := {z € T""' | WF © 2z > W~ ©a}, where W := (A b). Asa
tropical cone, C is closed under tropical scalar multiplication. For this reason, we
identify C with its image in the tropical projective space

TP" := {Roz|ze T\ {(0,...,0)}}.

The points of the tropical polyhedron P(A,b) are associated with elements of the
tropical polyhedral cone C by the following bijection:

P(A,b) — {y € C | yny1 = 1},

(24) x +— (z,1).

The points of the form (x,0) in C correspond to the rays in the recession cone of
P(A,b); see [GK11].

Remark 2.5. Let R € T™*™ be a matrix with finite coefficients only. Then
P = tpos(R) is a tropical polyhedral cone in T™ such that the image of P NR™ under
the canonical projection from R™ to the tropical torus {R®z | z € R"} is a “tropical
polytope” in the sense of Develin and Sturmfels [DS04]. Via this identification, the
tropical linear half-spaces which are nonempty proper subsets of T" correspond to the
“tropical half-spaces” studied in [Jos05]. The tropical projective space defined above
compactifies the tropical torus (with boundary).

2.3. Puiseux series. The set R{{¢}} of (generalized) Puiseux series with real
coefficients is the set of formal power series

T = E Tot®
a€eR

with z, € R such that the support {zo | o # 0} is either a finite set or the set of
valuations of a increasing unbounded sequence. By definition of its support, every
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nonnull Puiseux series & admits a smallest exponent apniy € R. The real number
—Qmin 18 called the wvaluation of x and is denoted val(x). By convention, we set
val(0) = —oo. The leading coefficient, denoted lc(x), is the coefficient x4, of the
smallest exponent amin = — val(x) when  # 0 and is 0 otherwise. Throughout the
paper, we write K instead of R{{t}}.

The set of generalized Puiseux series, equipped with the sum and product of
formal power series, constitutes a field. It can be identified with a subfield of the field
of Hahn series, i.e., formal power series with arbitrary well-ordered support. A variant
of this field was also considered by Hardy under the name of “generalized Dirichlet
series.” Our approach follows Markwig [Marl0].

The n-fold Cartesian product K" is a K-vector space when equipped with the
scalar multiplication (X, ) — Az := (Axq, ..., Az,,) and the vector addition (x, y) —
c+y:=(x1+Y1, ., T+ Yn)

A Puiseux series x is said to be positive if le(x) > 0, and we write > 0 in this
case. Similarly, we write @ > y if « — y > 0. This definition turns K into an ordered
field. The topology induced by this order makes K a topological field.

The valuation is a map from K to T which satisfies

val(zy) = val(x) © val(y),
val(z + y) < val(z) @ val(y).

Equality occurs in the last inequality if and only if the leading terms of x and y
do not cancel. In particular, cancellation never occurs whenever  and y share the
same sign. This property is the main reason for using Puiseux series to study the
tropical semiring. Indeed, the map val defines a homomorphism from the semiring
K4 of nonnegative Puiseux series to the tropical semiring. This homomorphism is
order preserving, that is,

if £ >y >0, then val(x) > val(y) .

It is convenient to equip the valuation with a sign information. We define the
signed valuation map by

sval : K — T,

val(x) ife >0,
x—
©val(x) otherwise.

A lift of a signed tropical number x € Ty is a Puiseux series @ such that sval(x) = x.
Clearly, such a lift is by no means unique. The set of all lifts will be denoted sval ™! (x).
The signed valuation map is extended to vectors and matrices by componentwise
application. In the following, any Puiseux series will be written in bold and its signed
valuation with a standard font, e.g., z = sval(x).

2.4. Puiseux linear programming solves tropical linear programming.
Hyperplanes, half-spaces, and convex polyhedra can be defined over an arbitrary
ordered field. The most basic results used in linear programming (Farkas’ lemma,
Minkowski-Weyl, strong duality, etc.) are of algebraic nature. Their proofs only rely
on the axioms of ordered fields and consequently are also valid in this setting; see, for
instance, [Jer73, Meg87, FAA02]. Actually, in the present paper, we deal with the field
K of Puiseux series with real coefficients, which is known to be real closed [Mar10],
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i.e., each nonnegative element is a square, and every polynomial with odd degree has
at least one root. For such a field, stronger results follow from Tarski’s principle:
any first-order sentence that is valid over the reals is also valid over an arbitrary real
closed field and thus valid over K. We refer to [Tar51, Sei54] for further details; see
also [BPCRO6] for a recent overview. In order to have a concise name we call ordinary
polyhedra defined over K Puiseux polyhedra.

In this section, we examine how tropical polyhedra are related with Puiseux poly-
hedra in K via the valuation map. In [DY07, Proposition 2.1], Develin and Yu prove
that a tropical polyhedral cone tpos(R) can be lifted to a Puiseux polyhedral cone in
K" by lifting the set R of generators. This result can be trivially extended to arbitrary
tropical polyhedra, thanks to the tropical Minkowski-Weyl theorem (Theorem 2.4),
by lifting the whole internal representation. Alternatively, we shall see that a tropical
polyhedron can also be lifted to a Puiseux polyhedron in K’ by lifting its external
representation by half-spaces. As a consequence, an optimal solution to a tropical
linear program can be found by solving a linear program over Puiseux series.

We denote by H (a, b) the hyperplane over K" defined by the equality ax+b = 0,
where a € K1*" and b € K. The hyperplane H (a, b) induces the half-space H (a, b)
by replacing the equality constraint by the inequality >. We will denote Puiseux
polyhedra as follows:

P(A,b) :={xcK"| Az + b > 0},

where A € K™*" and b € K™.
We now consider a tropical linear program:

minimize cO®x

(2:5) subject to x € P(A,b),

where A € T{"*", b € TP are signed matrices and ¢ € T'*™ is an unsigned row vector.
PRrROPOSITION 2.6. There is a way to associate to every tropical linear program
of the form (2.5) satisfying Assumption 3 a Puiseuz linear program

minimize cx

(2:6) subject to x € P(A,b)

satisfying A € sval ' (A), b € sval 1 (b) and ¢ € sval ' (c), so that
(i) the image by the valuation of the feasible set of the linear program (2.6) is
precisely the feasible set of the tropical linear program (2.5); in particular,
(2.6) is feasible if and only if (2.5) is feasible;
(ii) the valuation of any optimal solution of (2.6) (if any) is an optimal solution
of (2.5).

Notice that the converse of (ii) does not necessarily hold. That is, there are
tropical linear programs with optimal solutions which do not arise as projections
from any lift; see Example 2.8 below.

Proof. To begin with, we will exhibit lifts A € sval"'(A) and b € sval™*(b)
of the external representation such that val(P(A,b)) = P(A,b). The inclusion
val(P(A,b)) C P(A,b) is satisfied for any lifts A, b. Indeed, consider a point
x € P(A,b). Then, by Assumption 3, the polyhedron P(A,bd) is included in the
nonnegative orthant K. Let (A b) = (AT b") — (A~ b7), where the entries
of (AT b%) and (A~ b™) are nonnegative. Every point & € P(A,b) satisfies
ATz +bT > A x+b . Since the Puiseux series on each side of these inequalities are
nonnegative, the valuation preserves their ordering and AT @z @b > A~ Oz db~.
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We claim that the reverse inclusion holds for any lift of the form (A b) =
(AT bT) — (A~ b) defined, for i € [m] and j € [n], by

At = (ch“;) and A~ = (¢~ %),

2.7
27 bt = (at™ ) and b~ = (t7% ),

where « is a real number strictly greater than n + 1, and A = (a;;). To see this,
observe that for any x € P(A,b) the lift & = (¢7*1,...,¢t*") belongs to the Puiseux
polyhedron P(A,b). Indeed, for any i € [m] we have

141—m + bz_ _ thai_jfmj _|_t*bi_ < (n + 1)t7(a;®w€9b;) < at*(ai_Qw@bi_)
j=1
and

n

ot —z. _pt (ot + (o= -

Afz+bf =a | Y 7% 4170 | >t (OO > gy (0 08,
i=1

thus A;x + b; > 0. This shows that a lift to real Puiseux series does exist.

We need to prove the claimed properties of such a lift. Let A and b as above.
Since val(P(A, b)) = P(A,b), the Puiseux linear program (2.6) is feasible if and only
if the tropical one (2.5) is feasible. Now take any ¢ € sval™'(c), e.g., ¢; = t~% for
j € [n]. If (2.6) admits an optimal solution &*, then cx > cx* > 0 for all x € P(A,b).
Since ¢ is nonnegative, ¢ @ > ¢ ® val(x*) for all x € val(P(A,b)) = P(A,b). This
concludes the proof. O

Remark 2.7. Observe that in Proposition 2.6, the Puiseux linear program (2.6)
cannot be unbounded. Indeed, for all lifts (A b) € sval ™' (A b), we have P(A,b) C K"
thanks to Assumption 3. Since ¢ has tropically positive entries, its lift ¢ also has
positive entries. Then the inequality cx > 0 holds for all € € P(A,b) and thus
provides a lower bound for the minimization problem (2.6).

We offer a visualization for Proposition 2.6 in Figure 2. As model theory explains,
polyhedra over real Puiseux series, for most purposes, pretty much are the same
as classical polyhedra over the reals. Therefore, we can also visualize the lift in
Proposition 2.6 as a classical polyhedron. More precisely, the constraints of the lift
are provided by (2.6), and we can choose the lifted objective vector to be ¢; =t~
for j € [n]. Now, replacing the parameter ¢ by a real number provides a real linear
program. If that real number is sufficiently small, the classical linear program over
the reals is combinatorially equivalent to the Puiseux one, that is, they share the same
vertex-facet incidences and hence they share the same vertex-edge graph; the optimal
vertices are in bijection.

Ezxample 2.8. Throughout the rest of this paper, we will illustrate our results on
the following tropical linear program:

minimize max(x; — 2, 29,23 — 1)
Hy subject to max(0,z2 — 1) > max(zq1 — 1,23 — 1) =—=
Ho x3 > max(0, zo — 2) E—
Hs z2 20 —
Ha x1 2 max(0,z2 — 3) —
Hs 0>ax0—4 ——
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(t=4,1°,1%)

Fia. 2. A lift of the tropical polyhedron defined by the inequalities from Ezample 2.8 and
its external representation.

(4,4,4)

(0,0,4)

(0,0,0) (4,4,0)

(4,0,0)

F1c. 3. The tropical polyhedron defined by the inequalities from Example 2.8 and its external
representation.

These constraints define the tropical polyhedron represented in Figure 3. A lift of this
tropical polyhedron is depicted in Figure 2. The optimal valuation of this tropical
linear program is 0 and the set of optimal solutions is the ordinary square:

{(931,1‘2,1‘3) GTS | 0<zi<land 9 =0 and 0 < 23 < ].}

However, over Puiseux series, there is a unique optimum. It is the point located in the
intersection of three hyperplanes obtained by lifting the inequalities (Hz2), (H3), and
(H4). This point has valuation (0,0, 0), which is an optimum for the tropical linear
program. Corollary 3.6 and Proposition 5.5 below assert this does not depend on the
choice of the lift. The reason is that our example satisfies the standard conditions
mentioned in Theorem 1.1.

We will also present several results in the homogeneous setting. They will be
illustrated on the tropical cone defined by the following inequalities:
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max (x4, x2 — 1) > max(z; — 1,23 — 1),
x3 > max(zyq, T2 — 2),
(2.9) Ty 2 T4,
x1 > max(xyg, 2 — 3),
Ty = X0 — 4.

This cone corresponds to the previous polyhedron by the correspondence given in (2.4),
i.e., the coordinate x4 plays the role of the affine component. For the sake of simplicity,
the linear half-spaces in (2.9) are still referred to as (Hy)—(Hs).

2.5. The simplex method. A Puiseux linear program can be solved using the
classical simplex method. We briefly recall the basic facts. Let I C [m] be a subset
of cardinality n such that the submatrix A;, formed from the rows with indices in
I, is nonsingular. The intersection (,.; # (A, b;) contains a unique point, which we
denote as /. When x! belongs to the polyhedron P (A, b), it is called a (feasible)
basic point.

Remark 2.9. A basis is usually defined by a partition of the (explicitly bounded)
variables (s1, ..., 8y) in “basic” and “nonbasic” variables, where s = Axz+b. Observe
that I corresponds to the “nonbasic” variables as it indexes the zero coordinates of s.
The set I can also be interpreted as the set of “basic” variables in the dual program.
For any set I C [m] we let

P1(A,b) = H(Ai,b) N P(A,b).

el

A subset K C [m] of cardinality n — 1 defines the (feasible) edge Ex = Pr(A,b)
when ;. H (A4, b;) is an affine line that intersects P (A, b). Notice that an edge
defined in this way may have “length zero,” i.e., as a set it consists of only a single
point. A basic point z! is contained in the n edges defined by the sets I\ {k} for
k € I. The edge I\ {k} belongs to the line directed by the vector d* with coordinates

k _ (_
(2.10) dj = (-1

J

where Mj,; is the matrix obtained from A; by deleting its kth row and jth column.

As we are minimizing, moving along the edge I \ {k} from the basic point x!
improves the objective function if the reduced cost yi, = cd” is negative. The vector of
reduced costs y = (yi )kes forms a solution of the following linear system of equations:

(2.11) ~Ajy+c=0.

Each iteration of the simplex method starts on some basic point . An edge I\ {k}
with a negative reduced cost is selected. If no such edge exists, then the basic point
is optimal by the strong duality theorem of linear programming [Sch03, section 5.5]
(which holds in any ordered field such as real Puiseux series). Otherwise, the algorithm
pivots, i.e., moves to the other end of the selected edge. Pivoting amounts to finding
the length p € K of the edge, which is given by
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. Azl +b; i
(2.12) u:lnf{TidkME[m]\IandAid <O}.

If the edge is bounded, i.e., if there exists an i € [m]\ I such that A;d* < 0, then the
algorithm reaches a new basic point. Otherwise, the linear program is unbounded,
and the valuation p is co.

Remark 2.10. Basic points and directions are provided by determinants. If
(A b) = val(A b) is tropically generic, this amounts to computing tropical perma-
nents. However, the length p of the edge cannot be computed only with valuations.
This difficulty can be observed already in dimension one. Consider the Puiseux poly-
hedron defined by the inequalities

z<landz >t and = > 5.

