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Abstract
Algorithms in Tropical Geometry
by
Leon Zhang
Doctor of Philosophy in Mathematics
University of California, Berkeley

Professor Bernd Sturmfels, Chair

Tropical geometry is an emerging field with strong connections in a wide array of areas
both inside and outside mathematics. Efficient algorithms in tropical geometry take on
a particular importance for developing these applications to other fields and for providing
access to non-experts. The purpose of this dissertation is to provide novel and effective
algorithms for the computation of various tropical objects of interest in pure mathematics
and in phylogenetic data analysis.

We begin in the first chapter by describing some basic notions in tropical geometry which
arise repeatedly throughout this thesis. We introduce tropical hypersurfaces, varieties, and
prevarieties. We then discuss two classes of objects which are tropically convex, tropical
linear spaces and tropical polytopes, and the ways in which they serve as tropical analogues
to their classical equivalents. We also detail the connection between tropical geometry and
the space of phylogenetic trees.

In the second chapter we discuss the computation of implicit tropicalizations of a very affine
curve. We reduce the problem to the calculation of a basis for the group of units in the
coordinate ring of the variety. We describe practical algorithms for computing such a basis
for rational normal curves and elliptic curves. Our approach is rooted in divisor theory,
based on interpolation in the case of rational curves and on methods from algebraic number
theory in the case of elliptic curves.

In the third chapter we study the problem of computing the tropicalization of zero-dimensional
varieties, which is a fundamental component of some algorithms for computing general trop-
ical varieties. Our approach is via projections of the variety onto well-chosen lines, which
are used to reconstruct the original variety. Our main algebraic tools for doing this are fast
monomial transforms of triangular sets. Given a Grobner basis, we show that our algorithms
require only a polynomial number of arithmetic operations, and for ideals in shape position
we demonstrate that the algorithm performs well in practice against alternative approaches.



In the fourth chapter we describe the first time-bounded complexity algorithms for realizing
the min-convex hull of a finite collection of points in the affine building of SL, as a tropical
polytope lying inside a tropical linear space. These min-convex hulls describe the relations
among a finite collection of invertible matrices over a field with valuation. As a consequence,
we obtain a bound on the dimension of the tropical projective space needed to realize the
min-convex hull as a tropical polytope.

In the fifth chapter we describe two tropical analogues of principal component analysis for the
dimensionality reduction of ultrametric tree datasets. In one approach, we study the Stiefel
tropical linear space of fixed dimension closest to the data points in the tropical projective
torus; in the other, we consider the tropical polytope with a fixed number of vertices closest
to the data points. We relate tropical best-fit hyperplanes to the tropical volume and prove
that the polytropal decomposition of a tropical polytope spanned by ultrametrics refines
the decomposition of the polytope into different tree topologies. We also give heuristic
algorithms for both approaches and apply them to phylogenetics, testing the methods on
simulated phylogenetic data and on an empirical dataset of Apicomplexa genomes.
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Chapter 1

Introduction

Tropical geometry is a piecewise-linear analogue to ordinary mathematics in which the
operations of addition and multiplication are replaced with minimum and addition, respec-
tively. Problems throughout mathematics and science involve the extraction of an extremal
value from a set of real numbers. As a consequence, connections to tropical geometry arise
both inside and outside pure mathematics, in areas as diverse as algebraic topology |16] and
optimization 2] within mathematics as well as auction theory [3}, [86] and celestial mechanics
[42, 43| outside it. Efficient algorithms take on a particular importance for developing these
applications to other fields and providing access to non-experts. The purpose of this disser-
tation is to provide novel and effective algorithms for the computation of various tropical
objects of interest in pure mathematics and phylogenetics.

In this chapter, we describe the fundamentals of tropical mathematics on which we will
rely throughout this thesis, largely following the treatment in [52] and [63]. In Section[1.1] we
introduce the tropical semiring and review tropical hypersurfaces, varieties, and prevarieties.
In Section we dive deeper into a particular class of tropical prevarieties called tropical
linear spaces. In Section we recall the basics of the tropical analogue of convexity. In
Section we explore an application of tropical geometry to phylogenetics, via the space
of ultrametric trees. Finally, in Section we summarize the main novel results of this
dissertation.

1.1 Tropical varieties

In this dissertation we generally work over the tropical semiring T = (R U {oc},®,®)
with the min-plus convention. In this semiring, the basic arithmetic operations of addition
and multiplication are redefined as follows:

a®b:=min(a,b), a®b:=a+b foranya,beT.

So, for instance, 3 @& —5 = —5 and 3 ® —5 = —2. The additive identity in T is co and the
multiplicative identity is 0.
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Remark 1.1. There is also an analogous max-plus tropical semiring (RU{—oc},®,®),
wherein addition is defined as a ® b := max(a,b). The min-plus and max-plus semirings
are isomorphic and everything that follows in this chapter can be adapted for the max-plus
tropical semiring. The max-plus semiring arises in many applications; we will accordingly
switch to the max-plus convention in discussing a tropical analogue of principal component
analysis in Chapter [,

Throughout this dissertation, we let K be a field with valuation v: K* — R. For instance,
we might have K = Q be the rational numbers with the 3-adic valuation, so v(z) picks out

the exponent of 3 in the irreducible form of z, as in v (;) = —3. Another example is the

field K = C((t)) of formal Laurent series, with the valuation v picking out the exponent of
the term of lowest order, as in v(t™' + (3 + 24)t* + 7t5) = —1.

Definition 1.2. Fir a multivariate Laurent polynomial ring K[x*] := K[zF,...,zE]. Given
a vector v.= (vi,...,v,) € Z", we write X¥ = x{' - x> - --- - x». Then the tropicalization

trop(f) of a Laurent polynomial f =3 _,mavX¥ € K|[x*] is obtained by replacing each ay
with its valuation v(ay) and sums and products with tropical sums and products respectively.
Ezxplicitly,

trop(f) = @ v(ay) ®x®Y = min(v(ay) + v - x).

vezr
vezZ™

So, for example, if K = Q with the 3-adic valuation and f = 622 +4xy+27y* € K|[2%, y*],
then trop(f) = min(1 4 2z, z + y, 3 4+ 2y). Tropicalizations of polynomials allow us to define
tropicalizations of hypersurfaces.

Definition 1.3. Let f = > a,x¥ € K[x*] be a Laurent polynomial over K. The tropical-
ization trop(V (f)) is defined as

trop(V(f)) = {x € R" | min(v(ay) + v - x) is attained at least twice}.

When f is homogeneous, the tropical hypersurface trop(V(f)) contains a 1-dimensional
lineality subspace spanned by the all-ones vector 1 := (1,1,...,1). We often consider such
tropical hypersurfaces and other tropical objects as lying inside the tropical projective torus
R"™ /R 1. When illustrating this space, as in Figure we always choose the affine chart in
which the first coordinate is 0.

Example 1.4. Let K = C((t)) be the field of formal Laurent series and f the polyno-
mial f = 3t 'z + 5y + 7t7%2 € K[zt y*%, 2%]. Then trop(f) = min(x — 1,y,2 — 2), and
trop(V(f)) C R* /R 1 comprises the three infinite rays starting at the point (0, —1,1) dllus-
trated in Figure . We can verify that the point (0,1, 1) lies in trop(V(f)), as the minimum
in min(0,1 4+ 1,1 — 1) is attained at least twice.

In the univariate case, the tropical hypersurface of a Laurent polynomial f = ., a;xt €
K[z*] simply consists of the negated slopes of the Newton polygon of f [71, Proposition
I1.6.3], where the Newton polygon of f is the lower convex hull of the points (i, v(a;)).
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Figure 1.1: The tropical hypersurface trop(V(f)) in Example [1.4]

Example 1.5. Consider K = Q equipped with the 2-adic valuation and f = 2x* + 323 +
24x% 4+ x4+ 12. The Newton polygon of f is displayed in Figure ' taking the negated slopes
tells us that trop(V(f)) = {2,0, —1}.

we

Figure 1.2: The Newton polygon of f in Example [I.5

We can also define tropicalizations of general algebraic varieties. The following definition
in terms of tropical hypersurfaces suffices for our purposes.

Definition 1.6. Let [ C K[x*| be a Laurent polynomial ideal. The tropical variety trop(l) C
R"™ is given by
trop(Z) = (") trop(V(f)),

fel

the intersection of the tropical hypersurfaces corresponding to all polynomials in I.

Again, if I is homogeneous, we often consider the tropicalization trop(7) lying inside the
tropcial projective torus R" /R 1.

Remark 1.7. The remarkable Fundamental Theorem of Tropical Geometry states that tropi-
cal varieties can also be defined in terms of coordinate-wise valuations of points in the original
variety, or in terms of weight vectors whose corresponding initial ideal is monomial-free [63,
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Theorem 3.2.3]. We will not require the precise definitions in this dissertation so do not
state the theorem in full.

Theorem 1.8 ([63, Theorem 3.3.5]). Let X be an irreducible d-dimensional subvariety of
the torus T™. Then trop(X) is the support of a balanced weighted polyhedral complex pure of
dimension d.

Note that while tropical hypersurfaces and varieties can be defined with multiplicities, we
are largely only interested in them set-theoretically. Also, in general, if fi,..., fi generate an
ideal I C K[x*], it need not be the case that the intersection (trop(V (f;)) equals trop(I),
or indeed any tropical variety at all. We call a finite intersection of tropical hypersurfaces a
tropical prevariety.

1.2 Tropical linear spaces

Tropical linear spaces are a well-studied combinatorial class of tropical prevarieties. As
the name suggests, tropical linear spaces provide a tropical twist on classical linear spaces:
they arise via tropical analogues of matroids and Pliicker relations, and in fact tropicaliza-
tions of ordinary linear spaces form an important subclass of tropical linear spaces. We now
give a brief computational introduction to tropical linear spaces, adapting the treatment in
[52, Chapter 10]. In what follows, let [n] denote the set of integers {1,2,...,n} where n is
a positive integer.

Definition 1.9. Let p : ([Z]) — T be a map from the set of all d-sized subsets of [n] to T.

Take subsets o and T of [n] of size d—1 and d+1 respectively, and suppose that the minimum

min p(o U {i}) +p(r — {i})
is attained at least twice, where by convention we say that p(vy) = oo if |y| < d. If this
property holds for all choices of o and T, we call p a valuated matroid [24] or tropical
Pliicker vector.

The definition above is simply the tropicalization of the corresponding quadratic Pliicker
relation for ordinary linear spaces [52, Equation 10.9]. As Pliicker coordinates correspond to
linear spaces, tropical Pliicker coordinates give rise to tropical linear spaces.