Minimizing ¢ = 1 and starting from the basic point @ = 1, the direction of the single
pivot is d = —1. The pivoting step must decide where the edge ends, and in this case
the edge length is given by p = min(1 — t?,1 — #3) = 1 — t2. Yet, the valuation of
1—t% and 1 —#3 yields zero in both cases. This shows that in order to find the correct
minimum ¢2, it does not suffice to look at the valuations of the optimal solutions of
the Puiseux lift.

3. Tropical basic points and tropical edges. Geometrically speaking, the
classical simplex method traces the vertex-edge graph of an ordinary polyhedron from
one basic point along a directed path to an optimal solution, which again is basic.
Basic points and edges over Puiseux series are cells of the arrangement of hyperplanes
{#(Ai,bi)}icim)- It turns out that, under some genericity assumptions, the valuation
of these cells can be described by intersecting tropical half-spaces in {H>(A;, bi)}icim]
and s-hyperplanes in {H(A;,b;)}icm). This result will be proved in Corollary 3.6
below.

3.1. The tangent digraph. Consider a matrix W = (w;;) € 'H‘fx(nﬂ). For
every point z € T"! with no 0 entries, we define the tangent graph G.(W) at the
point = with respect to W as a bipartite graph over the following two disjoint sets of
nodes: the “coordinate nodes” [n+1] and the “hyperplane nodes” {i € [m] | W;" ©z =
W. ©x > 0}. There is an edge between the hyperplane node ¢ and the coordinate
node j when j € arg max(|W;| ® x).

The tangent digraph G,(W) is an oriented version of G,(W), where the edge
between the hyperplane node ¢ and the coordinate node j is oriented from j to ¢ when
w;j is tropically positive, and from ¢ to j when w;; is tropically negative (if a tangent
digraph contains an edge between ¢ and j then w;; # 0).

Examples of tangent digraphs are given in Figure 4 (where hyperplane nodes are
denoted #;). The term “tangent” comes from the fact that G, (W) is a combinatorial
encoding of the tangent cone at x in the tropical cone C = P(W, 0); see [AGG13]. The
tangent digraph is the same for any two points in the same cell of the arrangement of
tropical hyperplanes given by the inequalities. The tangent graph G, (W) corresponds
to the “types” introduced in [DS04] but relative only to the hyperplanes given by the
tight inequalities at x.

When there is no risk of confusion, we will denote by G, and G, the tangent graph
and digraph, respectively.
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Fic. 4. Tangent digraphs at various points of the tropical cone obtained by homogenization of
the tropical polyhedron defined by the inequalities from Example 2.8. Hyperplane nodes are rectangles
and coordinate nodes are circles.

Ezample 3.1. Let W be the matrix formed by the coefficients of the system (2.9),
and consider the point x = (1,0, 0, 0) (corresponding to (1, 0, 0) via the bijection (2.4)).
The inequalities (1), (Hz), and (Hs) are tight at . They read

max(z4,z2 — 1)
z3

where we marked the positions where the maxima are attained. The tangent digraph
G (W) is depicted in the top left of Figure 4. For instance, the first inequality provides
the arcs from coordinate node 4 to hyperplane node H; and from H; to coordinate
node 1.

If I and J are respectively subsets of the hyperplane and coordinate nodes of G,
a matching between I and J is a subgraph of G, with node set I U J in which every
node is incident to exactly one edge.

LEMMA 3.2. Let W € 'H‘fx(nﬂ) and x € T be a point with no O entries.
Suppose the tangent graph G, contains a matching between the hyperplane nodes I
and the coordinate nodes J. Then the submatrizc W' of W formed from rows I and
columns J is such that |W’'| has a finite tropical permanent. Moreover, the matching
yields a maximizing permutation in the latter tropical permanent.

Proof. Let {(i1,/1),.-.,(iq,Jq)} be a matching between the hyperplane nodes
I = {i1,...,iq} and the coordinate nodes J = {ji,...,jq}. By definition of the
tangent graph, for all p € [q], we have

lwi,j,| + x5, > |wi| +x  foralllen+1].
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Since & has no 0 entries, this implies Y7 |wi,j,| = 221 [wi,4(;,)| for any bijection
o : I — J. Thus the tropical permanent of [W'| is 377 _, |wj,j,|, which is obtained
with the bijection ¢, — j,.

Consider a p € [g]. By definition of the tangent graph [W; | ® 2 > 0. Moreover,
we suppose that 2 has finite entries. Thus |w;,;,| > 0. As a consequence, Egzl lwi,j, |
is finite. a

LeEmMA 3.3. LetW € 'H‘fx(nﬂ) and x € T"H be a point with no 0 entries. If the
tangent graph G, contains an undirected cycle, then the matriz W contains a square
submatriz W' such that |W'| is tropically singular and tper(|W’|) > 0. Moreover, if
the cycle is directed in the tangent digraph g;, then W' is tropically sign singular.

Proof. To prove the first statement, let ji,41, j2,...,%q, jq+1 = j1 be an undirected
cycle in G,. By Assumption 2 we have g > 2. Up to restricting to a subcycle, we may
assume that the cycle is simple, i.e., the indices i1,...,%, and j1,...,j, are pairwise

distinct. As a consequence, the maps o : i, — j, and 7 : i, > j,41 for p € [¢] are
bijections. The sets of edges {(ip,jp) | p € [¢]} and {(ip,jp+1) | P € [¢]} are two

distinct matchings between the hyperplane nodes i1, ..., i, and the coordinate nodes
J1y---yJp. Let W’ be the submatrix of W formed from rows i1,...,4, and columns
J1,---,Jq- By Lemma 3.2, the bijections o and 7 are both maximizing in tper(|W’|).

Lemma 3.2 also shows that tper(|]WW’|) > 0.

Now suppose that the cycle is directed. Then, w;,;, is tropically positive and
Wi, j,., 18 tropically negative for all p € [¢]. Consequently, the tropical signs of
Wiy gy, © - O wg,j, and wy, j, © - O w;,j,,, differ by (=1)9. Moreover, 7 is obtained
from o by a cyclic permutation of order ¢, so their signs differ by (—1)4*t!. As a
result, the terms tsign(o) ©w;, ;, ©---©w;,;, and tsign(7) O w;, j, ©- - Ow,j,,, have
opposite tropical signs. This completes the proof. O

3.2. Cells of an arrangement of signed tropical hyperplanes. Our next
result shows how the tangent digraph can be used to get sufficient control on the lift
of the points in a tropical polyhedron to points in some Puiseux polyhedron, while
dealing mostly with inequality descriptions. Throughout this section we assume that
the extended matrix (A b) is tropically sign generic.

A tropical polyhedron P(A,b) is always the image under the valuation map
of a polyhedron over Puiseux series. Indeed, consider an internal representation
tconv (V) @ tpos(R) of P(A,b) (which exists by Theorem 2.4). The result of Develin
and Yu, [DY07, Proposition 2.1] implies that any lift V', R of the sets V, R provides
a Puiseux polyhedron P = conv(V') 4+ pos(R) such that val(P) = P(A,b).

One can also lift a tropical polyhedron through its inequality representation. For
example, for any A € T{"*" and b € T satisfying Assumption 3, Proposition 2.6
provides Puiseux matrices A € sval ' (A) and b € sval ' (b) such that val(P(A, b)) =
P(A,b). However, the latter equality may fail for arbitrary lifts A € sval™*(A) and
b € sval” ! (b).

Example 3.4. Consider the tropical polyhedron

(3.1) P ={x € T?| max(0,22) > 21, max(0,z1) > 2o, 21 > 0, x5 > 0} .

One possible lift of this representation in terms of inequalities is the Puiseux polyhe-
dron

(3.2) P={xcK?®|2+xy>2xy, 24+ > 2@, & =0, T2 >0} .
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F1G. 5. Left: the tropical polyhedron P described in (3.1); middle: the Puiseuz polyhedron P
obtained by lifting the inequality representation of P as in (3.2); right: the set val(P), which is
stricly contained in P.

Since P is contained in the nonnegative orthant, we have val(P) C P. Here this
inclusion is strict. The set val(P) consists of all the nonpositive points in x € T? with
21 < 0 and x2 < 0, while P additionally contains the half-line {(A,\) | A > 0}. To
show this, suppose that there exists (21, €2) € P such that val(x;) = val(zz) = A > 0.
Let u1t* and uat® be the leading terms of 2, and x», respectively. Then the inequality
2 4+ x1 > 2x- implies that uy > 2ug, while 2 + &2 > 221 imposes that us > 2uq, and
we obtain a contradiction as uq,us > 0. See Figure 5.
THEOREM 3.5. Suppose that (A b) is tropically sign generic. Then the identity

val(P(A,6) K} ) = P(A,b)

holds for any A € sval”'(A) and b € sval™*(b).

Proof. Let W = (A b). For any A € sval '(A) and b € sval ' (b), let W = (A b).
We first prove the result for the cones C = P(W,0) and C = P(W,0). The inclusion
val(C NK'}™) C C is trivial. Conversely, let € C. Up to removing the columns j
of W with z; = 0, we can assume that z has no 0 entries. We construct a lift « of
z in the Puiseux cone C N K’}FH using the tangent digraph G, with hyperplane node
set I. We claim that it is sufficient to find a vector v € R"*! satisfying the following
conditions:

(3.3) > le(wgj)v; >0 forallie [,
j€arg max(|W;|®Ox)
(3.4) v; >0 forallje[n+1],

where W = (w;;).

Indeed, given such a vector v, consider the lift @ = (v;t7%); of z. Clearly
@ € K'"'. If i € I, then (3.3) ensures that the leading coefficient of Wz is positive.
If i ¢ I, two cases can occur. Either W;" ®x = W,” ® 2 = 0 and thus W,z = 0.
Otherwise, W;" ©® 2z > W,” ® z, so the leading term of Wz is positive. We conclude
that Wiz > 0 for all ¢ € [m]. This proves the claim.

Let F = (fi;) € RIX(*+D be the real matrix defined by fi; = lc(w;;) when
j € argmax(|W;| ® z) and f;; = 0 otherwise. We claim that there exists v € R™!
such that F'v > 0 and v > 0 or, equivalently, that the following polyhedron is not
empty:

{fveR"™ | Fo>1, v>1}.
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By contradiction, suppose that the latter polyhedron is empty. Then, by Farkas’
lemma [Sch03, section 5.4], there exists & € RL and A € R’ such that

(3.5) Fla+ <0,
(3.6) dai+ Y A >0
icl jE€[n+1]

Note that if « is the 0 vector, then by (3.6) there exists a A; > 0 for some j € [n+1],
which contradicts (3.5). Thus, the set K = {i € I | a; > 0} is not empty. Let
J C [n+ 1] be defined by

J = U argmax(W;" ® 2) = U {7 | fi; >0}

€K €K

By definition of the tangent digraph, every hyperplane node in K has an incoming arc
from a coordinate node in J. Moreover, for every j € J, the inequality (3.5) yields

Zfijai <0.

el

This sum contains a positive term f;;a; (by definition of J). Consequently, it must
also contain a negative term fijar. Equivalently, £ € K and fi; < 0, which means
that the coordinate node j has an incoming arc from the hyperplane node k. It
follows that the tangent digraph g} contains a directed cycle (through nodes K U J).
Then, by Lemma 3.3, the matrix W contains a tropically sign singular submatrix with
tper(|]W|) > 0. This proves the claim.

Now we consider the polyhedron P(A,b). The inclusion val(P(A,b) N K7} ) C
P(A,b) is still valid. Conversely, given x € P(A,b), the point 2/ = (z,1) € T"*!
belongs to the cone C. By the previous proof, there exists a lift ' of z/ in C N
K%', Since val(z],,,) = 1, the point = = (z}/x,,,..., 2} /T), ) is well-defined.
Furthermore,  clearly satisfies val(x) = 2 and it belongs to P(A,b) N K. O

Theorem 3.5 shows that valuation commutes with intersection for half-spaces
in general position. This is still true for mixed intersections of half-spaces and
(s-)hyperplanes. Similar to our notation for Puiseux polyhedra, we let

Pr(A,b) := (| H(Ai,bi) NP(A,D).

el

COROLLARY 3.6. Suppose that (A b) is tropically sign generic. Then, for all
A e sval”'(A), b esval *(b), and I C [m],

(3.7) val(P,(A, b) N Ki) — Pr(AD).

Proof. We first prove the result when I = [m]. In this case, the claim is about
the intersection of all (Puiseux or signed tropical) hyperplanes in the arrangement.
The first inclusion val(()/~; H(A;, b;) NK%) C N2, H(A;, b;) is trivial. Conversely,
let = € -, H(A;,b;). Note that there is nothing to prove if that intersection is
empty. The point = belongs to the tropical polyhedron P(A,b). By Theorem 3.5, x
admits a lift in the Puiseux polyhedron P(A,b) N K’.. But observe that the choice
of tropical signs for the rows of (A b) is arbitrary. Indeed, if (A’ V') is obtained
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(123, —, —]

Fic. 6. Unsigned (left) and signed (right) cell decompositions induced by the three tropical
s-hyperplanes in Example 3.7.

by multiplying some rows of (A b) by ©1, then (A’ ¥’) satisfies the conditions of
Theorem 3.5 and x belongs to P(A’,b'). Thus, for any sign pattern s € {—1,+1}™,
there exists a lift * of 2 which belongs to the Puiseux polyhedron P(A®,b%) N K",
where (A® b%) = (Sl L )(A b).

Since the Puiseux poinrllts x® are nonnegative with valuation z, any point in their
convex hull is also nonnegative with valuation . We claim that the convex hull
conv{z® | s € {—1,+1}™} contains a point in the intersection (-, H(A;, b;). We
prove the claim by induction on the number m of hyperplanes.

If m = 1, we obtain two points = and x~ on each side of the hyperplane
H(A1,b1), and it is easy to see that their convex hull intersects the hyperplane.
Now, suppose we have m > 2 hyperplanes. Let S (resp., S7) be the set of all sign
patterns s € {—1,+1}™ with s,, = +1 (resp., s, = —1). By induction, the convex
hull conv{x® | s € ST} contains a point ™ in the intersection of the first m — 1
hyperplanes ﬂ;’;l H(A;,b;). Similarly, conv{z® | s € S~} contains a point ™ in
ﬂ;i_ll H(A;,b;). The points &+ and &~ are on opposite sides of the last hyperplane
H(A,,,b,,), and thus their convex hull intersects H (A, b.,).

When I C [m], the previous proof can be generalized by considering only the sign
patterns s € {—1,+1}" such that s; = +1 for all ¢ € I. O

By Corollary 3.6, the intersection of the nonnegative orthant K’ with the cells of
the arrangement of Puiseux hyperplanes {H (A, b;)}ic[m) induces a cellular decom-
position of T™ into tropical polyhedra. We call this collection of tropical polyhedra
the signed cells of the arrangement of tropical s-hyperplanes {#H (A, b;) }icpm). Notice
that the signed cells form an intersection poset thanks to Corollary 3.6.

The signed cell decomposition coarsens the cell decomposition introduced in
[DS04], which partitions T™ into ordinary polyhedra. Here we call the latter cells
unsigned. In particular, the one-dimensional signed cells are unions of (closed) one-
dimensional unsigned cells. However, some one-dimensional unsigned cells may not
belong to any one-dimensional signed cell. In the example depicted in Figure 3, this
is the case for the ordinary line segment [(1,0,1),(1,1,1)].
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Example 3.7. Consider the tropical polyhedral cone C in T? given by the three
homogenous constraints

(3.8) Ty > max(ri,r3),
(3.9) 21 > max(xe — 2,23 — 1),
(3.10) max(z1, 23+ 1) > x2 — 1

This gives rise to an arrangement of three tropical s-hyperplanes in which C forms
one signed cell; see Figure 6 (right) for a visualization in the z; = 0 plane. Each
tropical s-hyperplane yields a unique unsigned tropical hyperplane. An open sector
is one connected component of the complement of an unsigned tropical hyperplane.
The ordinary polyhedral complex arising from intersecting the open sectors of an
arrangement of unsigned tropical hyperplanes is the type decomposition of Develin and
Sturmfels [DS04]. In our example the type decomposition has 10 unsigned maximal
cells; in Figure 6 (left), we marked them with labels as in [DS04].

The apices of the unsigned tropical hyperplanes arising from the three constraints
above are p; = (0,0,0), p2 = (0,2,1), and p3 = (0,1, —1). The tropical convex hull of
p1, P2, and ps, with respect to min as the tropical addition, is the topological closure
of the unsigend bounded cell 2,1, 3].

The signed cell C' is precisely the union of the two maximal unsigned cells [2,1, 3]
and [23, 1, —] together with the (relatively open) bounded edge of type [23, 1, 3] sitting
in between. The other signed cells come about by replacing “>” by “<” in some subset
of the constraints above. For instance, exchanging “>” by “<” in (3.8) and keeping the
other two yields the signed cell which is the union of the three unsigned cells [2, —, 13],
[12,—,3], [123, —, —] and two (relatively open) edges in between. Altogether there are
six maximal signed cells in this case.

The proper notion of a “face” of a tropical polyhedron is a subject of active
research; see [Jos05] and [DY07]. Notice that, like the tangent digraphs, the signed
and unsigned cells depend on the arrangement of s-hyperplanes, while several different
arrangements may describe the same tropical polyhedron. For example,

(3.11) {zeT? |22 <1} ={zecT? |z <1and 2z, <1}.

Even if a canonical external representation exists (see [AK13]), it may not satisfy the
genericity conditions of Corollary 3.6. Thus this approach does not easily lead to a
meaningful notion of faces for tropical polyhedra.

Lacking a good notion of a “face,” the following two results introduce suitable
concepts which are good enough for our algorithms.

PROPOSITION-DEFINITION 3.8 (tropical basic points). Suppose that (A b) is
tropically sign generic and that Assumption 3 holds. Let I be a subset of [m] of
cardinality n such that tper(|Ar]) > 0. If the set Pr(A,b) is not empty, it contains a
unique point, called a (feasible) tropical basic point of P(A,b).

The tropical basic points of P(A,b) are exactly the valuations of the basic points
of P(A,b) for any lift (A b) € sval ' (A b).

Proof. This is a straightforward consequence of Corollary 3.6 and the definition
of basic points. Assumption 3 ensures that the sets of the form P;(A,b), for any
I C [m], are contained in K. 0O

Remark 3.9. Alternatively, the fact that P;(A,b), if it is not empty, contains a
unique element, follows from the Cramer theorem in the symmetrized tropical semi-
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ring [Plu90], see Theorem 5.1 below. This also implies that the technical condition
that z; > 0 in Assumption 3 is not needed to derive the uniqueness of this element.

PROPOSITION-DEFINITION 3.10 (tropical edges). Suppose that (A b) is tropically
sign generic and that Assumption 3 holds. Let K be a subset of [m] of cardinality n—1
such that A has a tropically sign nonsingular mazimal minor. If the set Pr(A,b) is
not empty, then it is called a (feasible) tropical edge.

The tropical edges of P(A,b) are exactly the valuation of the edges of P(A,b)
for any lift (A b) € sval ' (A b).

Proof. The arguments are the same as in the proof of Proposition-
Definition 3.8. O

The correspondence between basic points and edges with their tropical counter-
parts is illustrated in Figures 2 and 3, where basic points are depicted by red dots
and edges by black lines. These definitions are meaningful only if (A b) is tropically
sign generic. Otherwise, P(A,b) may have no basic points in the sense of Proposition-
Definition 3.8. For instance, the set {z € T? | 71 > 22 ® 0 and x3 > 21 ® 0} does not
contain such a point. Notice that our genericity assumptions imply that the tropical
edges arise as complete intersections of tropical half-spaces. In this sense Corollary 3.6
is a signed version of [SS04, Proposition 6.3].

A point z in a tropically convex set S is called an extreme point of S if, for any
y,z €8, x € tconv({y, z}) implies x =y or & = z.

PROPOSITION 3.11. Suppose that (A b) is tropically sign generic and that As-
sumption 3 holds. Then the extreme points of P(A,b) are tropical basic points.

Proof. Consider any lift (A b) € sval~'(A b). Then P(A,b) C K" by Assump-
tion 3, and val(P(A,b)) = P(A,b) by Corollary 3.6. The basic points of P(A,b)
are precisely its extreme points. As a result, we have P(A,b) = conv(P) + pos(R),
where P is the set of basic points, conv(P) its convex hull, and pos(R) is a pointed
polyhedral cone generated by a finite set R C K". Note that R C K} as P(A,b) C
K’ . Thus, by [DY07, Proposition 2.1], we know that P(A,b) = tconv(val(P)) ®
tpos(val(R)). By Proposition-Definition 3.8, val(P) is precisely the set of tropical
basic points of P(A4,b). The tropical analogue of Milman’s converse of the Krein—
Milman theorem, which is proved, for instance, in Theorem 2 of [GK11] in the case
of polyhedra, implies that the set of extreme points of P(A,b) is included in val(P).
It follows that every extreme point is basic. O

Remark 3.12. While extreme points are basic points, the converse does not hold.
For example, (1,1) is a basic point of the tropical polyhedron {z € T? | 1 <
1 and x2 < 1}, but it is not extreme.

The polars of sign cyclic polyhedral cones studied in [AGK11] are also examples in
which not every basic point is extreme. Actually, Theorems 2 and 6 in that reference
provide combinatorial characterizations of extreme and basic points in terms of lattice
paths. A comparison of both characterizations shows that the lattice paths are more
constrained in the case of extreme points.

4. Pivoting between two tropical basic points. In this section, we show
how to pivot from a tropical basic point to another, i.e., to move along a tropical
edge between the two points, in a tropical polyhedron P(A,b), where A € T} "
and b € T}". Under some genericity conditions, by Corollary 3.6 this is equivalent
to the same pivoting operation in an arbitrary lift P(A, b) over Puiseux series of the
considered tropical polyhedron, where A € sval™*(A) and b € sval~(b). However, our
method relies only on the tropical matrix A and the tropical vector b. The complexity
of this tropical pivot operation will be shown to be O(n(m + n)), which is analogous

to the classical pivot operation.
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Pivoting is more easily described in homogeneous terms. For W = (A4 b) we
consider the tropical cone C = P(W,0), seen as a subset of the tropical projective
space TPP™. This cone is defined as the intersection of the half-spaces ’H? ={z €
TP" | W;t @2 > W,” ®a} for i € [m]. Similarly, we denote by H; the s-hyperplane
{z € TP" | W;" ©x =W, ®x}. We also let C; := P(W,0) for any subset I C [m).

Throughout this section, we make the following assumptions.

Assumption 4. The matrix W is tropically generic.

Assumption 5. Every point in C \ {(0,...,0)} has finite coordinates.

Assumption 4 is a tropical version of primal nondegeneracy. It is strictly stronger
than the condition that W = (A b) is tropically sign generic used in the previous
section, and hence, in particular, we can make use of Corollary 3.6. Under Assump-
tion 5, which is strictly stronger than Assumption 3, the tropical polyhedron P(A,b)
is a bounded subset of R”. To see this, consider C as a subset of T"*!. As C is a
closed set, Assumption 5 implies that there exists a vector £ € R™*! such that z > ¢
for all z € C. Let tconv(P) @ tpos(R) be the internal description of P(A,b) provided
by Theorem 2.4. If R contains a point 7, then it is easy to verify that (r,0) lies in
C, which contradicts Assumption 5. Since every p € P belongs to P(A,b), the point
(p, 1) belongs to C, and thus p; > [; for all j € [n]. It follows that P(A,b) = tconv(P)
is a bounded subset of R™.

Assumptions 4 and 5 are two of the three conditions required for a tropical linear
program to be standard in the sense of Theorem 1.1.

As a consequence, the Puiseux polyhedron P(A, b) is also bounded and contained
in the interior of K}.

Through the bijection given in (2.4), the tropical basic point associated with a
suitable subset I C [m)] is identified with the unique projective point ! € TP" in the
intersection C;. In addition, when pivoting from the basic point 2!, we move along a
tropical edge £k := Ck defined by a set K =T \ {iou} for some ioy € I.

By Proposition-Definitions 3.8 and 3.10, a tropical edge £k is a tropical line
segment tconv(xf,xf/). The other endpoint I € TP" is a basic point for I’ =
K U{lient}, where ient € [m]\I. So, the notation ioy: and ient refers to the indices leaving
and entering the set of active constraints I which is maintained by the algorithm.
Notice that the latter set corresponds to the nonbasic indices in the classical primal
simplex method, so that the indices entering/leaving I correspond to the indices
leaving/entering the usual basis, respectively.

As a tropical line segment, £k is known to be the concatenation of at most n
ordinary line segments.

PROPOSITION 4.1 (see [DS04, Proposition 3]). Let Ex = tconv(z!,z!) be a
tropical edge. Then there exists an integer q € [n] and g+ 1 points €',..., €9 € Ex
such that

Ex = (€160 UL €™, where & =a' and &M =2,
Every ordinary segment is of the form
(4.1) [€p7§p+1] = {2 + Ae’r |0< A< M;D}v

where the length of the segment u, is a positive real number, J, C [n+1], and the jth
coordinate of the vector e’» is equal to 1 if j € J, and to 0 otherwise. Moreover, the
sequence of subsets Ji,...,Jq satisfies

DChGC o CJyGn+1l.
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The vector e’» is called the direction of the segment [¢P,PH1]. The intermedi-
ate points £2,...,£&9 are called breakpoints. In the tropical polyhedron depicted in
Figure 3, breakpoints are represented by white dots.

Note that in the tropical projective space TP", the directions e’/ and —el+1\/
coincide. Both correspond to the direction of T™ obtained by removing the (n + 1)th
coordinate of either —e!"*\7 if (n 4 1) € J or e’ otherwise.

4.1. Overview of the pivoting algorithm. We now provide a sketch of the
pivoting operation along a tropical edge £x. Geometrically, the idea is to traverse the
ordinary segments [€1,£2],...,[€9,£9F] of Ek. At each point €7, for p € [q], we first
determine the direction vector e”¢, then move along this direction until the point £&PF*
is reached. As the tangent digraph at a point = € C encodes the local geometry of the
tropical cone C around z, the direction vectors can be read from the tangent digraphs.
Moreover, the tangent digraphs are acyclic under Assumption 4. This imposes strong
combinatorial conditions on the tangent digraph, which, in turn, allows us to easily
determine the feasible directions.

For the sake of simplicity, let us suppose that the tropical edge consists of two
consecutive segments [¢, ¢'] and [¢/, €], with direction vectors e’ and e’ respectively.

Starting at the basic point & = 2%V {%u}  we shall prove below that, at every basic
point, the tangent digraph is a spanning tree where every hyperplane node has exactly
one incoming arc and one outgoing arc. In other words, for every i € K U {iou}, the
sets argmax(W;" ©¢) and arg max(W,;” ©¢) are both reduced to a singleton, say, {j;"}
and {j; }. We want to “get away” from the s-hyperplane H,,, . Since the direction
vector e’ is a 0/1 vector, the only way to do so is to increase the variable indexed by
j;g .. While not increasing the component indexed by j; . Hence, we must have j;g LE€J
and j; ¢ J. While moving along e’, we also want to stay inside the s-hyperplane H;
for i € K. Hence, if j;* € J for some i € K, we must also have j; € J. Similarly, if
j; & J, then we must also have j; ¢ J. Removing the hyperplane node iy from the
tangent digraph g} provides two connected components; the first one, C, contains
j;g ..» and the second one, C_, contains j; . From the discussion above, it follows that
the set J consists of the coordinate nodes in C7.

When moving along e/ from ¢, we leave the s-hyperplane H;_,. Consequently, the
hyperplane node io, “disappears” from the tangent digraph. It turns out that this is
the only modification that happens to the tangent digraph. More precisely, at every
point in the open segment ]€, £’[, the tangent digraph is the graph obtained from g}
by removing the hyperplane node i, and its two incident arcs. We shall denote this
digraph by g_i575/[. By construction, g'j&g/[ is acyclic and consists of two connected
components, and every hyperplane node has one incoming and one outgoing arc.

We shall move from ¢ along e’ until “something” happens to the tangent digraph.
In fact only two things can happen, depending on whether £’ is a breakpoint or a basic
point. As we supposed & to be a breakpoint, a new arc anen will “appear” in the
tangent digraph, i.e., g}/ = g'j&g/[ U {anew}. Let us sketch how the arc apew can be
found. We denote anew = (Jnew; k), Where jnew is a coordinate node and k € K is a
hyperplane node. We shall see that jnew must belongs to J (i.e., the component C} ),
while k£ must belongs to the component C_.