Definition 1.10. Let p be a tropical Plicker vector. The tropical linear space L, consists
of all points v € R" /R 1 such that, for any (d + 1)-sized subset T of [n], the minimum of
the numbers

minp(7 — {i}) + x;

1ET

1s attained at least twice.
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Again, the tropical polynomials appearing in Definition [1.10] are tropicalizations of the
circuit equations which cut out the ordinary linear space corresponding to a Pliicker vector
[63, Equation 4.3.6]. Tropical linear spaces are thus natural tropical-geometric analogues to
ordinary linear spaces. Indeed, though they need not be tropical varieties, they are similarly
well-behaved.

Theorem 1.11 ([63, Theorem 4.4.5]). Let L, be the tropical linear space corresponding to
a tropical Pliicker vector p. Then L, is a balanced contractible polyhedral complex pure of
dimension d — 1.

Example 1.12. Let p: [4]*> — T be defined as follows: p({i,j, k}) = min(i, j, k) if i # j # k
and p({i, j, k}) = oo otherwise. Then p is a tropical Pliicker vector, and L, is a 2-dimensional
tropical plane as illustrated in Figure consisting of six two-dimensional orthants all
meeting at the corner (0,1,1,1).

Figure 1.3: The tropical plane in Example [1.12]

One particularly well-behaved class of tropical linear spaces arises in analogy to the Stiefel
map for ordinary linear spaces.

Definition 1.13. Let A be an m x m matriz with entries in T. We can define its tropical
determinant tdet(A) in analogy with the classical operation as

tdet(A) = @ (@ Ai,o(i)) .

oESm i=1

If the tropical determinant of A is attained by at least two distinct permutations in S,,, the
symmetric group on m elements, we say that A is tropically singular.

Definition 1.14. Let A be a d x n matriz with entries in T such that d < n. Given a d-sized
subset w C [n], we write A,, for the d x d matriz whose columns are the columns of A indexed
by elements of w. Then the map

p:[n]* = RU{oo}
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w +— tdet(A,)

1s a tropical Plicker vector. The corresponding tropical linear space is called the Stiefel
tropical linear space given by A.
0 -3 -1
A= (1 0 3 )

and let p be its associated tropical Plicker vector. For ease of notation we write p;; =

p({i,7}). Then
0 -3
P12 = tdet (1 0 ) = -2,

0 —1
P13 = tdet (1 3 ) = O,

3 -1
p23—tdet(0 3>——1.

The Stiefel tropical linear space corresponding to A is a tropical line in R? JR1. It is the
same hypersurface as in Example pictured in Figure[1.1].

Example 1.15. Let

Throughout this dissertation, we will repeatedly want to project onto a tropical linear
space. In order to describe a projection, we first need a notion of distance. In tropical
geometry, this is given by the tropical metric.

Definition 1.16. The tropical distance metric dy, in R"™ /R 1 is given by
diy (v, w) = max{|v; —v; +w; —w;| : 1 <i<j<n}, (1.2.1)
which in essence compares the largest and smallest entries of the vector v — w.

Equipped with the tropical metric, we can now describe a projection operation onto a
tropical linear space via the Red and Blue Rules. From [52, Proposition 10.76] we have:

Theorem 1.17 (The Blue Rule). Let p : [n]? — T be a tropical Plicker vector and L, C
R™ /R 1 the corresponding tropical linear space. Fiz uw € R" /R 1, and define the point
w € R" /R 1 whose ith coordinate is

w; = min méxx(p(a U{i}) —plc U{j}) +u,),
o jdo
where o runs over all (d — 1)-subsets of [n] that do not contain i. Then w € L,, and any
other x € L, satisfies dy.(u,x) > dy-(u, w). In other words, w attains the minimum tropical
distance of any point in L, to u.
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Theorem 1.18 (The Red Rule). Let p : [n|]* — T be a tropical Plicker vector and L, C
R™ /R 1 the corresponding tropical linear space. Fiz u € R" /R1 and let v be the all-zeros
vector. For every (d + 1)-sized subset T of [n], compute minp(t —7;) + w,,. Let v,., be
the nonpositive difference between this minimum and the second-minimum, and set v, =
maX(UTi ) rYT,Ti) :

Then v gives the difference between w and a closest point of L,. In particular, if w is the
point in L, returned by the Blue Rule, we have

w=u-+v.

We write 77, as the projection map which takes a point u € R" /R1 and returns the
nearest point w € L, given by the Blue Rule. Depending on the size of d, one might prefer
to use either the Blue Rule or the Red Rule to compute 77, (u). We note that this closest
point 77, (u) computed by the Red and Blue Rules may not be unique; there may be other
points in L, which are of the same tropical distance from u.

Example 1.19. Let A be the matriz of Example with p and L, its associated tropical
Pliicker vector and Stiefel tropical linear space. Let u be the point (0,—2,3) € R3/R 1. The

(0,—2,3) (0,—1,3)

*o—0
(0,1,2)
(0,—1,1) /
(0,0,1)
e(0,—1,—1)

Figure 1.4: The tropical linear space L, from , along with projections of three points
not in L.
Blue Rule constructs a point w € R? /R 1 whose first coordinate is
min(max(pia — p12 + w1, P12 — P23 + u3), max(pig — P13 + U1, P13 — Pag + U2)).
Substituting in, we get the first coordinate of w as
wy; = min(max(—2+2+0,-24+1+3),max(—4+4+0,0 — 1 —2)) = min(2,0) = 0.

Similarly, we get wy = —1 and w3 = 3. So the Blue Rule outputs the vector (0,—1,3).
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The Red Rule constructs a vector v as follows. First, we begin with v = (0,0,0). Next
we take the set T = {1,2,3} and compute min(peg + uy, p13 + Ug, p12 + u3) = min(—2+ 3,0 +
—2,—1+0) = —2. So the Red Rule redefines vy = —1 — (—=2) = 1, and hence outputs the
vector v = (0,1,0), which by Theorem[1.1§ satisfies w = u + v.

Definition 1.20. Let v = (vq,...,v,) be a real vector, and define the tropical linear func-
tional @(—v;) © x;. Let H be the tropical solution set of this linear functional: that is, H
consists of all x € R" /R1 such that the minimum of @(—v;) © x; is attained at least twice.
We call any H obtained in this way a tropical hyperplane.

Remark 1.21. Let A be a tropical matriz of dimensions (n—1) xn. Then the Stiefel tropical
linear space of A is a tropical hyperplane. Furthermore, any tropical hyperplane is the Stiefel
tropical linear space of such a tropical matriz A.

1.3 Tropical convexity

We next review some basics of tropical convexity, again following [52, Chapters 5] and
[63, Chapter 4]. In discussing tropical convexity, it is often convenient to work in tropical
projective space TP"™' = (T™\(oc0, 00, ...,00))/R1, which contains the tropical projective
torus R /R1. Indeed, the tropical projective space TP" ! is a compactification of the
tropical projective torus, and the pair of spaces (TP" ', R" /R 1) is homeomorphic to the
(n — 1)-dimensional simplex and its interior [52, Proposition 5.3].

Given a finite collection P of points in TP" ™', we define their tropical convex hull or
tropical polytope P = tconv(P) as the tropical semimodule spanned by these points, i.e.:

tconv(P) = { opPa--a X op® N eT p? e Pl

where A® p = (p1 + A,...,p, + A) is tropical scalar multiplication. In fact, tropical linear
spaces in TP" ! can be viewed as tropical polytopes, spanned by points on the boundary of
TP" ! called their cocircuits [52, Proposition 10.33].

Let P = tconv(P) C TP" ! be a tropical polytope. The (tropical) type of a point x
in TP"! with respect to P is the collection of sets S = (S,...,S,), where an index i is

contained in 9; if

The tropical polytope P consists of all points x whose type S = (51,...,S5,) has all S;
nonempty. Each collection of points with the same type in P is called a cell, and each cell
with all S; nonempty is a polytrope: a tropical polytope that is classically convex [53]. In
this way all tropical polytopes have a decomposition into polytropes.

Example 1.22. Consider the tropical polytope in TP* spanned by vertices (0,2,2), (0,0, 1),
(0,4,0), and (0,5,4). Its cellular decomposition contains three full-dimensional polytropes,

which are illustrated in Figure[1.5
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(0,0,1)

(0,4,0)

0,2,-2)

Figure 1.5: A 2-dimensional tropical polytope in TP? spanned by four vertices, and its
decomposition into three polytropes, labeled with their types.

Let P = tconv(p™,p@, ... p)) be a tropical polytope. There is a projection map mp
sending any point x to a closest point on the tropical polytope P in the tropical metric given
in Definition [L.16

() = M opP @ Xop? @ - @ A\, 0p¥, where A\, = max(z —p®).  (1.3.1)

Viewing a tropical linear space as a tropical polytope spanned by its cocircuits, this projection
map generalizes the Blue Rule [52, Proposition 10.77].

The lattice of integral points Z™ C R" induces a flag simplicial complex structure on
TP™ !, with the quotients of lattice points in Z" as the vertices and a 1-simplex between
two lattice points if they are of tropical distance 1 apart, as illustrated in Figure for
TP?. This is called the standard triangulation of TP"'. Given points P C Z", we call their
tropical convex hull a tropical lattice polytope. The standard triangulation of TP" ! descends
to a standard triangulation of any tropical lattice polytope |51, Theorem 11].

1.4 Tropical geometry and phylogenetics

In this section we describe some of the tropical structures underlying the space of ultra-
metric trees. In keeping with Chapter [5, we switch to the max-plus tropical semiring for this
section. In what follows, let m > 2 be a natural number and e = (’;) Our treatment of this
subject largely follows [63, Section 4.3].

Definition 1.23. A dissimilarity map d is a function d : [m] x [m] — Rs¢ such that
d(i,i) = 0 and d(i,j) = d(j,i) > 0 for each i,j € [m|. If, furthermore, we have that
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Figure 1.6: The standard triangulation of TP?, with the origin colored cyan.

d(i,7) < d(i, k) + d(k,7) for alli,j, k € [m], we call d a metric. Note that for convenience
we often write d;; for the term d(i, j).

We can represent a dissimilarity map d by an m x m matrix D whose (4, j)th entry is d;;.
Because D is symmetric and all diagonal entries are zero, there is a natural encoding of d as

a vector in R® = R(3), The metrics we are most interested in come from phylogenetic trees:

Definition 1.24. Let T = (V, E) be a tree with m labeled leaves and no vertices of degree
two. We call such a tree a phylogenetic tree.

Definition 1.25. Let T' be a phylogenetic tree with m leaves labeled by the elements of [m],
and assign a length ¢, € R to each edge e of T. Let d : [m] x [m] — R be defined so that d;; is
the total length of the unique path from leaf i to leaf 7. We call a function d obtained in this
way a tree distance. If, furthermore, each entry of the distance matriz D is nonnegative,
then d is in fact a metric. We call such a d a tree metric.

As before, we can embed D as a vector into R¢. Any tree distance differs from a tree
metric by some scalar multiple of 1; hence the sets of tree distances and tree metrics coincide
in the tropical projective torus.

Definition 1.26. Let d : [m] x [m] — R>q be a metric which satisfies the following strength-
ening of the triangle inequality for each choice of i, j, k € [m)|:

d(i, k) < max(d(i, j), d(j, k)).

We call such a metric an ultrametric, and denote by U,, the set of all ultrametrics in R¢/R1.
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All ultrametrics can be derived from an equidistant tree with non-negative edge weights,
where all leaves have the same distance to some distinguished root vertex. Furthermore,
the tree metric of an equidistant tree with non-negative edge weights is an ultrametric;
hence ultrametrics and equidistant trees with non-negative edge weights convey equivalent
information.

Example 1.27. Consider the two equidistant phylogenetic trees in Figure[I.7. In the first

Figure 1.7: Two equidistant phylogenetic trees

tree, the distance between leaves A and B is 4, as is the distance between leaves A and C,
while the distance between B and C' is 2. We can view the tree as the vector v = (4,4,2) in

R(g), and similarly we view the second tree as w = (2,4,4).

Remark 1.28. The tropical distance in Equation between two ultrametric trees mea-
sures the range of disagreement between the two tree metrics. Consider the two phylogenetic
trees v = (4,4,2) and w = (2,4,4) in Evample[1.27. The largest disagreement between v and
w in which tree v finds a longer distance between two leaves is max{v; — w;} = 2, and the
largest disagreement between v and w in which tree w shows a bigger distance between two
leaves is max{w; — v;} = 2. So dy.(v,w) =2+2 =4.

Let L,, denote the subspace of R® defined by the linear equations z;; — x;; + z;, = 0 for
1 <i < j <k < m. The tropicalization trop(L,,) € R°/R1 is the tropical linear space
consisting of points (v12, V13, - . . , Um—1,,) such that max(v;;, vix, vj) is obtained at least twice
for all triples 4, j, k € [m]. This is in fact a rephrasing of the ultrametric condition, meaning
the space of ultrametrics is itself a tropical linear space:

Theorem 1.29. The image of U,, in the tropical projective torus R® /R 1 coincides with
trop(Lyy,).

1.5 Contributions in this dissertation

Having developed some basics of tropical geometry, we now state the main new results
of this dissertation. We focus on the development of new algorithms for the computation of
interesting objects in tropical geometry.
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Chapteris based on [17], which is joint work with Justin Chen and Sameera Vemulapalli.
It will be published in the Journal of Symbolic Computation in May 2021. The chapter
focuses on developing algorithms for computing intrinsic tropicalizations of various classes
of curves. The notion of tropical variety in Definition depends in an essential way on the
particular embedding of the very affine variety V' (I) into the torus. Intrinsic tropicalizations
provide a path toward removing this embedding dependence, but no general methods for
computing intrinsic tropicalizations existed prior to our work, as the notion relies on an
explicit Z-basis for the unit group of the corresponding very affine variety. Chapter 2] provides
effective methods for the computation of intrinsic tropicalizations for plane conics, rational
normal curves, and elliptic curves.

Theorem 1.30. Algorithm [2.26, Algorithm[2.54, and Algorithm correctly compute Z-
bases for the unit groups of very affine plane conics, rational normal curves, and elliptic
curves, respectively.

Example 1.31. Let C be the conic defined by f = (1 +t)2® + (1 +1)y> + (1 +1)2% — (2 +
2t + tHzy — (2 + 2t + t*)yz — (2 + 2t + t*)xz over the field of Puiseuz series in t over C.
Consider the very affine curve C' given by intersecting with the canonical torus. We note
that the tropicalization of f is simply the tropical line 0 & x @ y shown in the left in Figure
1.8, The intrinsic tropicalization has the following snowflake structure typical of a generic
tropical conic as shown in the right in Figure 1.8,

0.1)

(1,1,-1)

(1,0,0)

r21,-1) (0,1,2)

(1,0)

(=1,-1,—1)

¥(—2,-3,-2)

(-1,-2,-1)

Figure 1.8: The tropicalization and intrinsic tropicalization respectively of the conic in Ex-
ample [1.31], with coordinates and nontrivial multiplicities labeled.

In Chapter (3] which is based on joint work with Paul Gorlach and Yue Ren [37] sub-
mitted to Computational Complexity, we describe new methods for the computation of
zero-dimensional tropical varieties. A number of algorithms for the computation of general
tropical varieties rely on reductions to the zero-dimensional case. We describe a new approach
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for the computation of such a base case, by computing projections of the zero-dimensional
tropical variety onto 1-dimensional lines and using these projections to reconstruct the orig-
inal variety. Recall that the tropical variety of an ideal in a single variable can be read
straightforwardly from the slopes of the corresponding Newton polygon.

Theorem 1.32. Let K be a field with non-trivial valuation v and let I C K[x*] be a
zero-dimensional ideal in triangular form. Then Algorithm[3.9 correctly computes the tropi-
calization trop(I) using polynomially-many arithmetic operations in K and Q.

Example 1.33. Consider K = Q equipped with the 2-adic valuation and the ideal

I =204+ a3+ a2+ a5+2,00 — 205,01 — a3 ) C K[oF, 25, 23],
<\ 3 3 T 08 o f - ) (27, 23, 23]
=:93 =:f2 =:f1

Using the Newton polygons in Figure we can reconstruct the tropicalization of I as

trop(I) = trop(I) 123 = {(3,2,1),(2,1,0), (1,0, —1)}.

9

Resxs (.937 Ty — {/)

93 Resms(ggnml _f{)

Figure 1.9: Newton polygons of g3 and other polynomials relevant to Example [1.33] Below
each vertex is its height, above each edge is its slope.

In Chapter 4, we consider certain subsets of the affine building of S L4 called min-convex
hulls. This chapter is based on [91], which will be published in Discrete & Computational
Complexity. Min-convex hulls were originally introduced by Faltings |27], who noted that
their points in By correspond to smooth irreducible components of the special fiber of certain
regular schemes M (I") called Mustafin varieties or Deligne schemes over the spectrum of
a discrete valuation ring. Joswig, Sturmfels, and Yu showed that min-convex hulls were
isomorphic to tropical polytopes in some tropical projective torus and provided a partial
algorithm for the computation of min-convex hulls in this way [51]. However, their algorithm
required a certain structure called an enveloping membrane containing the min-convex hull
of interest. We describe effective algorithms for the computation of enveloping membranes,
yielding the first time-bounded complexity algorithms to calculate min-convex hulls as well.
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My

Figure 1.10: The convex hull of the matrices M;, My, and M3 in Bs.

Theorem 1.34. Let M, ..., M, € K™% represent lattices A+,..., Ay € By. Then Algo-
rithm correctly computes an enveloping membrane for conv(Ay, ..., Ay), whose repre-
sentative matriz M has at most d - 2% - (d!)*=3 columns.

Example 1.35. Let K = Q5 and consider the matrices

1 00 10 0 5 625 150
Mi=[010|,My=1[0 1% 0] ,My=[0 25 1
001 00 3= 0 0 £
Let M be the matriz
1 000
M=10105
0011

The membrane [M] contains the min-convex hulls of My, Ms, and Ms. We can use [M] to
compute their min-convex hull as shown in Figure [4.4)

In Chapter 5 we explore a tropical analogue of principal component analysis for phy-
logenetics. The chapter is based on joint work with Ruriko Yoshida and Xu Zhang
which is published in the Bulletin of Mathematical Biology, as well as another paper with
Ruriko Yoshida and Robert Page which will be published in Bioinformatics. Advances
in genome sequencing have produced large datasets of phylogenetic trees. These datasets are
ill-suited for analysis with classical statistical tools like principal component analysis as the
underlying data spaces are non-Euclidean. Conversely, as described in Section [I.4] the space
of ultrametrics has an intrinsic tropical structure as a tropical linear space. We describe two
tropical analogues of principal component analysis using tropical linear spaces and tropical
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polytopes. We characterize an existing notion called the tropical volume in terms of tropical
principal hyperplanes and show that the polytropal decomposition of a tropical polytope
spanned by ultrametric trees preserves tree topologies. We also describe methods for com-
puting tropical principal components and conduct experiments with real-world phylogenetic
datasets.

Theorem 1.36. Let DU, ..., D be a collection of e points in R® /R 1. Then any best-fit
hyperplane attains a distance from the e points equal to their tropical volume, and Algo-
rithm [5.19 attains such a hyperplane with high probability.

Theorem 1.37. Let P = tconv(DW, ... D) be a tropical polytope spanned by ultrametrics,
as computed for example by Algorithm[5.24 Then the polytropal decomposition of P refines
the decomposition of P into different tree topologies.

Example 1.38. The genomes of eight species of protozoa in the Apicomplexa phylum were
sequenced and converted into a dataset of 252 equidistant trees by [57]. These equidistant
trees lie in a non-FEuclidean 28-dimensional space. We computed a two-dimensional tropical
principal polytope minimizing the sum of tropical distances of the datapoints and plotted their
projections in Figure[I.11. Note that different polytropal components of the principal polytope
correspond to particular tree topologies, which are color-coded.

1.0

0.5

0.0
|

D[2,]

-1.0

Figure 1.11: Projected points in the tropical principal polytope.



16

Chapter 2

Intrinsic tropicalizations of curves

The original material in this chapter is joint work with Justin Chen and Sameera Vem-
ulapalli. The chapter appeared in modified form under the title “Computing unit groups of
curves” in the Journal of Symbolic Computation [17].

2.1 Introduction

Among the invariants of a commutative ring, the group of units is one of the most
fundamental. However, explicit computation of this group is difficult, and even its structure
remains mysterious in general |34]. To date, most progress has centered on rings of integers
of algebraic number fields, or localizations thereof, driven by a need for practical algorithms
in computational number theory [18]. These results rely fundamentally on Dirichlet’s unit
theorem, which describes the group of units, modulo torsion, of a number field as a free
abelian group of finite rank specified by simple invariants of the number field.