Hence, the arc anew “reconnects” the two components C and C_ (see Figure 8).
Since k had one incoming and one outgoing arc in g'j ¢.¢'[> it has exactly three incident

arcs in Jg. One of them is dnew = (jnew, k); the second one, aoiq = (joid, k), has the
same orientation as apew; and the third one, o’ = (k,1), has an orientation opposite
to apew and aeig.
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Let us now find the direction vector /" of the second segment [¢/, £”]. Consider the
hyperplane node k with the three incident arcs anew, @old, and a’. By Proposition 4.1,
we know that J C J’; hence we must increase the variable jnew. Since we want to stay
inside the hyperplane Hy, it follows that we must also increase the variable indexed by
£. On the other hand, we do not increase the variable joiq. As before, all hyperplane
nodes i € K\ {k} have exactly one incoming and one outgoing arc. Removing the arc
aold from the graph provides two connected components; the first one, C’,, contains
the coordinate nodes jhew and £ as well as the hyperplane node &, while the second one,
C’_, contains joig. The new direction set J' is given by the coordinate nodes in C,.

The tangent digraph in the open segment ¢, £"[ is again constant and is defined
by g'jg/,gu[ = Ge \ {ao}. Hence, J]EZ&”[ is an acyclic graph, with two connected
components C’, and C”, where every hyperplane node has one incoming and one
outgoing arc.

The basic point £ is reached when a new s-hyperplane iene & K is hit. This
happens when the hyperplane node ient “appears” in the tangent digraph, along with
one incoming (5, 4ent) and one outgoing arc (ient, 7). Observe that we must have
j-€Jand jT & J. It follows that the two components C’, and C’_ are reconnected
by adding tent and its two incident arcs.

In section 4.2, we prove that the tangent digraphs satisfy the above-mentioned
characterization and that they provide the feasible directions. In section 4.3, we
characterize the lengths of the ordinary segments, that is, we deduce when a arc or
a hyperplane node “appears” in the tangent digraphs. In section 4.4, we prove that
the tangent digraphs evolve as described above. It allows us to incrementally update
the information needed to find the directions and lengths of the segments. This will
finally provide an efficient implementation of the pivoting operation.

4.2. Directions of ordinary segments. Given a point z in a tropical cone D,
we say that the direction e, with § € J C [n + 1], is feasible from x in D if there
exists > 0 such that the ordinary segment {z 4+ Xe”’ | 0 < A < i} is included in D.
The following lemma will be helpful to prove the feasibility of a direction.

LEMMA 4.2. Let x € R""L. Then, the following properties hold:

(i) If = belongs to 7—[1> \ H;, every direction is feasible from x in 7—[1>

(ii) If x belongs to H;, the direction e’ is feasible from x in the half-space H? if
and only if argmax(W;” © x) N J # 0 or argmax(W,” @ z) N J = 0.

(iii) If = belongs to H;, the direction e’ is feasible from x in the s-hyperplane H;
if and only if the sets argmax(W;" ® ) N J and argmax(W;,” © x) N J are
both empty or both nonempty.

Proof. The first point is immediate. To prove the last two points, observe that if

x € H;, then W," ©x = W, ®z > 0, thanks to x € R"*! and Assumption 1. Then,
for A > 0 sufficiently small, we have

(Wiroz)+ X if argmax(W,F ©0x)NJ #0,

Wm o (x4 M) =
ol ) Wroa otherwise ,

and the same property holds for W, ® x. d

We propose to determine feasible directions with tangent graphs. It turns out
that tangent graphs in a tropical edge have a very special structure. Indeed, under
Assumption 4, these graphs do not contain any cycle by Lemma 3.3. In other words,
they are forests: each connected component is a tree. Hence we have the equality

(4.2)  number of nodes = number of edges + number of connected components .

Note that [DS04, Proposition 17] determines that number of connected components.
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We introduce some additional basic notions and notation on directed graphs.
Two nodes of a digraph are said to be weakly connected if they are connected in the
underlying undirected graph. Given a directed graph G and a set A of arcs between
some nodes of G, we denote by G U A the digraph obtained by adding the arcs of A.
Similarly, if A is a subset of arcs of 9 , we denote by G \ A the digraph where the arcs
of A have been removed. By extension, if A is a subset of nodes of G, then G\ N is
defined as the digraph obtained by removing the nodes in A" and their incident arcs.
The degree of a node of G is defined as the pair (p1,p2), where p; and ps are the
numbers of incoming and outgoing arcs incident to the node.

PROPOSITION 4.3. Let x be a point in a tropical edge Ex. Then, exactly one of
the following cases arises:

(C1) z is a basic point for the basis K U{iou}, where ioy € [m]\ K. The tangent
graph G, at x is a spanning tree, and the set of hyperplane nodes is K U {ion}. In
the tangent digraph g;, every hyperplane node has degree (1,1). Let J be the set of

coordinate nodes weakly connected to the unique node in argmax(Wi:t ©® z) in the

digraph G \ {iout}. The only feasible direction from x in Ex is e’ .

(C2) x is in the relative interior of an ordinary segment. The tangent graph G,
is a forest with two connected components, and the set of hyperplane nodes is K. In
the tangent digraph ,C';w, every hyperplane node has degree (1,1). Let J be the set of
coordinate nodes in one of the components. The two feasible directions from x in Ex
are e’ and —e’ = elP T\,

(C3) x is a breakpoint. The tangent graph G, is a spanning tree, and the set of
hyperplane nodes is K. In the tangent digraph g}, there is exactly one hyperplane
node k with degree (2,1) or (1,2), while all other hyperplane nodes have degree (1,1).
Let a and o' be the two arcs incident to k with same orientation. Let J and J' be the
set of coordinate nodes weakly connected to k in Gy \ {a} and G, \ {a'}, respectively.
The two feasible directions from x in Ex are e’ and e’ .

Proof. Since x has finite entries, the graph G, contains exactly n + 1 coordinate
nodes. Let n’ be the number of hyperplane nodes in G,.. Consider any ¢ € K. Since x
is contained in the s-hyperplane H; and z € R"!, we have W;* .z = W, ®z > 0.
Thus K is contained in the set of hyperplane nodes. Therefore n’ > n—1. As there is
at least one connected component, there is at most n +n' edges by (4.2). In addition,
each hyperplane node is incident to at least two edges, so that there is at least 2n’
edges in G,. We deduce that n’ < n. As a result, by using (4.2), we can distinguish
three cases:

(i) n’ = n, in which case there is only one connected component in G, and exactly

2n edges. In addition, all the hyperplane nodes have degree (1,1) in Go.

(ii)) n’ = n — 1, the graph G, contains precisely two connected components and

2n' — 2 edges. As in the previous case, every hyperplane node has degree
(1,1) in G,.
(iii) n” = n — 1 and G, has one connected component. In this case, there are
2n/ — 1 edges. In G, there is exactly one hyperplane node with degree (2,1)
or (1,2), and all the other hyperplane nodes have degree (1,1).
We next show that these cases correspond to the ones in our claim.

Case (i). Since n’ = n, the set of hyperplane nodes is of the form K U {iou}
for some i, & K. Moreover, G, is a spanning tree. As a consequence, it contains
a matching between the coordinate nodes [n] and the hyperplane nodes K U {ioyt}.
Such a matching can be constructed as follows. Let G’ be the digraph obtained by
directing the edges of G, toward the coordinate node n + 1. In this digraph, every
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coordinate node j € [n] has exactly one outgoing arc to a hyperplane node o(j),
as there is exactly one path from j to n 4+ 1 in the spanning tree G,. Moreover,
every hyperplane node ¢ has exactly one incoming arc and one outgoing arc in g.
Indeed, ¢ is incident to two arcs in g , and exactly one of them leads to the path to
coordinate node n + 1. We conclude that o(j) # o(j') when j # j'. Thus the set
of edges {(4,0(j)) | j € [n]} forms the desired matching. Then, by Lemma 3.2, the
submatrix W’ of W formed from the columns in [n] and the rows in K U {io} satisty
tper(|W’']) > 0. Furthermore, W' = Ay} As a consequence, x is a basic point
for the set K U {iou}-

Since the graph G, is a spanning tree where the hyperplane node ot is not a leaf,
removing ie,: from G, provides two connected components C*T and C~, containing
the coordinate nodes in arg max(Wi:t © z) and in argmax(W, © x), respectively.
Let J be the set of the coordinate nodes in Ct.

We claim that the direction e” is feasible from z in €. Indeed, if the hyperplane
node i € K belongs to CT, then argmax(W;" ® z) C J and argmax(W,” ® z) C J.
In contrast, if the node i € K belongs to C~, we have argmax(W;" @ x) N J =
argmax(W,” ®z)NJ = (. By Lemma 4.2, this shows that the direction e” is feasible
in all s-hyperplanes H; with ¢ € K. It is also feasible in the half-space ’Hi > Since
x € H,;,, and arg maX(Wi:t ®x) C J. Finally, for all i ¢ K U {iou}, the point x
belongs to ’H? \ H;. Indeed, if = € H;, then ¢ would be a hyperplane node. Thus, by
Lemma 4.2, the direction e” is feasible in ’H? As Ex = (NiexHi) N (ﬂigK’Hf), this
proves the claim.

Since z is a basic point it admits exactly one feasible direction in £x. Thus e” is
the only feasible direction from z in k.

Case (ii). In this case, G, is a forest with two components C; and Co, and K is
precisely the set of hyperplane nodes. Let J be the set of coordinate nodes in C;. Then
Lemma 4.2 shows that the direction e’ is feasible from x in Ex. Indeed, the point z
belongs to HZ \ H; for i ¢ K. In addition, for all i € K, the sets arg max(W;" ®z)N.J
and argmax(W,” ®x) NJ are both nonempty if ¢ belongs to C1, and both are empty
otherwise.

Symmetrically, the direction e"*\ = —¢7 is also feasible in £k, as [n+ 1]\ J is
the set of coordinate nodes in the component Cs. It follows that x is in the relative
interior of an ordinary segment.

Case (iii). The graph G, is a spanning tree. Let k be the unique half-space node
of degree (2,1) or (1,2) in G, and a,a’ the two arcs incident to k with the same
orientation.

Then G, \ {a} consists of two weakly connected components Cy and Cy. Without
loss of generality, we assume that k belongs to C;. Let J be the set of coordinate
nodes in C;. We now prove that e’ is feasible from z in £k, thanks to Lemma 4.2.
Indeed, = € H7 \ H,; for i ¢ K. In addition, if i € K, the sets argmax(W;" © ) N .J
and arg max(W,” ® ) N J are both nonempty if i € C;, and both empty if i € Cs.
Thus, e’ is feasible in the s-hyperplane H,;.

Similarly, let J be the set of coordinate nodes weakly connected to k in G, \ {a’}.
Then the direction e’ is also feasible. Note that J and J' are neither equal nor
complementary. Thus, there are two distinct and nonopposite directions which are
feasible from z in €k, which implies that x is a breakpoint. |
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Ezxample 4.4. Figure 4 depicts the tangent digraphs at every point of the trop-
ical edge &k for K = {H1,H2}, and this illustrates Proposition 4.3. The set I =
{H1,Ha,H3} of constraints determines the basic point #/ = (1,0,0). From its tangent
d}g{&ph we deduce that the initial ordinary segment of the edge £k is directed by
el?t,

The tangent digraph at a point in |(1,1,0),(1,0,0)[ has exactly two weakly con-
nected components. They yield the feasible directions et2} and {34} which corre-
spond to the vectors (0,1,0) and (0, —1,0) of T2.

At the breakpoint (1,1,0), the tangent digraph is weakly connected, and the
hyperplane node #; has degree (2,1). Removing the arc from coordinate node 4
to Hy provides two weakly connected components, respectively, {1,2} U {H1} and
{3,4} U {H2}. The coordinate nodes of the component containing H; yields the
feasible direction ell2}. Similarly, it can be verified that the other feasible direction,
obtained by removing the arc from coordinate node 2, is the vector ell:3:4},

4.3. Moving along an ordinary segment. In this section we provide exact
details on how to obtain the next point & from a given point ¢ and a direction given
in terms of the set J. We determine whether £’ is a basic point or a breakpoint, and
we determine the length g of the resulting segment [¢,¢'] = {€ + Xe? | 0 < X < p}
of the tropical edge £x. The metric results from this section will be interpreted in
terms of tangent digraphs in the next section.

For all i € [m], we define

A& T) = (W ©€) — max(wfj +&)

N6 T) = (W og) - gleajc(wi; +&5),

where W = (w;;). When it is clear from the context, A (¢,.J) and A; (&, J) will be
simply denoted by )\;r and A; . By Assumptions 1 and 5, we have W;r ©&E>0. In
contrast, maxjeJ(w;; +§;) and maxe s (w;; +&;) may be equal to —oo, in which case
we use the convention —(—o0) = 400, and so )\;r = +o00 and A\; = +o0, respectively.
When max;e s (w;; 4 &) and max;e y(wj; + &) are finite, the scalars A and ;" are
nonnegative real numbers.

Let 2* := & + Ae’. Observe that A is the smallest A > 0 such that W;" © ¢ =
wj;—i—x;‘ for some j € J. Similarly, A~ is the smallest A > 0 such that W;t©¢ = w;; —l—x;‘
for some j € J. More precisely, we have

Wt 6z Wiho¢ fO<A<A,
. xr =

! (WroO)+A=A" if A= Af,
W o2t — W, o¢ if0< A< By,
' B (UARCTI R D Wl D=3

where 87 = A\, + (W, ©® &) — (W;" ®&). In particular 8; < A; and equality holds
when i € K. The evolution of W;" ® (¢ + Ae”) versus W, ® (€ + Ae”) is visualized in
Figure 7.

The endpoint £’ is either a breakpoint or a basic point. We will prove that it is a
basic point if a new hyperplane node e, € K “appears” in the tangent digraph. In
that case the index i¢n must belong to the following set:

Ent(&,J) :=={i € [m] \ K | argmax(W;" ® &) N J = 0} .
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FiG. 7. Evolution of W;t ® (€ + Xe”’) (in red) and W;,” © (€ + Xe”’) (in black) with X > 0 for
i € Ent and \; < X[ (left) or A\ > X[ (right).