An analogous theorem, proved independently by Rosenlicht and Samuel [76, 78|, states
that for a finitely generated domain over an algebraically closed field, the group of units,
modulo scalars, is free abelian of finite rank. In contrast to the number field case, no formula
for the rank is known. However, there is still interest in understanding the unit group: for
a very affine variety, generators for the unit group of the coordinate ring yield an embed-
ding of the variety into its so-called intrinsic torus |63, Chapter 6.4]. In tropical geometry,
this embedding of a very affine variety into its intrinsic torus realizes its intrinsic tropi-
calization, from which all other tropicalizations can be recovered. Computing the intrinsic
tropicalization is difficult, though, because one must first compute the unit group.

In this work we describe effective methods for computing unit groups of smooth very
affine curves of low genus. Our methods rely on divisor theory for projective varieties: we
embed the unit group of a very affine variety into the Weil divisor group of the projective
closure, and study the cokernel of this embedding as a subgroup of the divisor class group.
This allows us to give algorithms for computing unit groups of rational normal curves and
elliptic curves:
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Theorem 2.1. Let C C P? be a rational normal curve over an_algebraically closed field k,
given parametrically as the image of a map P}, < P?. Let C':= C N'T™ be the corresponding
very affine curve, with coordinate ring R. Then Algorithm |2.53/| correctly computes a Z-basis
of R*/k*.

Theorem 2.2. Let k = Q, let E C P2 be an elliptic curve, and let E = ENT? be
the corresponding very affine elliptic curve with coordinate ring R. Then Algorithm
correctly computes a Z-basis of R* /k*.

We briefly describe the structure of the chapter. The basics of unit groups and intrinsic
tropicalizations are discussed in Section[2.2] In Section we interpret the problem of com-
puting units via the geometry of boundary divisors, and give an algorithm for interpolating
divisors of rational functions to Laurent polynomials. We consider two families of plane
curves in Section [2.4] namely Fermat curves and conics. Section deals with rational
normal curves in parametric form. Finally, we discuss elliptic curves in Section [2.6

Many of our algorithms have been implemented in Macaulay?2 38|, Singular [20], or Sage
[77]. Our code for the examples in this chapter can be found at:

https://github.com/leonyz/unitgroups/

2.2 Background

We begin by stating the problem in a general setting. Let k be an algebraically closed
field, and let R be a finitely generated k-algebra which is a domain. The inclusion & C R
induces a short exact sequence of multiplicative abelian groups

1 > K > R > RY k" —— 1 (2.2.1)

Our goal is to compute, as explicitly as possible, the group R*/k*. Although this may
seem to be a purely algebraic problem, the key to progress is to use insights from geometry,
particularly divisor theory on projective varieties. Thus, writing R = klzy,...,z,|/I as a
quotient of a polynomial ring by a prime ideal I, set X := Spec R C A}, the affine variety
corresponding to R, and let X C [P} denote the projective closure of X in projective n-space.
Write X := X \ X = X NV(z¢) for the boundary of X, which is the intersection of X with
the hyperplane at infinity in P}.

The main point is that a unit in R corresponds, via homogenization, exactly to a rational
function on X which has zeros and poles only on 0X. To be precise:

Lemma 2.3. With notation as above, let R — R be the homogenization map f — f :=
mdegff(ﬁ) Then:
0 :L'O . . - -
i) For any f,g € R, fg = fg, and
it) f € R* if and only if V(f)N X C 0X.


https://github.com/leonyz/unitgroups/
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Proof. First, note that dehomogenization is evaluation at xq = 1, hence is a ring map with
kernel (zg — 1). As the kernel contains no nonzero homogeneous elements, it follows that if
f1, f2 are homogeneous of the same degree with the same dehomogenization, then f; = fs.

i) Since fg and fg are both homogeneous of the same degree and dehomogenize to fg,
by the above reasoning they must be equal.

ii) As X = X NV(xy), it suffices to show that f € R* if and only if V(f) N X C V(zy).
If g1,...,9- is a Grobner basis for the defining ideal I of X with respect to a term order
refining total degree, then X has defining ideal (g7, ..., g,) [25, Prop. 15.31b]. It thus suffices

to show 1 € (f,g1,...,¢9-) if and only if 29 € +/(f,91,...,9-). The “if’ direction follows

by dehomogenizing. For the “only if” direction, pick h with 1 — fh € I. Then 1 — fh €
(G1,-..,0-). But 1 — fh =28 — fh, where d = deg(fh), as both sides are homogeneous and
dehomogenize to 1 — fh. Applying (i) gives 2d € (f,71,...,7r) as desired. O

Suppose now that X is normal, and write Div(X) (resp._Cl(Y)) for the group of Weil
divisors (resp. the divisor class group) on X. Let Div?(X) (resp. CI°(X)) denote the
subgroup of divisors (resp. divisor classes) of degree zero.

Definition 2.4. We define

Divy(X) := {Z a; P;

finite

P; component of 0X,a; € Z, Z a; = O} C Div’(X)

i.e. the subgroup of Div®(X) supported on 0X (which makes sense as 0X is codimension 1
in X).

By Lemma (i), we have a composition of abelian group homomorphisms

R* — Frac(R)* — Div?(X) (2.2.2)
ua, fdiv(f)

consisting of homogenization followed by the divisor map. Lemma [2.3(ii) shows that the
image of R* is contained in Div}(X), so there is an induced map ¢ : R* — Div3(X). Now
kera consists of functions which have no zeros or poles anywhere on X. Such an element
must be a scalar, i.e. lies in k*. Thus we have a map ¢ : R*/k* < Divy(X).

Putting the above reasoning together yields a classical theorem of Rosenlicht and Samuel
[76l, 78] on the structure of the unit group:

Theorem 2.5. Let k be an algebraically closed field, and let R be a finitely generated k-
algebra that is a domain. Then R*/k* is a finitely generated free abelian group.

Proof. Let R be the homogenization of R with respect to some new variable zy. If X =
Proj(R?) is normal, then the reasoning above shows that R*/k* embeds in the finitely gen-
erated free abelian group Div9(X), and subgroups of finitely generated free abelian groups

are again finitely generated free abelian.
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If X is not normal, let YNbe the normalization of X. The normalization map X — X
identifies n~ (X)) with Spec(R), where R is the integral closure of R in its fraction field. This
gives an inclusion map R*/k* < (R)*/k*. As (R)*/k* is finitely generated free abelian by
the previous case, R*/k* is as well. O

Remark 2.6. Note that the unit group of the coordinate ring of a projective variety is
trivial to compute: indeed, in this case R = k*, as any positively graded domain has units
concentrated in degree 0. Thus Theorem 1s only interesting for rings which are not
positively graded.

Remark 2.7. The assumptions in Theorem[2.5 are necessary: if k is not algebraically closed,
then the unit group modulo scalar units may have torsion, i.e. roots of unity. If R is not a
domain, then R*/k* need not be Z-free or even finitely generated: e.g. for R = k[z]/(x?),
one has R*/k* = (k,+) is the additive group of the field.

However, Theorem still holds if R is reduced: if p1,...,pm are the minimal primes
of R, then the diagonal embedding A : R — [[]*, R/p; gives R* — [/~ (R/p:)*, and since
AYITE, k) = k* (as zeros/poles must appear on some component if they appear at all),
one has that R*/k* — [[;~,(R/p:)*/k* is a subgroup of a finite product of free abelian groups.

Remark 2.8. In the setting of Theorem freeness of R*/k* implies the exact sequence
(2.2.1) splits, i.e. R* = k* @ R*/k*. Thus if we understand R*/k*, then we also understand
R*.

Intrinsic tropicalization

We now discuss some motivation for computing unit groups coming from tropical geome-
try [85], following the presentation in [63]. Recall that a variety X is said to be very affine if X
admits a closed embedding into an algebraic torus T. Intuitively, a subvariety of P™ is affine
if it misses a coordinate hyperplane, and very affine if it misses all coordinate hyperplanes.
Algebraically, this means that the coordinate ring R of X is (isomorphic to) a quotient of
a Laurent polynomial ring k[zT, ..., ]. We note that given a very affine variety X C T",
one can take its projective closure X C P" with boundary 0X 1= X\ X = X NV (2g---2,),
and the above discussion (cf. Lemma [2.3| Definition carries over to this setting.

In general, there are many different closed embeddings of X into tori T™ for various
m. To remove the dependence on the choice of embedding, one must choose a “natural”
embedding of X into a fixed torus. As it turns out, the right object to consider is the
so-called intrinsic torus of X, which is by definition |63, Definition 6.4.2]

T;, := Homg(R*/k*, k*).

Note that by Theorem R*/k* is free abelian, so the Hom group is isomorphic to a product
of copies of k*, which is an algebraic torus over k. A Z-basis fi,..., f, of R*/k* gives rise
to an embedding i : X < Ty, via x — (fi(z),..., fo(z)). With such a choice of basis,
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the importance of the intrinsic torus is immediate from the following “pseudo-universal”
property [63, Proposition 6.4.4]: for every closed embedding j: X — T™ of X into a torus,
there is a map of tori ¢ : Ty, — T™ given by Laurent monomials (which need not be an
embedding) such that the following diagram commutes:

X 5 T,
N P
Tm

It is a basic task in tropical geometry to tropicalize a very affine variety with respect to a
particular embedding in a torus. From a foundational viewpoint, it is desirable to have an in-
trinsic tropicalization, with respect to the intrinsic torus, so that the tropicalization depends
only on the very affine variety X and not the specific embedding X < T™. Furthermore,
in the setup of the commutative diagram above, the tropicalization of X embedded in T™ is
given by the image of the intrinsic tropicalization under the affine map trop(y). Hence any
other tropicalization of X can be recovered from the intrinsic tropicalization.

However, from a computational standpoint, the very affine variety is most often described
by its ideal in a fixed embedding. To obtain an intrinsic tropicalization one must be able to
compute the defining ideal of the very affine variety in its intrinsic torus; the key to doing so
is to first compute a basis of R*/k*. Although an embedding into the intrinsic torus depends
on our choice of basis for R*/k*, we nevertheless often speak of the intrinsic embedding into
the intrinsic torus.

2.3 General results on varieties

In this section we outline our approach to the problem of computing unit groups, via
class groups. We retain the setup from the previous section: let X be a normal very affine
variety over a field k = k, with coordinate ring R, projective closure X C P}, and boundary
0X =X\ X.