We shall see that £ is a breakpoint if a hyperplane node k € K “acquires” a new arc
and thus becomes of degree (2,1) or (1,2). Such a node k¥ must be an element of the
following set:

Br(¢,J) :={i € K |argmax(W;" &) NJ =0 and argmax(W,” ©&)NJ =0} .

We already mentioned that the notation ient (and so, Ent(€, J)) and iou is chosen by
analogy with the entering or leaving indices in the classical simplex method. Note
that the set Br(¢, J) does not have any classical analogue. It represents intermediate
indices which shall be examined before a leaving index is found.

When this does not bear the risk of confusion, we simply use the notation Br and
Ent.

PROPOSITION 4.5. Let {é+Xe’ | 0 < A < pu} be an ordinary segment of a tropical
edge Ex . The following properties hold:

(i) The length p of the segment is the greatest scalar A > 0 satisfying the following

conditions:
min(Af, A7)  for alli € Br,

A
(4.3) B ) 3
A< A for all i € Ent such that \; < )\;r.

NN

(ii) If p = A, for ient € Ent, then &4 pe’ is a basic point for the basis KU {ient}.

(iif) If p = min(\, \,) for k € Br, then & + pe’ is a breakpoint.

Proof. Let a* := & + \e” for all A > 0.

We claim that 2* belongs to Ex if A satisfies (4.3). To that end, we first show
that 2 € H; for i € K. Consider an i € Br. Then 3; = A;. Therefore, for all
0<AK min()ﬁr A; ) we have € H; since

Wrosr=Wreot=w0t=W, 0.

Let i € K \ Br. Then by Lemma 4.2, arg max(W,;" ® £) N J and argmax(W,” ©@&)NJ
are both nonempty. Thus A" = \; = 8; = 0. Therefore, 2* € H; for all A > 0 since
in this case

Whoar =W +rx=Ww, 0z*.

We now examine the half-spaces H7, where i € [m]\ K. If i ¢ Ent, then

argmax(W;" © £) NJ # (. Consequently, \;” = 0. Thus z* € ’H? for all A > 0
as we have
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Wi oot =W 08+ Az max(W; 0§ (W, 08 +x-A) =W 0.
Ifi€Entand 0 < A < min()\;-", A; ), then e 7—[1> Indeed,
Wi ot =W;"0&>max(W, @& (W08 +A-X) =W, 0.
Now if further A" < \;, then, for A > A", we have
Whoa* =W 0O +A =N >max(W, 0& (W, 0 +A-\) =W, 0z .

We conclude that if i € Ent and A} < A", then 2 € H7 for all A > 0.

Second, we claim that the solution set of the inequalities (4.3) admits a greatest
element \* € R. By contradiction, suppose that z* € £ for all A > 0. Recall that e”
and —e[**t1\’ coincide as elements of TP™. Consequently the half-ray {& — Ael* T\ |
A > 0} is contained in £k and thus in C. Since C is closed, it contains the point
y € T"! defined by y; = & if j € J and y; = 0 otherwise. As J C [n + 1], this
contradicts Assumption 5.

Third, we claim that A* = . To prove the claim it is sufficient to show that 2"
is either a breakpoint or a basic point of £x. We distinguish three cases:

(a) A\* = \; for some i € Ent. Then W;” ® 2) = W;" ® £&. Moreover \* < A
and thus W;" © 2*" = W;* © £. This implies that W, ©@ 2" = W, 02" > 0.
As a consequence, ¢ ¢ K is a hyperplane node in the tangent graph G,»«. By
Proposition 4.3, we conclude that z*" is a basic point for the set K U {i}.

(b) A* =\ < A, for some i € Br. Then, observe that

(4.4) argmax(W;" ® 2*") = argmax(W;* © £) Uarg max(w?; +¢&5) .
JjeJ

The two sets on the right-hand side of (4.4) are nonempty and disjoint, since
i € Br. Thus argmax(W;" ® 2*") contains at least two distinct elements.
Moreover, 2 € Ex by the discussion above, and thus i € K appears as a
hyperplane node in g"w. Consequently, the hyperplane node ¢ has at least
two incoming arcs in g;v. We deduce by Proposition 4.3 that the degree of
the hyperplane node 7 in g;v is (2,1) and that 2*" is a breakpoint.

(¢) \* =\, < A/ for somei € Br. By the same argument as above, arg max(W,” ®
2*") contains at least two distinct elements. This implies that z*” is a break-
point and that the hyperplane node i has degree (1,2).

Note that the arguments above also prove Proposition 4.5(ii) and (iii). O

Remark 4.6. When & + pe’ is a breakpoint, the proof of Proposition 4.5 ensures
that the hyperplane node k in the tangent digraph §§+ el has degree (2,1) if p = /\‘,:
or (1,2) if = A, . In particular, this proves that u is equal to only one scalar among
the A", )\; and A, , where 7 € Ent and k£ € Br.

Ezxample 4.7. We now have all the ingredients required to perform a tropical
pivot. Feasible directions are given by Proposition 4.3, while Proposition 4.5 provides
the lengths of ordinary segments and the stopping criterion.

Let us illustrate this on our running example. We start from the basic point
(4,4,2) (i.e., the point (4,4,2,0) in TP3) given by I = {#H1,Ha,H5}, and we move
along the edge £, where K = {H1,Ha}. The tangent digraph at (4,4, 2) is depicted
in the bottom right of Figure 4. By Proposition 4.3(C1), the initial direction is
—eil23} e J= {4}. By definition, Br is formed by the hyperplane nodes which are
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not adjacent to the coordinate node 4 in the tangent digraph. Hence, Br = {H1, Ha}.
Moreover, in the homogeneous setting, the inequalities H3 and H4 read

To 2 T4,

x1 > max(xyq, x2 — 3).

In both of them, the maximum in the left-hand side is reduced to one term, and it
does not involve x4. Thus, Ent = {H3, H4}. The reader can verify that

A, =3-0=3, Ay, =3 — (—00) = 400,
A, =2 — (—00) = +o0, Ay, =2-0=2,
M, =4 — (—0) = +oo, Ao, =4—0=4,
A, =4 —(—00) = +0o0, Mg, =4-0=4.

As a result, the length of the initial ordinary segment is u = 2, given by u = Ay, <
)\;"LQ. As Hy € Br, the point (4,4,2) — 2¢{1:23 = (2,2,0) is a breakpoint.

The next feasible direction is —e{’2} as J = {3,4}. We still have Ent = {H3, H4}
but now Br = {#;}. The length of this ordinary segment is p = 1 = )\;fll. Conse-
quently, we reach the breakpoint (1,1,0) = (2,2,0) — 12}, where the next feasible
direction, —e{?}, is given by J = {1,3,4}. The set Br is now empty and Ent = {#,}.
Clearly, p=1= Ay, . As H4 € Ent, the next endpoint (1,0,0) = (1,1,0) — 1ef?} is a
basic point.

4.4. Efficient implementation of the pivoting operation. Our implementa-
tion of the pivoting operation relies on the incremental update of the tangent digraph
along the tropical edge. This avoids computing from scratch the tangent digraph at
each breakpoint, in which case the time complexity of the pivoting operation would
be naively in O(n?m).

In the previous section we described the “travel” from a given point £ into the
direction given by J to the next point, called £’. Our key observation is that the
tangent digraph is constant in the open segment ]¢,£'[ and that it “acquires” a new
arc or a new hyperplane node when the endpoint £ is reached. This is made precise
in the lemma below and the subsequent proposition.

LEMMA 4.8. Let [£,¢'] = {&+ Xe/ | 0 < X\ < p} be an ordinary segment of
Ex. Every point in )&, &'[ has the same tangent digraph QE,E,[, which is equal to the
intersection of C;E and g},,

Proof. Let 2* := £ + \e’. By Proposition 4.3, the hyperplane node set of g}; for
A €10, u[is equal to K. If £ and ¢ are both basic points, the sets of hyperplane nodes
in their tangent digraphs are respectively of the form K U {iou} and K U{ient}, where
Touts tent € K, and douy 7 tent- If one of the two endpoints, say, &, is a breakpoint,
the hyperplane node set of its tangent digraph is K, while the hyperplane node set of
,C';g contains K. In all cases, the intersection of the hyperplane node sets of C;E and
g}/ is equal to K. Moreover, the coordinate node set of G, is equal to [n 4 1] for all
z € [§¢].

Let i € Br. If 0 < A < p, then in particular A < min(\]", ;") by Proposition 4.5.
Hence,

(4.5) argmax(W* © ) = argmax(W* © €) .

Besides, arg max(W= © ¢') = argmax(W= © z#) is a superset of arg max(W;= @ &),
and the inclusion is strict when p is equal to the corresponding scalar )\;r or \; .
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Fic. 8. Nlustration of Proposition 4.9(ii) and Remark 4.10, with a sequence of tangent digraphs
around a breakpoint &' between two consecutive segments [£,&'] U [£',€"]. The direction of [£,£],
from & to &', is given by the set of coordinate nodes J, indicated in green. The direction of the
second segment, from &' to £, is governed by J' depicted in orange.

Similarly, let i € K\ Br. By Lemma 4.2, arg max(W," ©¢)NJ and arg max(W,” ®
&) N J are both nonempty. Moreover, for all A > 0, we have

(4.6) argmax(WE © ) = argmax(W= @ €) N J .
In particular, arg max(VVii ©¢&) =arg maX(Wf ©&NJ.

Equations (4.5) and (4.6) ensure that arg max(W= © z*) = argmax(W* © €) N
arg Hla,X(Wi:t ©¢') for all i € K and A € |0, pu[. This shows that the arc set of g';A is
precisely the intersection of the arc sets of Ge and Ger. [

PROPOSITION 4.9. Let [£,€'] = {€+ Xe? | 0 < X\ < pu} be an ordinary segment of
Ek.

(1) If € is a basic point, i.e., € = K} for a given iy & K, then

g_iﬁﬁ/[ = é& \ {Zout} -

(ii) If &' is a breakpoint and k the hyperplane node of g}/ with degree (2,1) or
(1,2), then

Ger = Gleerp U {nen) »
where apew is an arc between k and the unique element of arg max ¢ g (Jwig |+

&)

Moreover, if [¢',£"] is the next ordinary segment in £, then

Giererp = Ger \ {aold},
where aqg is the unique arc incident to k& with the same orientation as anew
in Jf/.

An illustration of (ii) is given in Figure 8.

Proof. Let z* := & + Xe”.

(i) By Proposition 4.3(C2), the tangent digraph ,C';]f)g/[ does not contain the hy-
perplane node igu. As 5]&5/[ is a subdigraph of g} by Lemma 4.8, we deduce that it
is also a subdigraph of g} \ {%out}. Since 5]&5/[ and Ge \ {iout} have the same number
of nodes and arcs by Proposition 4.3, we conclude that they are equal.
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(ii) We assume that k has degree (2,1) in Jg, the proof being similar when & has
degree (1,2). To begin with, we know that g = A, (£, J) thanks to Remark 4.6. Let
le argmanEJ(w,jj +&;). Then for all0 < A < Af (€, J), we have w}; +a < W, 022,
while wj, + 2} = W;} © 2#. It follows that the arc (I, k) does not belong to Gie e[,
whereas it appears in Jg/. We deduce that g'j ¢,e]U{(l,k)} is a subgraph of 55/ thanks
to Lemma 4.8. Both are equal by Proposition 4.3. Note that arg maxjeJ(w,fj +&5)

is reduced to {l} as k has two incoming arcs in ,C';E/. Due to Remark 4.6 we have
MNE(&T) < A (&, ). Tt follows that

arg max(|wg; | + &) = argmax(w;; + &) = {1} .
jed jeJ

In the second place, by applying Lemma 4.8 to the segment [¢',£"], we know that
g'jm”[ is a subdigraph of Jg. By Proposition 4.3, the hyperplane node k has degree
(1,1) in g},m. Thus, the digraph g“]”u[ is either equal to Ge/ \ {@new} or Ger \ {dold}-
As the former corresponds to the tangent digraph ,C';]f)g[, we deduce that gﬁgl,f,,[ =
Ge \ {aoe}. O

Remark 4.10. We point out that in Proposition 4.9(ii), the set J’ corresponding
to the direction of the next segment [¢’, "] is precisely given by the set of coordinate
nodes weakly connected to k in the digraph ,C';]f/)fu[ = g}, \ {aoid}; see Figure 8 for an
illustration.

Indeed, according to Proposition 4.3(C2), the digraph Cj]f/,glz[ consists of two
weakly connected components. Let J be the set of coordinate nodes of the compo-
nent containing the hyperplane node k. From any point in ¢, "], the two feasible
directions are ev. As a result, J' = J or J' = [n + 1]\ J. Let [ be the coordinate
node incident to apew. Then I € J by Proposition 4.9(ii), and sol € J as J C J'. In
addition, since anew still appears in g'j ¢,¢[» the coordinate node [ is weakly connected
to k. Therefore, [ € J. We conclude that J' = J, as expected.

The following proposition allows us to incrementally maintain the sets Ent, Br
and the associated scalars )\jt along the tropical edge k.

PROPOSITION 4.11. Let [£,£']U [¢/,£"] be two consecutive ordinary segments of
Exc, where [€,€'] = {€+ Xe? |0 < A < p} and [€,€") = {€'+ Ae” [ 0 < A <y},
Then,

(i) Br(€,J") € Br(¢, J);

(ii) argmax(W;” © ¢) = argmax(W;" © &) for all i € Ent(¢', J’);

(iil) Ent(¢’,J") = {i € Ent(&,J) | u < A (&, J) and argmax(W,m 0 &) N (J'\J) =

(iv) for all i € Ent(&', J") UBr(¢', J'), we have
WiJr@f/:WiJr@g

AHE ) = min (N (67) — . (W7 ©6) — ma (uf +.,).

A€ ) = min (\C(60) e (W7 ©€) — i (u; +6)-
JeJN\JT

Proof.

(i) Suppose by contradiction that i ¢ Br(£,J). Then, by Lemma 4.2 the inter-
sections argmax(W;" ® £) N J and argmax(W,” ® &) N J are both nonempty. As a
consequence, arg max(W;" ®¢’) and arg max(W,” ®¢’) are included in J. Since J C J'
by Proposition 4.1, we conclude that i & Br(¢', J).
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(ii) First observe that Ent(¢’,J’) C Ent(§,J). Indeed, consider an i € K \
Ent(¢,J). Then argmax(W;" ® €) N J # 0, which implies argmax(W;" ® ¢) C J.
Using the inclusion J C J’, we obtain that arg max(W;" ® ¢) N J’ # 0, and therefore
i ¢ Ent(¢, J).