Definition 2.9. Define C15(X) to be the cokernel of the embedding R* /k* 7, Divy(X).
By definition, there is a short exact sequence of abelian groups

1 —— R/ —2 Div)(X) —— CIO(X) —— 0 (2.3.1)
Corollary 2.10. Let r be the number of divisorial components of 9X. Then rank R*/k* <
r— 1, with equality if and only if C15(X) is torsion.

Proof. The subgroup Divy(X) of Div(X) (consisting of Weil divisors supported on 0.X) is a
free group of rank 7, and the degree 0 condition implies Divy(X) is a free subgroup of rank
r—1. [
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Corollary 2.11. If C' is a very affine curve over k with coordinate ring R, with projective
closure C' C P} of degree d, then rank R*/k* < (n+ 1)d — 1.

Proof. As C'is a curve, the divisorial components of C' are just the (closed) points of 0C'.
Since C is very affine, the boundary dC' consists of the intersections of C' with each of the
n+ 1 coordinate hyperplanes in P?. Then deg C' = d implies OC consists of at most (n+1)d
points, and the result follows from Corollary [2.10] O

Theorem tells us that the structure of the unit group — as an abstract group — is as
nice as possible. However, we need more information about the other groups in to
explicitly give generators for R*/k*. The following basic, but crucial, point states that all
relations in C13(X) are “geometric”, in the sense that they come from the class group of X.

Proposition 2.12. C1%(X) is a subgroup of C1°(X).

Proof. 1t suffices to show that the following composite map is injective:
CI3(X) = Divy(X)/(R* k") < Div’(X)/(R*/k*) LN CI°(X)

i.e. Im(a) Nker() = 0. But this follows since ker(3) = Frac(R)*/(R*/k*), and Frac(R)* N
Div)(X) = R*/k*, as a rational function on X supported only on X is a unit on X. [

Remark 2.13. Recall that the class group of the ring of integers of a number field is finite.
If a similar result held in our setting, Corollary would give an explicit description for
the rank of R*/k*. Unfortunately, of course, C1(X) need not be so well-behaved in general.

In general, our approach to computing R*/k* via (2.3.1)) proceeds in three parts:

Question 2.14. What are generators of the image of R*/k* in Divy(X)?

Question 2.15. Given D € Div)(X) that is in the image of R*/k*, can we find polynomials

f,q such that f/g € R*/k* is mapped to D (under the inclusion R* C Frac(R)*)?

Question 2.16. Given an element of R*/k* expressed as a rational function as in Question
can we find a representative for it in R?

Question|2.14|is precisely computing im (R*/k* — Div)(X)) = ker ( Divj(X) — CL}(X)).
By Proposition this also equals ker ( Divj(X) — CI°(X)). Thus to solve Question [2.14]
one needs control over C1°(X), which is specific to the variety under consideration.
Question is the first half of pulling back along , namely lifting Frac(R)* —
Div’(X). This is an interpolation problem, and also depends on the variety in question.
Question is the second half of pulling back along , namely lifting R* —

Frac(R)*. This can in fact be easily solved with Grébner bases, which we now show (through-
out the chapter, we always work with a fixed term order refining total degree). Note that
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arguments involving Grobner bases over polynomial rings can be adapted to Laurent poly-

nomial rings by identifying the rings k[, ..., 25| = k21, ..., 20, t]/(tzy ... 2, — 1) (alter-

natively, one can avoid adjoining an extra variable ¢ and quotienting, by saturating with the
product of the variables).

Algorithm 2.17 (Clearing denominators)
Require: f,g € k[xl e B T =g, ) C k[T 2t
Ensure: h € k:[a:l Lozt with f — gh € I if such an h exists, or false otherwise
cJ 1+ (g)
G + GrobnerBasis(J)
if f ¢ ideal(G) then
return false
end if
(Co,...,Cwn) < a vector over k[zi", ..., x| such that f = Cog + Cid1 + ... + Crutom
return C

) n

whether there exists h € R such that f = gh, and returns such an h if it exists.

Lemma 2.18. For f,g € R = klzi',...,at')/I, Algorithm [2.17 correctly determines

Proof. A standard Grobner basis argument checks whether f € J and, if so, finds such a
vector C' = (Cy, ..., Cy,) as above. Note that f € J if and only if there exists h such that

f—ghel, sothat f =gh e R. m
Algorithm 2.19 (Testing units)

Require: h € klz7, ..., 7y H T = (¢1,...,¢m) C klzf, ... 2t

Ensure: true if h € (k[zi', ..., 2F']/1)*, or false otherwise

1: J < I+ (h)

2: G < GrébnerBasis(J)
3: if 1 € ideal(G) then
4:  return true

5: end if

6: return false

Lemma 2.20. For h € R = k[z{',... x5]/1, Algorithm [2.19 correctly tests if h is a unit
mn R.

Proof. A standard Grébner basis argument checks whether 1 € J. Note that 1 € J
I+ (h) Ck[zF, ... 2 if and only if h € (k[z{, ..., aFY]/1)*. O

? 7’L

Algorithm 2.21 (Computing preimages of R* — Frac(R)*).

Require: f,G € klxg,...,x,] homogencous, f/g € Frac(R)* and I = (¢1,...,¢m) C

Ko, ot

Ensure: h € k[, ... 2% such that h = f/g in Frac(R)* (via the inclusion R* C

rn

Frac(R)*) if such an h exzists, or false otherwise



CHAPTER 2. INTRINSIC TROPICALIZATIONS OF CURVES 23

10 f < f(Lzy, ..., 2)
2: g+ g(l,zq,...,2,)
3: af Algorithm (f,g, I) = false then

4:  return false

5: else

6:  h < AlgorithmR.17(f, g,1)

7. if Algorithm[2.1Y(h,I) = true then

8: return h

9: else

10: return false

11:  end if

12: end if
Lemma 2.22. Let X be a wvery affine wvariety with coordinate ring R equal to
kot a1, ..., dm). Let f and g be homogeneous polynomials in klxo, ..., x,], and
f,g € klzy,...,x,] their dehomogenizations with respect to xy. Given a rational function
flg € Frac(ﬁ) Algorithm @ correctly decides whether f/g € R* (via the inclusion
R* C Frac(R)*), and if so, computes a representative h € k[xF,... ] for f/g.

Proof. If f/g € R* then there must exist a Laurent polynomial h € R* such that f/g = h
in Frac(R)*, where h is the homogenization of h with respect to zo. Thus f —gh = 0 in
Frac(R)*, so f — gh € I. Since h € R*, Algorithm will verify that h is a unit, and
Algorithm [2.21] will return h.

Now assume that f/g ¢ R*. Then Algorithm [2.21| will return false unless Algorithm m
returns some h € R* such that f — gh. Suppose this occurs. By homogenizing, we see that
f=ghin R and f/g = h in Frac(R)*, which is a contradiction. O

2.4 Fermat curves and plane conics

We now consider two families of plane curves: Fermat curves and conics. These serve as
our first two classes of examples for the general problem of computing unit groups.

Fermat curves

We first illustrate an elementary way of constructing units in quotients of Laurent rings:

Lemma 2.23. Let T = k[a:l e ,xfl] be a Laurent polynomial ring, I C T an ideal, u € T
a monomial, a € k*, and f € I. If there exist g,h € T with f + au = gh, then g, h are units
in R=T/I.

Proof. Note that u is a unit in 7' (being monomial), so a@ is a unit in R. Since gh = ati € R,
we have that g and h are also units in R. [
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Example 2.24 (Fermat curves). Consider the family of Fermat curves, which are plane
curves in P? = Proj(k[xz,y, 2]) defined by equations of the form x¢ + y? = 2¢, for d € N.
For a fized degree d, we have C ==V (2¢ + y? — z%) C P? with homogeneous coordinate ring
R = Clz,y, 2]/{z%4+y?—2%). Dehomogenizing with respect to z and intersecting with the torus
in A? gives a very affine Fermat curve C with coordinate ring R = Cla®!, y*1] /(x? +y? —1).

We will use and Lemma to show that the unit group R*/k* has 3d — 1
independent elements. By Corollary(2.11], rank R*/k* < (n+1)d — 1 = 3d — 1, so this bound
18 tight.

Consider the relation o

2t =yt —1=T]— ¢}
i=0
which holds in R, where (4 is a primitive d-th root of unity. From Lemma|2.25, we conclude
that (y — %) is a unit in R, for all 0 < i < d — 1. Interpreting the above relation as a
dependency among x,y — Cgy ..., Y — Cjil in R*/k*, we can write any y — ¢, multiplicatively
in terms of x and y — Cfi for 7 #1i. Thus we can choose — for instance — to treat y — Cfil_l as
redundant, and we obtain new units y — ¢ for 0 < i < d — 2. Note that the relation above
does mot give a way to express x in terms of y — (4, since x appears with multiplicity d.
In an analogous way, we may also rearrange the defining equation of R to obtain

d—1

—yt=a"—1=]]=-¢)

=0
which gives new units x — C for 0 < i < d — 2. Finally, the rearrangement

d—1

l=a2%+y? = H(x i)
i=0

gives new units r — Cgflﬂy for0<i<d-—2.

We thus have the units x — (3, y — ¢, © — 0 where 0 < i < d — 2. In addition to
the two units x,y, this gives a total of 3(d — 1) + 2 = 3d — 1 units. Note that although we
have accounted for obvious redundancies by removing x — 5—1 Yy — Cg_l, and x + ng_ly, we
have not yet shown that these 3d — 1 units are independent. Algebraically, this would entail
showing that there are no nontrivial multiplicative relations between these 3d — 1 elements,
a fairly nontrivial task. We instead adopt a geometric approach, whose utility will become
evident already in this case.

First, the divisors of these units (viewed as rational functions) are supported on the

boundary OC of the Fermat curve, which consists of the following 3d points:
1 P=Gt1:0] for0<i<d—1

2.Q;=1[C:0:1 for0<i<d-1
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3. Ty =10:C:1] for0<i<d-—1
As before, let ¢ : R*/k* — Div3(X) be the injection in (2-3.1). We have
¢(x) =2 T =2 F
oy) =2 Qi— 2 b
Oly—C) =dT; =S P, for0<j<d—2
lx— ) =dQ; — S P, for0<j<d—2
o -G y)=(d—-1)P =3, ;P for0<j<d—2

Under the identification Divy(C) = Z(Py, ..., Py, Q1,...,Qa, Ty, ..., Ty) = Z3, we obtain
the 3d x (3d—1) matriz in Figure whose columns represent the divisors of our given units.