Second if i € Ent(¢, J) satisfies p > Af (&, J), then argmax(W;" ® ¢') intersects
J C J', thus i € Ent(¢’,J’). As a consequence,

(4.7) Ent(¢,J") C {i € Ent(&, ) | u < NS (&, )}

Finally for any i € Ent(¢’, J'), we have pp < A\ (¢, J) and therefore arg max(W;" ©¢') =
argmax(W;” © €).

(iii) Using (4.7) let us consider an i € Ent(&, J) such that p < A\f (¢, J). Then,
as above, argmax(W;" ® ¢) = argmax(W;" ® £). Moreover, i € Ent(¢,J) implies
arg max(W;”©€)NJ = 0. Thus argmax(W,;" ¢ )NJ’ = 0 if and only if arg max(W;" ®
HNJ\JI)=0.

(iv) Consider i € Ent(¢/,J") UBr(¢',J"). If i € Ent(¢,J'), then u < A (€, J)
by (4.7). Otherwise, if i € Br(¢’, J'), then i € Br(§, J) by Proposition (4.11)(i) and
thus pu < A\ (&, J) by (4.3). In both cases, we obtain W;" ® ¢ = W;" © ¢.

Let us rewrite A (&', J’) as follows:

+ i + + + +
A (€, J') = min ((Wi ©¢) - glea}((wij +&), Wog) - jg&}@(wm + 53))'
We saw that W;" © & = W;" © ¢, Furthermore, & = & + pif j € J and & = ¢
otherwise. Thus the first term of the minimum above is equal to

(W} © &) = max(uw; + &+ ) = A&, ) — .
J
The second term satisfies

+ + _(wt + ,
Wi of) - jg}lf}@(wij + f;) =W of) - jfer}]f%iiJ(wij +&5)-

The same argument holds for A; (¢/, J"). O

We now present an algorithm (Algorithm 2) allowing us to move along an ordinary
segment [€,&'] = {€+ Xe? | 0 < X\ < pu} of the tropical edge Ex. This algorithm takes
as input the initial endpoint £, together with some auxiliary data, including the set
J encoding the direction of the segment [¢, &'], the tangent digraph in |¢,&'[, and the
sets Ent(¢,J) and Br(¢,J). It also uses an auxiliary function (2, which is defined
for the pairs (¢,7) € Ent(§,J) x [n + 1] and which returns in time O(1) whether
jE€arg max(Wﬁ' ®¢&). We shall see in the main pivoting algorithm that this function
is defined once and for all when pivoting over the whole tropical edge.

Algorithm 2 returns the other endpoint £’. On top of that, if £ is a breakpoint of
Ex, it provides the set J' corresponding to the direction of the next ordinary segment
[€,€"] of £k, some additional data corresponding to &, J' (for instance the sets
Ent(¢’, J') and Br(¢’,J)), and the digraph g}ei%

Several kinds of data structures are manipulated in Algorithm 2, and we need to
specify the complexity of the underlying operations. Arithmetic operations over T are
supposed to be done in time O(1). Tangent digraphs are represented by adjacency
lists. They are of size O(n), and so they can be visited in time O(n). Matrices
are stored as two-dimensional arrays, so an arbitrary entry can be accessed in O(1).
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Vectors and the values W;" © &, AT (€, J) and A\, (&, J) for i € [m] are stored as arrays
of scalars. Apart from A = J'\ J, sets are represented as Boolean arrays, so that
testing membership takes O(1). The set A is stored as a list, and thus iterating over
its elements can be done in O(|4]).

ALGORITHM 2. TRAVERSAL OF AN ORDINARY SEGMENT OF AN TROPICAL EDGE.

© 0w N O

10
11
12

13

14

15
16

17

18

19

Input: An endpoint £ of an ordinary segment [£,£’] of a tropical edge £k and
e the set J encoding the direction e’ of [€,&'] = {€ + e/ | 0 < A < p}

e the tangent digraph g]&&’[ in the relative interior of [€,&']

e the sets Ent(¢, J) and Br(¢, J)

e the scalars W;r [OF 8 )\;r(ﬁ, J) and A; (&, J) for i € Br(&, J) UENt(¢, J)

e an auxiliary function {2 determining in time O(1) if j € arg max(Wi+ ©¢&) for all i € Ent(&, J)
and j € [n+1]

Output: The other endpoint £ and,

if ¢ is a basic point, the integer ient € K such that & = g {%ent},

if ¢/ is a breakpoint:

e the set J’ encoding the direction e’ of the next ordinary segment

6,6 ={¢ + X7 |0< A< '}

e the tangent digraph QE/’gll[

e the sets Ent(¢’, J’) and Br(¢’, J')

e the scalars W;r [OF3& )\j(f’, J') and A; (¢, J’) for i € Br(¢',J") UEnt(¢', J")

p 4 min{min(\} (¢, J), A; (&, ) | i € Br(§, J) or (i € Ent(¢, J) and A} () < A (€, 7))}
O(m)
¢ &+ pe’ O(n)
if p=X;_ (& J) for some ient € Ent(g, J) then
|_ return (¢, dent) (¢’ is a basic point)
Proposition 4.9(ii), Remark 4.6
k < the unique element of Br(&, J) such that u = min()\z' (& J), AL (€, ) (¢ is a
breakpoint)
£ <~ the unique element in argmax¢ y |wg;| + &; O(n)
anew < the arc from ¢ to k if )\: (&, J) < A, (&, J), the arc from k to £ otherwise O(1)
Ger + Gle,er U {anew} O(n)
compute Br(¢’, J’) by visiting G/ O(n)
Remark 4.10
aold < the only arc incident to k in 55/ with the same orientation as anew O(1)
g_ig/,g//[ — gg/ \ {aola} O(n)
J’ 4+ coordinate nodes of 9_35/75//[ weakly connected to k O(n)

A + the list of elements of J'\ J O(n)

Ent(¢/, J") < {i € Ent(&, J) | p < AF (€, J) and argmax(W;F @ €) n A = 0} O(m|J'\ J|)
using the function (2

for i € Ent(¢/, J') UBr(¢’,J’) do O(m) iterations
wroe =wrot o(1)
M@, ) =min(Nf D)~ , (W08 —max(w +&)) oI\ J))
A€ = min(NF (6 D)~y (Wi ©€) —max(uy; +&5)) oI\ J))
return (¢/, 7', Gler er [ Ent(€',0"), Br(€', J), (W;T @ )i, (AT (€, T"))is (A7 (€1, 7))

PROPOSITION 4.12. Algorithm 2 is correct, and its time complexity is bounded

by O(n+m|J"\ JI).
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Proof.

Correctness. The correctness of the highlighted parts of the algorithm straight-
forwardly follows from the corresponding results given as annotations.

At line 9, the set Br(¢’,J’) is built by iterating over the nodes of g}, and collect-
ing the hyperplane nodes i with no neighbor in J’. This is correct since the set of
hyperplane nodes is precisely K (by Proposition 4.3 and the fact that £ is a break-
point), and because the adjacent nodes of each i € K are precisely the elements of
arg max(W,;” ® &) Uargmax(W,” ® £') by construction of ,C';g.

Complezity. At lines 8 and 11, the operations of removing or adding an arc can
be performed in O(n) by visiting the digraphs. Identifying the arc aoq at line 11
amounts to iterate over the arcs incident to k, and there are exactly three such arcs
by Proposition 4.3.

Testing whether a hyperplane node i of ,C';g satisfies arg max(WiJr od)nJ =
argmax(W,” ©¢)NJ" = 0 can be done in O(1), by determining whether the adjacent
coordinate nodes (at most 3) in Jg belong to J’. Thus the set Br(£’, J’) can be built
in time O(n) by iterating over the hyperplane nodes of ,C';E/.

Given i € Ent(¢,J), determining whether argmax(W;" ® )N A = § can be
performed by calling the auxiliary function {2 for every element j € A. It follows that
Ent(¢, J') can be computed at line 14 in time O(m|J" \ J|).

Computations at lines 17 and 18 are done by iterating over elements j € A and
then retrieving the values of W™ © €, w;, w;;, and &;. Since these values are stored
in arrays, they can be accessed in constant time. Therefore, A1 (&', J’) and A\; (&', J’)
are computed in time O(|4|) = O(|J" \ J|). The complexity of other operations is
easily obtained. In total, the complexity of the algorithm is O(n + m|J" \ J|).

ALGORITHM 3. LINEAR-TIME PIVOTING ALGORITHM.
Input: A basic point ! of P(A,b), the associated set I, and an integer iout € I

Output: The other basic point 2! of the edge 61\{iout}7 and the integer tent € I \ {fout}
such that I’ = (I'\ {iout}) U {tent }

1 compute G, 1 O(mn)
2 leygz[ — ng \ {iout} O(n)
J <= coordinate nodes weakly connected to the element of arg max(Witut Ozl in Qﬂ]g’g[

O(n)
4 compute E < Ent(z!,J) and B < Br(z',J) O(mn)
5 compute Wi+ o, )\;"(zl, J) and A; (z!,J) foralli € EUB O(mn)

true if j € arg max(Wf o)

6 (2 < function defined on the set E x [n+ 1] by 2(3,j) = {f ) therw
alse otherwise

O(mn)
7 input < !, J,Ge1 g2, B, B, (W' © @)icpun, A (@', 1)) icrun, (A (&7, 0))icmuB
8 while true do at most m iterations

10 if output is of the form (&', ient) then return (¢, ient)

9 call Algorithm 2 on (input, £2) and stores the result in output
11 else input < output

THEOREM 4.13. Algorithm 3 allows us to pivot from a basic point along a tropical
edge in time O(n(m +n)) and space O(nm).

Proof. First observe that the function (2 initially defined at line 6 does not need
to be updated during the iterations of the loop from lines 8 to 11. Indeed, let [, ']
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and [¢/, €] be two consecutive ordinary segments of direction e” and e’ respectively.
By Proposition 4.11, we have the inclusion Ent(¢’,J’") C Ent(£,J) and the equality
argmax(W;” ® ¢') = argmax(W,;" ® £) for all i € Ent(¢’,J") . It follows that if £ is
a function determining whether j € argmax(W,;” ® ¢) for all i € Ent(, J), it can be
used as well to determine whether j € argmax(W,;" ® ¢') for all i € Ent(¢’, J').

Then, the correctness of the algorithm straightforwardly follows from Proposi-
tion 4.9(i) (for the computation of Gje1 ¢2; at line 2), Proposition 4.3 (for the compu-
tation of J at line 3), and Proposition 4.12.

The complexity of the operations from lines 1 to 7 can easily be verified to be
in O(mn). Let ¢ < n be the number of iterations of the loop from lines 8 and 11,
and let e’t e’2 ... e’s be the directions of the ordinary segments followed during
the successive calls to Algorithm 2. By Proposition 4.12, the total complexity of the
loop is

O(ng +ml|Jz \ Ji| +m|J3 \ Ja| + - +m|Jy \ Jg-1]),

which can be bounded by O(n(m + n)). Finally, the space complexity is obviously
bounded by O(nm). O

5. Reduced costs. In this section, we introduce the concept of tropical reduced
costs, which are merely the signed valuations of the reduced costs over Puiseux series.
Then, pivots improving the objective function and optimality over Puiseux series can
be determined only by the signs of the tropical reduced costs. We show that, under
some genericity assumptions, the tropical reduced costs can be computed using only
the tropical entries A and ¢ in time O(n(m + n)). This complexity is similar to the
classical simplex algorithm, as this operation corresponds to the update of the inverse
of the basic matrix Aj.

5.1. Symmetrized tropical semiring. Until now our coordinate domain was
the set of signed tropical numbers T1. As noted in section 2.1.1, this has the drawback
of not being a semiring since, in general, a® (6a) is not defined. This can be remedied
by extending Ty to the symmetrized tropical semiring from [Plu90], which we denote
here as S. We shall see in particular that the computation of tropical reduced costs
reduces to the resolution of the analogue of a Cramer system over the symmetrized
tropical semiring.

As a set S is the union of Ty and a third copy of T, denoted To. The members of
the latter, written as a® for a € T, are the balanced tropical numbers. The numbers
a, ©a and a® are pairwise distinct unless @ = 0. Sign and modulus are extended to S
by setting sign(a®) = 0 and |a®| = a.

The addition of two elements z,y € S, denoted by =@y, is defined to be max(|z|,
ly|) if the maximum is attained only by elements of positive sign, © max(|z|, |y|) if it is
attained only by elements of negative sign, and max(|z|, |y|)® otherwise. For instance,
(el)®1a (63) =1°*® (©3) = ©3. The multiplication z @y of two elements z,y € S
yields the element with modulus |z| + |y| and with sign sign(z) sign(y). For example,
(61)®2=063and (61)©®(52) = 3 but 1°*® (62) = 3°. An element = € Ty not equal
to 0 has a multiplicative inverse z=! which is the element of modulus —|z| and with
the same sign as x. The addition A & B and multiplication A ® B of two matrices
A = (aij) and B = (b;;) are the matrices with entries a;; & b;; and @, aix © by,
respectively.

The set S also comes with the reflection map x — ©x which sends a balanced
number to itself, a positive number a to ©a, and a negative number ©a to a. We will
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write z © y for x ® (Sy). Two numbers z,y € S satisfy the balance relation = V y
when z © y is a balanced number. Note that

(5.1) xVy = =y for all z,y € Ty .

The balance relation is extended entrywise to vectors in S™. In the semiring S, the
relation V plays the role of the equality relation; in particular the next result shows
that a version of Cramer’s theorem is valid in the tropical setting, up to replacing
equalities by balances.

The tropical determinant of the square matrix M = (m;;) € S™*™ is given by

(5.2) tdet(M) = @ tsign(o) © Mis1) © -+ © Mpg(n)-

o€Sym(n)

Also observe that a square matrix of T} ™"

tropical determinant is a balanced number.
THEOREM 5.1 (signed tropical Cramer theorem [Plu90]). Let M € S™*™ and
d € S™. Every solution y € TY of the system of balances

is tropically sign singular if and only if its

(5.3) MoyVd
satisfies
(5.4) tdet(M) ©y; V tdet(M;—q) for all j € [n],

where M q is the matriz obtained by replacing the jth column of M by d.