—lg—1xa—fi
—1lg—1x24 +
dlg—
—1ix34-1
dlg—
Oaxi/lax1|  Odxd—1
02dxd—1
dlg—q Odixd—1
1d><1 del
O1><dfl

Figure 2.1: The block matrlx Whose columns are divisors of the units described in Example
- 2.24) for the Fermat curve 2 4 y¢ = 2%, Here a,x, is an m X n matrix whose elements are
all a, and I,, is the n x n identity matrlx
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A straightforward check shows that this matriz has full rank 3d — 1, and therefore our
units have no relations. It is natural at this point to ask whether these units form a basis for
the unit group. It turns out that this need not be the case, as shown in FExample|2.28.

Remark 2.25. We observe several things about this computation. First, we did not necessar-
ily compute generators of R*/k*. Instead, we found enough mutually independent elements
to confirm a rank statement on R*/k*. Next, this technique was only effective for the Fermat
curve because of special features of its defining equation. With more variables or nearly any
perturbation of the defining equation, the method of obtaining units above fails. Finally, the
argument above can only prove lower bounds on the rank of the unit group. We want to
compute generators of the unit group, so in general we will need more tools than Lemma

223

Plane conics

Let C C P? be a smooth projective plane conic defined by a homogeneous quadric
f(z,y,2), and C the corresponding very affine curve (obtained by dehomogenizing with
respect to z and intersecting with the 2-torus T2 := A%\ V(zy)), with coordinate ring R.
We describe methods for answering Questions [2.14] and [2.15 in this case. Combined with
Lemma [2.22] this gives an algorithm to compute a ba81s of R*/k*. (Note that we can easily
generate rational points on a plane conic.)

Algorithm 2.26 (Computing unit groups of conics).

Require: A homogeneous quadric f(z,y,2) defining a plane conic C C P?
Ensure: A basis of R*/k*

1: Py, ..., P, + boundary points of C

2: P+ any other point of C

3: for allic{l,...,n} do

4:  L; < defining equation of line between P; and P

5: end for

6: for allic{1,... n—1} do

7. Compute f; € klz*!,y*'] equivalent to L;/L; 1 in R using Algorithm [2.21]
8: end for

9: return fi,..., fn1

Theorem 2.27. Algorithm computes a basis for R*[k*.

Proof. Observe that C1°(C) =0 (as C = P'). The exact sequence (2.3.1) then implies that
the injection R*/k* — D_ivg(C') is an isomorphism. Then, note that P, — Py, --- , P,,_1 — P,
forms a basis for Divy(C), and L;/L;;1 corresponds to the divisor P, — Pi,;. Applying
Algorithm [2.21] finishes the proof. O
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Note that the choice of basis {P; — P;;1} in the above proof was arbitrary; any basis of

Divg (C') would suffice. On the other hand, this basis gives the very simple rational functions
Li/Liy1.

Example 2.28. Consider the degree 2 Fermat curve C defined by x* + 3> = 22. We show
that the units produced in Example are not generators of R*/k*. As in Ezample[2.2/),

we have the following boundary points:
1. Py:=1i: 1: 0]
2. Py = [—i:1:0]

5. Qo=[1:0:1]
4. Q1 =[-1:0:1]
5. Ty =[0:1: 1]

6. Ty =1[0: —1:1]

Ezample |2.24) gives the following units and divisors (with R*/k* 54 Divy(C) as in

e

ox)=To+T1 — P— P,
Py) =Qo+ Q1 —H— P
oy—1)=2Th— P — P,
9(
9

¢r—1) =200 — P — P,
Tr — ) PO—P1

The subgroup of DlVa( ) generated by these divisors is given by the integer column span
of the matriz, which is exactly Figure[2.1] for d = 2:

1 -1 -1 -1 1]
1 -1 -1 -1 -1
0 1 0 2 0
0 1 0 0 0
1 0 2 0 0
(1 0 0 0 0]
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As noted in the proof of Theorem one basis for Dive(C) is {Pi— Py, | 1 < i <
n—1}=P—P,,P,—Ps,..., P,y — P,. From this basis we obtain the matrix

1 0 0 0 0
-1 1 0 0 0
0 -1 1 0 0
0 0 -1 1 0
0 0 0 -1 1
0 0 0 0 -1

The first lattice has index 4 in the second. It follows that the units given in FExample 2.2
are not generators in this case.

Example 2.29. Let C be the conic defined by f = (1+t)ax> + (1 +)y> +(1+1)22 — (2+ 2t +
)y — (24 2t + t*)yz — (2 + 2t + t*)xz, where k is the field of Puiseuz series in t over C.
Consider the very affine curve C given by intersecting with the canonical torus. Its boundary
points are

1. Pp=[0:1:t+1]
Py=[0:t+1:1]
Py=[1:0:¢+1]
Pi=[t+1:0:1]
Ps=[1:t+1:0]

S v e

Ps=t+1:1:0]

As described above, we can take a basis of Divy(C) to be differences of these boundary
points, e.q. Py — Py, Ps — Py, Ps — P3, Ps — Py, and Py — P,. Algorithm gives the

following particularly nice generators of the unit group:

1. P3—Py gives fi = (line between Py and Py )/(line between Py and Py) = “H)?x;& =
(t+1)2+yz ™t —(t+1)a!

2. P3—P, gives fy = (line between Py and Ps)/(line between Py and Py) = w =
(t+1)+ (t+1)yxzt — 27!

3. Ps—Ps gives f3 = (line between Ps and Py)/(line between P3 and Py) = w =
(t+ Doyt —1—(t+1)%y?

4. Ps— Py gives fy == (line between Ps and P3)/(line between Py and Py) = WCT_@’_I =
(t+ Doyt —1—y?
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5. Ps—Py gives f5 = (line between Ps and Py )/(line between Py and Py) = Wﬂ =
1—(t+ Dya 4+ (t+1)%2!

So the intrinsic torus has dimension 5, and these generators specify a map into the
intrinsic torus, corresponding to the ring map : k[zy', ..., 2] — kla®, y™]/(f) sending

We note that the tropicalization of f is simply the tropical line 0 & x & y shown in the
left in Figure[2.3

We used Singular (20, 49] to compute the tropicalization of f in its intrinsic torus with
basis equal to {x,y, f1, f2, f3}. The intrinsic tropicalization has the following snowflake struc-

ture typical of a generic tropical conic as shown in the right in Figure [2.3.

0.1)

(1,1,-1)

(1,0,0)

r(21,-1) 0,1,2)

(1,0)

(=1,-1,—-1)

¥(—2,-3,-2)

(-1,-2,-1)

Figure 2.2: The tropicalization and intrinsic tropicalization respectively of the conic in Ex-
ample [2.29, with coordinates and nontrivial multiplicities labeled.

Remark 2.30. Consider the complete graph whose nodes are the elements of 0C. Choose a

spanning tree of this graph, and pick a direction for each edge. Fach edge of this tree gives a

divisor; namely an edge from P to Q gives the divisor P — Q. This gives a basis of Divy(C).
For instance, in Example the basis

PO_Q07P1_QO>Q1_P07TO_P07T1_PO

corresponds to the directed tree on the left in Figure[2.3
Similarly, the basis

Qo — FPo,Qo — P1,Qo — Q1,Q0 — To, Qo — Th

corresponds to the tree on the right in Figure (rooted at Q).
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e @—®  ®&—{(a—®
@ @ @ @ ©®

Figure 2.3: Two directed trees describing two different bases for the intrinsic torus of Example
2.28

2.5 Rational normal curves

We next consider rational normal curves in parametric form. Recall that for any n, a
rational normal curve C' of degree n is the image of P! under an embedding v: P! — P»
given by v([S: T]) = [fo(S,T) : -+ : fu(S,T)], where fo,..., f, are k-linearly independent
homogeneous polynomials of degree n. Let C' := C' N T" be the corresponding very affine

curve, with coordinate ring R. Our goal in this section is to give an algorithm for computing
a basis of R*/k*.

Remark 2.31. Plane conics are precisely the rational normal curves of degree 2, so the
following discussion generalizes part of Section [2.f Note though that the presentation of
the curves in question has changed: here we do not begin with the implicit equations of the
rational normal curve in P™.

The following is a modification of the polynomial subalgebra membership algorithm given
in [19, Proposition 7.3.7].

Algorithm 2.32 (Subalgebra membership).

Require: fy,..., f, degreen homogeneous polynomials in k[S, T defining a rational normal
curve, and a rational functzon € k(S,T)
Ensure: v € k[z7', ...zt such that its homogenization 5 € k[zg', ..., xF'] satisfies

J;g% =7(fo(S,T),..., [a(S,T)) if such a~ exists, or false otherwise
1: I <y0—f0,...,yn—fn,ufo...fn— 1,gs — 1) in k[yo, .., Yn,u, s, S, T|

2: G < GrébnerBasis(I) in a monomial ordering where any monomial involving s, S, T is
greater than any monomial in klyo, ..., Yn,u.

3: h < the remainder of dividing fs by G

4 if h € klyo, ..., Yn, u] then

5. return h(l,z1,...,2,, (T1...2,)7")

6: else

7. return false
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8: end if

Lemma 2.33. Let C be a rational normal curve with parametrization v: P! < P™ given by
for- oy fn- Algomthm COW‘ectly returns vy € k:[xl .., o= such that its homogenization

5y e k[xo s 2t satisfies gT F(fo(S,T), ..., f(S.T)) if such a~ exists.

Proof. Note that it suffices to find the pushforward « of a rational function f (S T) on Y1)
along the map given by ¥~ 1(C) — C, if such a ~ exists and is regular There exists

7 € klzF!, ... 2] such that
[
— =7 f)"'vfn
F (1)
if and only if there exists x € k[yo, - . ., Yn, u] such that
[ 1
§_X<f07"-7fn7(f0'-'fn) )-

Setting u = (fo... f,)" " and s = g™, this is equivalent to the statement that fs is in the
k-algebra generated by { fo, ..., fn,u} in the ring k[u, s, S, T]/{(ufo ... fn—1,9s—1). By [19,
Proposition 7.3.7(i)], the previous statement is true if and only if h, the remainder upon
dividing fs by the Grobner basis G, is in the polynomial ring k[yo, . . ., Yn, ul.