Conversely, if the tropical determinants tdet(M) and tdet(Mj—q) for j € [n] are
not balanced elements, then the vector with entries y; = tdet(M) ™! ® tdet(M;q) is
the unique solution of (5.3) in T}.

This result was proved in [Plu90]; see also [AGG09, AGG14] for more recent dis-
cussions. A different tropical Cramer theorem (without signs) was proved by Richter-
Gebert, Sturmfels, and Theobald [RGSTO05]; their proof relies on the notion of a
coherent matching field introduced by Sturmfels and Zelevinsky [SZ93].

Remark 5.2. The quintuple (Ty, max, +,60,T,) is an example of a “fuzzy ring”
in the sense of [Dre86, Definition 1.1]. In the notation of that reference, Ty is “the
group of units” and T, is the set denoted “Kj.”

5.2. Computing solutions of tropical Cramer systems. The Jacobi iter-
ative algorithm of [Plu90] allows one to compute a signed solution y of the system
M ®y V d; see also [AGG14] for more information. We next present a combinatorial
version of this algorithm for the special case where the entries of M and d are in Ty..

Suppose that tdet(M) # 0, and let o be a maximizing permutation in tdet(M)
(or equivalently, in tper(|M])). The Cramer digraph of the system associated with o
is the weighted bipartite directed graph over the “column nodes” {1,...,n + 1} (the
index n + 1 represents the affine component) and “row nodes” {1,...,n} defined as
follows: every row node i € [n] has an outgoing arc to the column node (i) with
weight m;al(i), and an incoming arc from every column node j # o(i) with weight
©m;; when j € [n], and weight d; when j =n + 1.

Ezample 5.3. The maximizing permutation for the system of balances (5.5) below
is 0(1) =1,0(2) = 3 and 0(3) = 2. The Cramer digraph is represented in Figure 9.

o(-1) -0 -0 1 -2

(5.5) 1 o2 o0 |ofw|v|o
o(-1) 0 —00 Y3 -1
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Fi1G. 9. The Cramer digraph for the system of balances in (5.5). Column nodes are squares and
row nodes are circles. Arcs with weight —oo are omitted. The maximizing permutation o is given
by the red arcs. The coordinate y; of the signed solution y of (5.5) is obtained by the multiplication
(in S) of the weight on the longest path from ys to y;.

Note that all the coefficients m;,(;) are different from 0. In what follows, it will
be convenient to consider the longest path problem in the weighted digraph obtained
from the Cramer digraph associated with o by forgetting the tropical signs, i.e., by
taking the modulus of each weight. Note in particular that there is no directed cycle
the weight of which has a positive modulus (otherwise o would not be a maximizing
permutation in the tropical determinant of M). Consequently, the latter longest path
problem is well-defined (longest weights being either finite or —oo, but not 400).

The digraph of longest paths from a node v refers to the subgraph of the Cramer
digraph formed by the arcs belonging to a longest path from node v. This digraph
is acyclic and each of its nodes is reachable from the node v (possibly with a path of
length 0). As a result, it always contains a directed tree rooted at v. Such a directed
tree can be described by a map which sends every node (except the root) to its parent
node. Note that by construction of the Cramer digraph, a column node j has only
one possible parent node o~!(j). Consequently, we will describe a directed tree of
longest paths by a map + that sends every row node to its parent column node.

PROPOSITION 5.4. Let M € TP*" such that tdet(M) # 0 and d € T}. Let o be
a mazximizing permutation in the tropical determinant of M. In the Cramer digraph
of the system M ©y V d associated with o, consider the digraph of longest paths from
the column node n+ 1. In this digraph of longest paths, choose any directed subtree -y
rooted at the column node n+ 1. Then, the recursive relations
(5.6) Yoty — {di O] mwl(i) » when ’y'(z) =n+1,

OMijny (i) © Mg (i) O Yy() otherwise

provide a solution in T} of the system M ©y V d.

Proof. Since the column node n + 1 reaches all column nodes in the directed tree
defined by ~, (5.6) defines a point y in T}. The modulus |y;| is the weight of a longest
path from the column node n + 1 to the column node j. By the optimality conditions
of the longest paths problem, for any i € [n], we have

1Moy | + Yoy = 1dil
[Mio(i)| + Yo = Imiz| + |y;|  for all j € [n] .
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Furthermore, we have |m;y ;)| + |[Yo(i)| = |Miyiy| + [yy)| when v(i) # n + 1 and
Mo ()| + [Yo(i)| = |di| otherwise.

Thus, if v(i) # n + 1, the terms M, (i) © Yo(s) and My ) © Yy (;) have maximal
modulus among the terms of the sum m;; @y1 @ -+ - ® mip, © yp, © d;. Moreover, (5.6)
ensures that mi, (i) © Yo(i) © Miy@) © Yy is balanced. Similarly, if (i) = n + 1,
then m;q ;) © Yy(i) © di is balanced and the terms m;, ;) © yY,(;) and d; have maximal
modulus in m;; ®y1 B - B My © Y © d;. In both cases, we conclude that M; © y
V d;. d

A digraph of longest paths for Example 5.3 is shown in Figure 9. From the
relations (5.6), we obtain the signed solution y = (&(—1), —1,0).

5.2.1. Complexity analysis. We now discuss the complexity of the method
provided by Proposition 5.4. First, a maximizing permutation ¢ can be found in time
O(n?) by the Hungarian method; see [Sch03, section 17.2]. Second, the digraph of
longest paths, as well as a directed tree of longest paths, can be determined in time
O(n?3) using the Bellman-Ford algorithm; see [Sch03, section 8.3]. Last, the solution
x can be computed in time O(n).

However, we claim that the complexity of the second step can be decreased to
O(n?). The idea is to consider a variant of the Cramer digraph with nonpositive
weights, and then to apply Dijkstra’s algorithm to solve the longest paths problem.
We exploit the fact that the Hungarian method is a primal-dual algorithm, which
returns, along with a maximizing permutation o, an optimal solution (u,v) to the
dual assignment problem:

n n
min E u; + E v;
i=1 j=1

(57) u,veER™

|mij| —u; —v; <0 foralli,jen].
By complementary slackness, we have
(5.8) |Mio(i)| = Ui + V() forallie[n].

Since tdet(M) # 0, the assignment problem has a solution with a finite cost. There-
fore, the dual problem (5.7) is feasible and bounded. Thus it admits a solution
u,v € R™.

We make the diagonal change of variables y; = v; ® z;, for all j € [n], where
the z; are the new variables. We consider the matrix M’ = (mj;) obtained from
M by the diagonal scaling m’ij =uto u;l O mi; © U;l, where p is a real number
to be fixed soon, together with the vector d’ with entries d, = p~' ® u; ' ® d; for
all i € [n]. Then, dividing (tropically) every row i of the system M ©y V d by u
and by wu;, and performing the above change of variables, we arrive at the equivalent
system M’ ® 2z V d'. By choosing p := max(max;(|d;| — u;),0), we get that |d| <0,
and |mj;| < 0 for all 4,5 € [n]. The longest path problem to be solved in order to
apply the construction of Proposition 5.4 to M’ ® z V d’ now involves a digraph with
nonpositive weights.

It follows that the latter problem can be solved by applying Dijkstra’s algorithm
to the digraph with modified costs. Moreover, the directed tree provided by Dijkstra’s
algorithm is also valid in the original problem.
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ALGORITHM 4. COMPUTING TROPICAL REDUCED COSTS.

Input: A basic point 2 of P(A,b), the associated set I, the objective function ¢
Output: The tropical reduced costs y!

1 G,1 + tangent graph at z! O(mn)
2 0 < maximizing permutation in tdet(A;) obtained by a traversal of G, 1 O(n)
3 u<+ —x! O(n)
4 v+ AI+ oz O(mn)
5 p < max(max;cpy)(c; — uj),0) O(n)
6 M’ «+ tropically signed matrix with entries m;-j =pto u?l ®aj; © U;l 0(n?)
7 d' + tropically signed vector with entries d; = u=1 ® ufl oy O(n)
8 C « Cramer digraph of the system M’ ®y V d’ for the permutation o O(n?)
9 apply Dijkstra’s algorithm to €' from column node n + 1 O(n? 4+ nlog(n))

10 7 < the tree of longest paths returned by Dijkstra’s algorithm

11 z < signed vector obtained by applying (5.6) to the tree O(n)

12 return y! the signed vector with entries yJI- = O zj O(n)

5.3. Tropical reduced costs as a solution of a tropical Cramer system.
In the rest of this section, we suppose that Assumption 5 holds, so we only consider
basic points ! with finite entries. We also make the following assumption, which is
a tropical version of dual nondegeneracy.

Assumption 6. The matrix (AT ¢T) is tropically sign generic.

We can now define the vector of tropical reduced costs of a set I C [m] of cardi-
nality n such that tdet(A;) # 0 to be the unique solution y! € T of the system of
m balances

AT oyVe,
(5.9) { Oyve

y; VO forallie[m]\I.

PROPOSITION 5.5. Let 2! be a tropical basic point of P(A,b) for a suitable
I C [m]. Then there is a unique solution y' € TT of the system of balances (5.9).

Let (A b) be any lift of (A b). Pivoting from the basic point x! of the Puiseux
polyhedron P (A, b) along the edge Ep 1y (for k € 1) improves the objective function
if and only if the tropical reduced cost y,ﬁ is tropically negative. The basic point ! is
an optimum of the Puiseuz linear program if and only if the tropical reduced costs y’
are tropically nonnegative.

Proof. First, the signed valuation of the Puiseux reduced costs y! yields a signed
solution of (5.9). Let us show that this solution is unique. We apply Theorem 5.1
with M = A] and d = ¢'. Since I yields a basic point, the matrix A is not singular,
thus tdet(M) # 0. By Assumption 6, the tropical determinants of the matrices
M and Mj.4 for j € [n] belong to Ty. Then by (5.4), the vector y’ with entries
y] = tdet(M)~"' © tdet(Mj,4) is the unique solution of (5.9).

We have shown that the tropical signs of the tropical reduced costs are ex-
actly the signs of the Puiseux reduced costs, which proves the second part of the
proposition. 0

Ezample 5.6. In Example 2.8, the tropical reduced costs associated with I =
{H1,Ho,Hs} are given by y! = (©(—1),—1,0), which is the signed solution of (5.5).
It follows that the only edge with negative reduced cost is Egyy, 2,3

THEOREM 5.7. Algorithm 4 computes the tropical reduced costs. Its time com-
plexity is bounded by O(n(m +n)).
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Proof. The maximizing permutation ¢ is computed from G,r in line 2 as fol-
lows. We first determine a matching between the coordinate nodes 1,...,n and the
set I of hyperplane nodes using the technique described in the proof of Proposi-
tion 4.3, case (i). By Lemma 3.2, this matching provides a maximizing permutation
in tdet(|Az|). It can be obviously computed by a traversal of G,r starting from coor-
dinate node n + 1. Since G,r contains 2n + 1 nodes and 2n edges (see the proof of
Proposition 4.3), this traversal requires O(n) operations. The complexity of the other
operations of this algorithm is straightforward and given in annotations. We conclude
that the overall time complexity is O(m(n + n)).

Let v = AF ® 2!. For any hyperplane node j € I and any i € [n], we have
vj = |aji| + 2!, where A = (a;;). Moreover, equality holds for every edge (j,4) in the
tangent graph. In particular with the permutation o, we have vy(;) = |ao(i)i| + %I
By Assumptions 1 and 5, we have v € R" and 2! € R®. Thus u = —2! and v form
an optimal solution to the dual assignment problem (5.7) for the matrix M = A] . Tt
follows from the discussion in section 5.2 that the operations between lines 3 and 12
compute the tropical reduced costs. a

We conclude this section by applying Algorithm 1 to the tropical linear program
of Example 2.8.

Ezample 5.8. We start from the tropical basic point (4,4,2) associated with
I = {H1,Hz2,Hs5}. For this set, tropical reduced costs are yy, = &(—1), yu, = —1
and yy, = ©4. We choose ioye = H5 and pivot along the tropical edge Egyy, 7,

We arrive at the basic point (1,0,0), associated with I = {H1, Ho,H3}. The
reduced costs are yy, = S(—1), yu, = —1 and yy, = 0. The only tropically negative
reduced cost is Y3, , thus we pivot along E¢qy, 2,3

The new basic point is (0,0,0), corresponding to the set {Hs, Hsz,Hs}. The
reduced costs are tropically positive: yy, = —1, yy, = 0, and yy, = —2. Thus
(0,0,0) is optimal.

6. Proof of the main theorem and generalization to Hahn series. We
now have all the tools needed to prove Theorem 1.1 under the assumptions of primal
nondegeneracy (Assumption 4), finiteness (Assumption 5), and dual nondegeneracy
(Assumption 6). If a tropical linear program satisfies all three conditions we call it
standard.

Proof of Theorem 1.1. The time complexity of one iteration of the tropical simplex
algorithm follows from the complexity of the tropical pivoting operation (Theorem
4.13) and of the computation of tropical reduced costs (Theorem 5.7).

Proposition-Definition 3.8 and 3.10 ensure that the tropical pivoting operation
traces the image by the valuation map of the pivoting operation over Puiseux series.
By Proposition 5.5, choosing the pivot according to the signs of the tropical reduced
costs amounts to choosing a pivot according the signs of the Puiseux reduced costs.

We claim that under our assumptions, the edges of the Puiseux polyhedron have
a positive length (i.e., as a set, they are not reduced to a point). By contradiction,
suppose that an edge € between the basic points XY*} and zXY{¥} has zero
length, where k # k’ and k, k' ¢ K. Then X9t} = £KU{K'}  Thus the tropical basic
point z = val(zF 1) = val(@XY{*¥}) is contained in the n+1 tropical s-hyperplanes
H(A;,b;) for i € K U{k,k'}. Since x has finite entries by Assumption 5, the n + 1
elements of K U {k, k'} appear as hyperplane nodes in the tangent graph at z. This
contradicts Proposition 4.3 and proves the claim.

The basic points zXY{F} and KU} of an edge £k are related by x
KUk 1 pd* where g > 0 is the length of £ and d* its direction defined in (2.10).