Suppose 7 exists, let 7 be its homogenization, and fix the notation of the previous para-
graph. The argument above shows that A is a polynomial in g, ..., y,,u. By [19, Propo-
sition 7.3.7(ii)], fs = h(fo,---, fn, (fo.-. fu)™!) is an expression of fs as a polynomial in

fos- s fu, (fo .o fu)7L, so we can write ¥ = h(zq,...,%n, (To...7,)"'). Dehomogenizing,
we get v = h(1,zy,...,2,, (x1...2,)" ") as the pushforward of f/g. Because h is a Laurent
polynomial, ~ is regular on C'. O]

Algorithm 2.34 (Computing unit groups of rational normal curves).

Require: A rational normal curve C given parametrically by fo(T,S), ..., fo(T,S) € k[S,T]
and a corresponding very affine curve given by setting fo =1
Ensure: A Z-basis of R*/k*
1: D+ 0
2: [ay: by, ..., [am: bm] < preimages of OC under the parametrization map P! — P".
3: Choose any basis B of Div)(C)
4: for all o € B do
5. Write Y~ cilag, : by,] — > -, djlar; = by as the preimage of o
6: [+« Hz(kaS — akiT)ci
7: g < Hj(bljS — ale)dj
8: 7 <« Algorithm [2.32 (fo, U 5)
9: (L xy, ... 1)
10: D+ DU{~}
11: end for
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12: return D

Theorem 2.1. Let C C P? be a rational normal curve over an _algebraically closed field k,
given parametrically as the image of a map Py < P?. Let C := C N'T" be the corresponding
very affine curve, with coordinate ring R. Then Algorithm|2.34] correctly computes a Z-basis

of R* k.
Proof. Let C be parametrized by fo(S,T),..., f.(S,T) € k[S,T]. As C = P!, CI3(C) =

0, so the injection R*/k* < Divy(C) is an isomorphism. For each basis element o =
>oicilar,: b) — X2 djla, : by, Algorithm produces a rational function 7 on C' which
has zeros of order ¢; at [fo(aw,,bx,) : - -+ ¢ fulaw,, br,)] and poles of order d; at [fo(ay;,by;) :

-+ falay, by,)]. Dehomogenizing gives the unit in R* corresponding to o. ]

Example 2.35. Consider the degree 3 rational normal curve C C P3 given by the parametriza-
tion
[S? —48T?: ST —97T° : (S — 3T7)T? : (S + 3T)T7

We compute the following boundary points (note that e.g. Py, Ps, and Ps are obtained by
solving for [S : T] when the first coordinate function S — 4ST? is equal to zero):

1. P =10:1]
2. Py=[1:0]
3. Py=[3:1]
4. Py=1[-3:1]
5. Py=[2:1]
6. Ps=[-2:1]

We choose the following basis of Divy(C):
Py —2P, — Py+ P5s+ Ps, Po — P3, P3 — Py, Py — P5, P5 — P

Choose coordinates x,y, z,w on P2. We run Algorz'thm to obtain preimages under ¢
of our basis of Divy(C) in Frac(R)*. Their corresponding dehomogenizations with respect to
w give a basis of R* [k*:

1. z~=x
2. y~vy

3.z~ z

. x4 5y + 2(w—2) + 10(w + 2) Wx—i—5y—|—46?5(1—2)—1—10(1+z)

T T
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r—4dy+6(w—z)+4(w+z2) x—4y+6(1—2)+4(1+2)
e d
T T

5.

Remark 2.36. Although we do not do so here, one could consider various generalizations of
the results presented thus far. For example, one can essentially perform the same procedure
with “pinched” rational curves, i.e. smooth rational curves of degree > n in P". Howewver,
once higher-dimensional varieties or curves with singularities are considered, the situation
becomes more complicated; even computing the boundary is no longer a simple task.

2.6 Elliptic curves

Fixk=Q, let E C IPZ be an elliptic curve with a given base point O, and set E := ENT?2.
Due to (2.3.1)), computing the image of R*/k* in Divj(E) is equivalent to computing the
relations between the closed points of OF =: {Py, ..., P,} in CI3(E). As the group law on the
elliptic curve coincides with the group law in the class group, it suffices to compute relations
between the corresponding points on the elliptic curve, which can be done via canonical
Néron—Tate heights.

The Canonical Néron—Tate Height Pairing

We briefly define canonical Néron—Tate heights, following the exposition from [79]. Speak-
ing broadly, height functions measure the “arithmetic complexity” of points on abelian va-
rieties. For any field F' and variety X, let X (F) denote the F-rational points of X.

Theorem 2.37 ([79, p. VIIL.9.3]). Let E be an elliptic curve defined over a number field.

There ezists a unique function h: F(Q) — R called the canonical Néron—Tate height. It
satisfies the following properties:

1. For all P,Q € E(Q), the parallelogram law holds, i.e.

~

WP+ Q)+ h(P — Q) = 2h(P) + 2h(Q).

2. For all P € E(Q) and m € Z,

h(mP) = m*h(P).

3. h is an even function, and the pairing
( . EQ@xEQ—R
(P.Q) = h(P+Q) — h(P) — h(Q)

15 bilinear. This is equivalent to saying that his a quadratic form on E(Q). We call
this the canonical Néron—Tate height pairing.
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4. For all P € E(Q), one has h(P) > 0, and h(P) = 0 if and only if P is torsion.

For any number field K, we can obtain a bilinear form on E(K) by restricting the bilinear
form on E(Q) in Theorem M(B) This can be extended to a bilinear form on the finite-
dimensional real vector space E(K) ® R.

Proposition 2.38 ([79, p. VIIL.9.6]). The Néron-Tate height induces a positive definite
inner product on E(K) ® R.

One can compute heights on elliptic curves efficiently with [70, Algorithm 6.1].

Computing Generators of the Unit Group

We now detail algorithms to solve Questions and for elliptic curves. First we
treat Question In addition to the above theory on Néron—Tate heights, we will need
the following theorem and subroutines.

Theorem 2.39 ([65], [88, Theorem 4]). Suppose L is a sublattice in Z" of rank m. Fiz
some topological vector space norm on R™. For all 1 < k < m, let M} denote the minimum
size ball centered at the origin that contains k linearly independent vectors in L. Then there
exists a basis {x1,...,x,} of L such that for all 1 <k <m, |xg| < (%)k_le.

Subroutine 2.40 (Computing the relations among some torsion points of an elliptic curve).

Requaire: Torsion points Ty, ..., T, on an elliptic curve and torsion orders my, ..., my,
Ensure: Generators for the lattice of relations among T, ..., T, in Z"

1: D«

2: for all (ny,...,n,) where 0 < n; < m; do

3 if Ty + - +n, 1, =0 then
4 add (ny,...,n.) to D

5:  endif

6: end for

7: return D

Subroutine 2.40| correctly computes all relations among a set of torsion points, as it simply
manually checks all possible relations.

Subroutine 2.41 (Computing the relations modulo torsion of some torsion points on an
elliptic curve).

Require: A set of nontorsion points Q1,...,Q, on an elliptic curve -
Ensure: Generators in Z" for the lattice of relations among the Q; in E(Q)/tors
1: Compute the n x n matriz A such that the A; ; < (Qi, Q;) = h(Q; +Q;) — h(Q;) — h(Q;)

2: return generators of ker AN Z"
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Lemma 2.42. Subroutine|2.41 correctly compules the lattice of relations among the nontor-
sion points Q1,...,Q, in E(Q)/ tors.

Proof. Choose some number field K large enough such that {Q,...,Q,} € E(K). Note
that F(K) modulo torsion embeds into E(K) ® R. By Theorem (3), A is the inner
product matrix of a nondegenerate inner product, and thus ker ANZ"™ comprises the relations
among the ¢); up to torsion. O

We are now ready to solve Question for elliptic curves.

Algorithm 2.43 (Answering Question 1 for elliptic curves).

Require: An elliptic curve over Q with a nonempty finite set of distinguished points S C
E(Q) and a base point O
Ensure: A minimal generating set of ker(Div%(E) — CI°(E))
1: Determine torsion points of S by Theorem (4) Let QQq,...,Q, refer to nontor-

ston points of S, and let T, ..., T, refer to torsion points of S with orders my,...,m,
respectively.

2: D+ () C 7z

3: G < finite subgroup generated by (Ty,...,T,) C E(Q)

4: Dy < relations between Ty, ..., T, as given by Subroutine

5: D« {(0,...,0,nq,...,n,) € Z"" | (n4,...,n,) € Dr}

6: Dg < relations modulo torsion between @1, ...,Q, as giwen by Subroutine m

7: £ < rank(spang(Dg))

8 AN+ 0,S\ «—0cz"

9: while rank(spany(S,)) # { do

10 A+ A+1

11: Sy {(ml,...,mn) € spany(Dg) |\/Zm§ <X and mQi+---+m,Q, € G}

12: end while

13: N {(ml, c..,my) € spang(Dg) |/ m? < (37N and miQi + -+ muQn € G}

14: for (mq,...,m,) € A do

15: Choose (nq,...,n,) such that miQ1 + -+ +m,Qn + Ty +---+n,1. =0
16:  add (mq,...,my,n9,...,n,) to D

17: end for

18: Let deg : Z"" — 7Z be the map sending (1, ..., Tpir) — Y T;

19: return o minimal set of generators for ker (deg ]SpanZ(D))

Lemma 2.44. For a distinguished set S of Q-points on the elliptic curve E,_Algom'thm_
correctly computes a minimal generating set of the kernel of the map Diva(E) — CI°(E).

Proof. We first prove that the algorithm terminates. Let ¢ denote the map Divg(FE) —
Clg(E), and let 1y denote the restriction Divi(E) —  CI(E). Identify
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Divy(E) = Z(Qy,...,Qu, Ty, ..., T,) with Z"" using this ordering of elements in S. For
any subset M C {1,...,n+r}, let mp; denote the projection onto those coordinates.

spany(Dg); if (mq, ..., m,) € spany(Dg), then mQq + - - - +m,Q,, € G and thus is torsion.
It follows that there exists some m € 7Z such that mm;Q; + --- + mm, @, = 0, so that
(mmy,...,mm,) € T

-----

.....

.....

Next we show that span, (D) = ker . Clearly span,(D) C kert by construction. Sup-
pose (mi,...,Mp,N1,...,ny) € kertp. Then (my,...,m,) € 7, ny(kery) = spany(A),
so there exist n},...,n/ such that (m,...,m,,n},...,n.) € spany(D) C kert. Thus,
0,...,0,ny —nf,...,n. —nl) € keryp. However, (0,...,0,ny —n},...,n, —n.) € spany(D)
because of Subroutine [2.40} so

(m,...,mp,ny, ... ,n)+(0,...,0,n—n7,...,n.—n.) = (my,...,my,n1,...,n,) € spany(D).