KUK} _
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When pivoting from xXY{*} to KUK} the objective value increases by p(cd®).
Furthermore, y, = ed” is the reduced cost of the pivot along £ x from the basic point
xXU1k} - As a consequence, as long as a pivot with a negative reduced cost is chosen,
each iteration improves the objective function over Puiseux series. By Assumption 5,
the Puiseux polyhedron is bounded, and thus the value of the Puiseux linear program
is finite. Therefore, Algorithm 1 does terminate.

Finally, the output of Algorithm 1 is a tropical basic point with tropically non-
negative reduced costs. By Proposition 5.5, the corresponding Puiseux basic point
is an optimum of the Puiseux linear program. Then by Proposition 2.6, the tropical
basic point is an optimum of the tropical linear program. 0

We described tropical linear programming in the max-plus version of the tropical
semiring. However, the proofs of our results also hold in any semiring (T, max, +)
which arises from an abelian totally ordered group (G, +,>), i.e., the semiring is
defined on the set T = G U {0}, the order on G is extended to T¢ by setting 0 < z
for any x € G, and the maximum is defined with respect to the order on G. In this
setting, the notion of “tropical general position” still makes sense. Puiseux series are
then replaced by the ordered field R[t“] of (formal) Hahn series with real coefficients
and with value group (G,+); recall that Hahn series are required to have a well-
ordered support. The analysis of section 3 relies only on the fact that the coefficients
of the series are real numbers (Theorem 3.5). In section 4 the description of a tropical
edge as the concatenation of ordinary segments still holds. Finally, in section 5, the
tropical Cramer theorem (Theorem 5.1) is still valid in this generalized setting.

THEOREM 6.1. The assertions of Theorem 1.1 remain valid if the tropical semi-
ring is replaced by T and if the field of real Puiseux series is replaced by the field of
real Hahn series R[t¢], the execution time being now evaluated in a model in which
every arithmetic operation in the group G takes a time O(1).

We end this paper by mentioning some simple extensions of the present results.
Our version of the tropical simplex algorithm can readily be adapted to the maximiza-
tion of a tropical linear form over a tropical polyhedron, instead of the minimization.
Indeed, the former problem can be handled by taking as a cost vector a vector of
negative tropical numbers and lifting it to a cost vector of real Puiseux series with
negative leading coefficients.

More generally, one may consider a tropical cost vector with both negative and
positive coordinates. The present tropical simplex algorithm can still be defined in
this setting; however, its interpretation in terms of tropical optimization problem
turns out to be less satisfactory. Indeed, the cost function ¢ ® z may be a balanced
tropical number for some feasible vectors x, whereas there is no total order on the
symmetrized tropical semiring with a natural interpretation in terms of lift to real
Puiseux series. Hence, the tropical minimization problem appears to be somehow ill
defined. However, for an input in general position, the cost function evaluated at any
tropical basic point will always be unbalanced. Then, the tropical simplex algorithm,
with some straightforward modifications, can be used to return a tropical basic point
whose cost is minimal among all tropical basic points but which may be incomparable
with respect to some nonbasic feasible points.

We did not study the overall complexity of the tropical simplex algorithm. But we
expect, as in the classical case, an exponential behavior on some particular examples
(such as the Klee-Minty cubes [KM72]).

The results of this paper should allow the construction of more general tropi-
cal pivoting algorithms. In particular, the criss-cross method [FT97], which pivots
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between unfeasible basic points of the arrangement of s-hyperplanes, should also trop-
icalize. Pivots can be handled with Algorithm 3. The selection of pivots would involve
the tropical signs of the basic point and of the reduced costs.

Finally, we briefly comment on the complexity of deciding if the tropical linear
program (2.5) given by A € TP, b € T, and ¢ € T'X" satisfies our standard
conditions. It is always safe to assume that Assumptions 1 and 2 are satisfied, for it
takes at most O(mn) time to simplify the input if this is not the case [GK11, Lemma 1].
Verifying the finiteness condition in Assumption 5 requires solving n tropical linear
feasibility problems to check for a nontrivial intersection with the boundary of the
tropical projective space, which amounts to solving mean-payoff games [AGG12]. So it
is unclear whether this can be done in polynomial time. Checking for nondegeneracity
takes exponential time in the classical case [Eri96], and hence this should also hold
for the tropical analogue, Assumption 4.

REFERENCES

[AGGO09] M. AKIAN, S. GAUBERT, AND A. GUTERMAN, Linear independence over tropical semi-
rings and beyond, in Proceedings of the International Conference on Tropical and
Idempotent Mathematics, G. L. Litvinov and S. N. Sergeev, eds., Contemp. Math.
495, AMS, Providence, RI, 2009, pp. 1-38.

[AGG12] M. AKIAN, S. GAUBERT, AND A. GUTERMAN, Tropical polyhedra are equivalent to mean
payoff games, Internat. Algebra Comput., 22 (2012), 125001.

[AGG13] X. ALLAMIGEON, S. GAUBERT, AND E. GOoUBAULT, Computing the vertices of tropical
polyhedra using directed hypergraphs, Discrete Comput. Geom., 49 (2013), pp. 247—
279.

[AGG14] M. AKIAN, S. GAUBERT, AND A. GUTERMAN, Tropical Cramer determinants revis-

ited, in Proceedings of the International Conference on Tropical and Idempotent
Mathematics, G. L. Litvinov and S.N. Sergeev, eds., Contemp. Math. 616, AMS,
Providence, RI, 2014, pp. 1-45.

[AGK11] X. ALLAMIGEON, S. GAUBERT, AND R. D. KATz, The number of extreme points of
tropical polyhedra, J. Combin. Theory Ser. A, 118 (2011), pp. 162-189.

[AGNS11] M. AKIAN, S. GAUBERT, V. NITICA, AND I. SINGER, Best approzimation in maz-plus
semimodules, Linear Algebra Appl., 435 (2011), pp. 3261-3296.

[AK13] X. ALLAMIGEON AND R. D. KA1z, Minimal external representations of tropical polyhe-
dra, J. Combin. Theory Ser. A, 120 (2013), pp. 907-940.

[Ale13] D. ALESSANDRINI, Logarithmic limit sets of real semi-algebraic sets, Adv. Geom., 13
(2013), pp. 155-190.

[BAOS§] P. BuTtkoviC AND A. AMINU, Introduction to maz-linear programming, IMA J. Man-
agement Math., 20 (2008), pp. 233-249.

[BHO4] W. BrIEC AND C. HORVATH, B-convezity, Optimization, 53 (2004), pp. 103-127.

[BPCRO6] S. Basu, R. PoLLACK, AND M. F. CosTE-RoY, Algorithms in Real Algebraic Geometry,
Algorithm Comput. Math. 10, Springer, New York, 2006.

[BVO07] H. BJORKLUND AND S. VOROBYOV, A combinatorial strongly subexponential strategy
tmprovement algorithm for mean payoff games, Discrete Appl. Math., 155 (2007),
pp. 210-229.

[CGT9] R. A. CUNINGHAME-GREEN, Minimaz Algebra, Lecture Notes in Econom. and Math.
Systems 166, Springer-Verlag, Berlin, 1979.

[CGBO3] R. A. CUNINGHAME-GREEN AND P. BUTKOVIC, The equation aQz = bQy over (maz,+),
Theoret. Comput. Sci., 293 (2003), pp. 3—-12.

[CGQO4] G. COHEN, S. GAUBERT, AND J. P. QUADRAT, Duality and separation theorem in idem-
potent semimodules, Linear Algebra Appl., 379 (2004), pp. 395-422.

[Cha09] J. CHALOUPKA, Parallel algorithms for mean-payoff games: An experimental evalu-

ation, In Algorithms—ESA 2009, Lecture Notes in Comput. Sci. 5757, Springer,
Berlin, 2009, pp. 599-610.

[DGO6] V. DHINGRA AND S. GAUBERT, How to solve large scale deterministic games with mean
payoff by policy iteration, in Proceedings of the Ist international conference on
Performance evaluation methodolgies and tools (VALUETOOLS), Vol. 180, Pisa,
Italy, 2006, article 12.



794

[Dre8&6]
[DS04]
[DSS05]
[DY07]

[Erig6]

[FAA02]
[FT97)
(GGYS)
[GK11]

[GKKS8S]

[GKS12]

[GM84]
[GS07]
[Jer73]

[Jos05]

[KMT72]
[LMS01]
[Mar10]

[Meg87]

[Meg89]

[P1u90]

[RGSTO05]

[Sch03)]

[Sch09)

[Seib4]
[SS04]

[5293]

ALLAMIGEON, BENCHIMOL, GAUBERT, AND JOSWIG

A. DREsS, Duality theory for finite and infinite matroids with coefficients, Adv. Math.,
59 (1986), pp. 97-123.

M. DEVELIN AND B. STURMFELS, Tropical convezity, Doc. Math., (2004).

M. DEVELIN, F. SANTOS, AND B. STURMFELS, On the rank of a tropical matriz, in Com-
binatorial and Computational Geometry, Math. Sci. Res. Inst. Publ. 52, Cambridge
University Press, Cambridge, UK, 2005, pp. 213-242.

M. DEVELIN AND J. YU, Tropical polytopes and cellular resolutions, Experiment. Math.,
16 (2007), pp. 277-291.

J. ERICKSON, New lower bounds for convex hull problems in odd dimensions, in
Proceedings of the 12th Annual ACM Symposium on Computational Geometry,
1996.

J. A. FILAR, E. ALTMAN, AND K. E. AVRACHENKOV, An asymptotic simplex method for
singularly perturbed linear programs, Oper. Res. Lett., 30 (2002), pp. 295-307.

K. Fukupa AND T. TERLAKY, Criss-cross methods: A fresh view on pivot algorithms,
Math. Program., 79 (1997), pp. 369-395.

S. GAUBERT AND J. GUNAWARDENA, The duality theorem for min-mazx functions, C.R.
Acad. Sci., 326 (1998), pp. 43-48.

S. GAUBERT AND R. D. KATZz, Minimal half-spaces and external representation of trop-
ical polyhedra, J. Algebraic Combin., 33 (2011), pp. 325-348.

V. A. GURVICH, A. V. KARZANOV, AND L. G. KHACHIYAN, Cyclic games and an al-
gorithm to find minimax cycle means in directed graphs, USSR Computat. Math.
Math. Phys., 28 (1988), pp. 85-91.

S. GAUBERT, R. D. KATZ, AND S. SERGEEV, Tropical linear-fractional programming and
parametric mean payoff games, J. Symbolic Comput., 47 (2012), pp. 1447-1478,
December.

M. GONDRAN AND M. MINOUX, Linear algebra in dioids: A survey of recent results,
Ann. Discrete Math., 19 (1984), pp. 147-164.

S. GAUBERT AND S. SERGEEV, Cyclic projectors and separation theorems in idempotent
convex geometry, J. Math. Sci. 155 (2008), pp. 815-829.

R. G. JEROSLOW, Asymptotic linear programming, Oper. Res., 21 (1973), pp. 1128-
1141.

M. Joswia, Tropical halfspaces, in Combinatorial and Computational Geometry, Math.
Sci. Res. Inst. Publ. 52, Cambridge University Press, Cambridge, UK, 2005,
pp- 409-431.

. KLEE AND G. J. MINTY, How good is the simplex algorithm? in Inequalities III,
Academic Press, New York, 1972, pp. 159-175.

. L. Litrvinov, V. P. MasLov, AND G. B. SHPIZ, Idempotent functional analysis: An
algebraic approach, Math. Notes, 69 (2001), pp. 696-729.

. MARKWIG, A field of generalised Puiseux series for tropical geometry, Rend. Semin.
Mat. Univ. Politec. Torino, 68 (2010), pp. 79-92.

. MEGIDDO, On the complexity of linear programming, in Advances in Economic The-
ory: Fifth World Congress, T. Bewley, ed., Cambridge University Press, Cambridge,
UK, 1987, pp. 225-268.

N. MEGIDDO, On the complexity of linear programming, in Advances in Economic
Theory (Cambridge, MA, 1985), Econom. Soc. Monogr. 12, Cambridge University
Press, Cambridge, UK, 1989, pp. 225-268.

M. PLuUS, Linear systems in (max,+) algebra, in Proceedings of the 29th IEEE Confer-
ence on Decision and Control, IEEE, 1990, pp. 151-156.

J. RICHTER-GEBERT, B. STURMFELS, AND T. THEOBALD, First steps in tropical geome-
try, in Idempotent Mathematics and Mathematical Physics, Contemp. Math. 377,
AMS, Providence, RI, 2005, pp. 289-317.

A. SCHRIJVER, Combinatorial Optimization. Polyhedra and Efficiency, Vol. A, Algo-
rithms Combin. 24, Springer-Verlag, Berlin, 2003.

S. SCHEWE, From parity and payoff games to linear programming, in Mathemati-
cal Foundations of Computer Science 2009, Lecture Notes in Comput. Sci. 5734,
Springer, Berlin, 2009, pp. 675-686.

A. SEIDENBERG, A new decision method for elementary algebra, Ann. Math., (1954),
pp. 365-374.

D. SPEYER AND B. STURMFELS, The tropical Grassmannian, Adv. Geom., 4 (2004),
pp- 389-411.

B. STURMFELS AND A. ZELEVINSKY, Mazimal minors and their leading terms, Adv.
Math., 98 (1993), pp. 65-112.

Z =2 Q <



[Tar51]
[Vir01]
[Zim76]
(Zim77]
[Zim81]

[ZP96]

TROPICALIZING THE SIMPLEX ALGORITHM 795

. Tarskl1, A Decision Method for Elementary Algebra and Geometry, Research report

R-109, RAND Corporation, Santa Monica, CA, 1951.

. VIRO, Dequantization of real algebraic geometry on logarithmic paper, in European

Congress of Mathematics, Vol. I (Barcelona, 2000), Progr. Math. 201, Birkhéauser,
Basel, 2001, pp. 135-146.

. ZIMMERMANN, Eztremdlni Algebra, Ekonomicky ustav CSAV, Praha, 1976.
. ZIMMERMANN, A general separation theorem in extremal algebras, Ekonom.-Mat.

Obzor, 13 (1977), pp. 179-201.

. ZIMMERMANN, Linear and Combinatorial Optimization in Ordered Algebraic Struc-

tures, North-Holland, Amsterdam, 1981.

. ZWICK AND M. PATERSON, The complexity of mean payoff games on graphs, Theoret.

Comput. Sci., 158 (1996), pp. 343-359.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