To conclude, we note that ker ¢y = kert¢ N L = span, (D) N L. O

We now turn our attention to answering Question [2.15, The following is an explicit
version of Miller’s algorithm, specialized to genus 1 |67]. For the following algorithm, we use
+ and — to denote addition and subtraction in the group of Weil divisors (as formal sums of
points, not divisor classes), and use @ and ¢ to denote addition and inversion in the group
law on the elliptic curve. For a point P and n € Z, the notation nP means P+ ...+ P, not
Po---@P.

Algorithm 2.45 (Answering Question 2 for elliptic curves).

Require: An elliptic curve E with basepoint O and a divisor D = Y.pnpP e Divg(E)
Ensure: Whether D is in the image of R*/k*, and an element of Frac(R)* mapping to D
if it is
1: f+1
2: while |D| # 0 do
if 3P, Q) such that np,ng > 0 and P # —() then
D+ D—-(P+Q+(i(P)®Q)—30)
f < fL where L is the line through P and Q)
else if 3P, Q) such that np,ng >0 and P = —() then
D+ D—(P+@Q-20)
f < fL where L is the line through P and Q)
else if 3P, Q) such that np,ng <0 and P # —(Q) then
10: D+ D+ (P+Q+(i(P)® Q) —30)
11: f < f/L where L is the line through P and Q

0 % N g e
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12:  else of 3P, Q) such that np,ng <0 and P = —() then

13: D+ D+ (P+Q—-20)

14: f < f/L where L is the line through P and Q

15:  else if D is of the form mP — n@ 4 0O for m,n > 0 then

16: if m > 2 and P has order 3 then

17: D« D— (3P —30)

18: f < fL where L is the tangent line at P

19: else if m > 2 and P does not have order 2 then
20: D+« D—-(2P+i(P®P)-30)

21: f < fL where L is the tangent line at P

22: else if m > 2 and P has order 2 then

23: D <+ D — (2P —20)

24: f < fL where L is the tangent line at P

25: else if n > 2 and () has order 3 then

26: D + D+ (3Q — 30)

27: f < f/L where L is the tangent line at Q

28: else if n > 2 and ) does not have order 2 then
29: D+ D+ (2Q+i(Q® Q) —30)

30: f < f/L where L is the tangent line at Q)

31: else if n > 2 and () has order 2 then

32: D+ D —(2Q —20)

38: f < f/L where L is the tangent line at Q)

84: else if m =1 andn =1 then

35: D <+ D+ (Q +i(Q) — 20)

36: f < f/L where L is the line through Q and —Q
37: else if (m=1andn=0) or (m=0 andn =1) then
38: return this divisor is not in the image of R*/k*
39: end if

40:  end if

41: end while
42: return f

Lemma 2.46. Algorithm correctly determines whether a divisor D is in the image of

R*/k* and computes an element f of Frac(R)* mapping to D if so.

Proof. Let ¢ denote the map R*/k* — Divg(E). Note that the quantity D — ¢(f) is a
loop invariant. Note additionally that during every execution of the loop, exactly one of the
conditionals is satisfied; if line 3, 6, 9, and 12 are not satisfied, then D must be of the form
mP —nQ + o0 for m,n > 0. If D =mP — n@ + 00 then exactly one of line 16, 19, 22, 25,
28, 31, 34, or 37 must be satisfied. |D| is strictly reduced during each iteration unless line
34 or line 37 are satisfied. Line 37 terminates the program. Line 34 cannot be satisfied in
two consecutive loops. Thus the algorithm will terminate.
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Assume D € ¢(R*/k*). If at some point in execution |D| = 0, then as D is degree 0,
D =0 and so D = ¢(f). If, during the execution of the algorithm, line 37 is satisfied, then
some point is linearly equivalent to the origin, which is a contradiction. Hence the algorithm
outputs an element f with the desired property.

Now assume D ¢ ¢(R*/k*). Because D — ¢(f) is a loop invariant, we will never have
|D| = 0. Because the algorithm terminates, it must terminate at line 37, as desired. O

Algorithm 2.47 (Computing unit groups of elliptic curves).

Require: An elliptic curve over Q with boundary points O and a base point O

Ensure: A basis of R*/k*

: V < a generating set of the image of R*/k* — Divy(E) by Algom'thm

B+ 0

: for allv eV do

f/g < a rational function with divisor v using Algorithm

B < B U{h}, where h is a Laurent polynomial with the same divisor as f/g by
Algorithm |2.21

. end for

7: return B

SR se te m

KR

Theorem 2.2. Let k = Q, let E C P2 be an elliptic curve, and let E = E N T? be
the corresponding very affine elliptic curve with coordinate ring R. Then Algorithm
correctly computes a Z-basis of R* /k*.

Proof. The correctness of Algorithm follows by Lemmas [2.44] 2.46] and [2.22] H

Remark 2.48. Many of the algorithms presented in this section are most easily implemented
(e.g. in Sage [77]) for elliptic curves in Weierstrass form. Given a projective isomorphism
of E to a Weierstrass form W as ¢: E — W, we can compute relations among the points
in (OF) using Algorithm . These relations can be pulled back by =1 to all relations
among the points in OF, because ¢ induces an isomorphism Divy(E) = Dive(W).

Example 2.49. Let E be the very affine elliptic curve E = Spec(Qs[z*!, y*!]/(y? — (x —
1)(x+1)(z —4))) with basepoint [0 : 1 : 0]. We compute the following six boundary points of
ECPZ:

- Qs

1. @y =[0:2:1]

2. Qy=1[0:-2:1]
3. Ty =1[0:1:0]
4. Ty =[1:0:1]
5 Ty =[-1:0:1]
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6. Ty:=1[4:0:1]

T s the identity on E and has torsion order 1; Ty,T3, and T have torsion order 2;
and Q1 and Q) are nontorsion. From , we only need to find relations between the 6
points listed above. Note that E is defined over Q, E(Q) — E(Qs), and the points Q;, T;
are defined over Q. Thus, it is sufficient to compute relations in E(Q), and so our previous
results to compute relations still apply. Algorithm[2.]7 yields the following generating set for
the lattice of relations, with corresponding units:

1o[1,1,1,1, -2, =2] ~ —y/a?

2.10,2,0,0,—1,—1] ~ (x — 1) /z
3. 0,0,2,0,—1,—1] ~ (z + 1)/
4.0,0,0,2,—1,—1] ~ (z — 4)/x

Note that it is easy to find these units by inspection, but to check that these form a basis of
R*/k*, we rely on the algorithms given in this section. We can compute the tropicalization
of the elliptic curve E C T? defined by the equation y* = (v — 1)(z + 1)(z — 4) to be three
rays emerging from the origin, as pictured on the left in Figure[2.4]

Using the unit group basis {x,y,x — 1,z + 1}, we compute the intrinsic tropicalization of
E in T* with Singular, shown on the right in Figure .'

(0,1,0,2)

(0,1,0,0)

Figure 2.4: The tropicalization and intrinsic tropicalization respectively of the elliptic curve
in Example [2.49] with coordinates and nontrivial multiplicities labeled.

In particular, the intrinsic tropicalization is larger than the original. On the other hand,
the j-invariant is j(E) = 438976/225, so that its 5-adic valuation is —2. It follows from
Chan and Sturmfels (15] that E can be projectively re-embedded so that its tropicalization
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1s i honeycomb form. The intrinsic tropicalization of E does not retain this information,
as this projective re-embedding of E does not preserve our dehomogenization procedure. In
particular, intrinsic tropicalizations need not be faithful.

Hyperelliptic curves

The Néron—Tate canonical height can more generally be defined on any abelian variety
defined over any number field. Fix some curve X defined over Q. Choose a number field K
such that 0X C X (K). Letting J denote the Jacobian of X, the Néron—Tate canonical height
pairing on J(Q) induces a positive definite inner product on J(K) ® R. For curves of genus
2, Cassels, Flynn, and Smart provide an algorithm to compute the canonical height in |13]
and [31], which has since been implemented in Magma [8]. For hyperelliptic curves of genus
3, Stoll [81] describes such an algorithm with a corresponding Magma implementation. Ad-
ditionally, Holmes [47] has provided a height algorithm for all hyperelliptic curves. Another
algorithm to compute heights for all hyperelliptic curves has been provided by Miiller [69].
However, a hyperelliptic curve of the form y? = f(z) in P? with deg f > 4 has a singularity

at infinity, and thus the methods used for elliptic curves do not immediately generalize.

Conclusion

In this chapter, we developed algorithms for computing the unit groups for several classes
of curves. We did so by embedding the unit group into the Weil divisor class group of the
projective closure and analyzing the cokernel of this embedding as a subgroup of the divisor
class group. Extending these methods to other classes of curves or to varieties of higher
dimension will be a challenging topic of future research. Our motivation for calculating
these unit groups was to compute the intrinsic tropicalization of very affine varieties; in
the next section we focus on another algorithmic problem related to the tropicalization of
varieties.
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Chapter 3

Zero-dimensional tropical varieties via
projections

This chapter is based on the manuscript “Computing zero-dimensional tropical varieties
via projections” [37], which is joint work with Paul Gérlach and Yue Ren, and which has
been submitted to Computational Complexity.

3.1 Introduction

Computing tropical varieties of polynomial ideals is a fundamentally important yet algo-
rithmically challenging task, requiring sophisticated techniques from computational algebra
and convex geometry. Currently, GFAN [50] and SINGULAR [20] are the only two programs
capable of computing general tropical varieties. Both programs rely on a traversal of the
Grobner complex as initially suggested by Bogart, Jensen, Speyer, Sturmfels, and Thomas
[7], and for both programs the initial bottleneck had been the computation of tropical links.
Experiments suggest that this bottleneck was resolved with the recent development of new
algorithms |14}, 46]. However the new approaches still rely on computations that are known
to be very hard, [14] on elimination and [46] on root approximation to an unknown precision.

In this chapter, we study the computation of zero-dimensional tropical varieties, which is
the key computational ingredient in [46]. The computation uses triangular decomposition,
which was also used in [46], and skew projections, which is the key conceptual idea behind
[14]. The triangular decomposition splits the ideal into parts on which transformations can
be efficiently applied. We show that the algorithm requires a polynomial number of field
operations if we start with a Grobner basis. In particular, we argue that in the computa-
tion of general tropical varieties, the calculation of tropical links becomes computationally
insignificant compared to the Grobner walk required to traverse the tropical variety.

Note that projections are a well-studied approach in polynomial systems solving, see
[23, [82] for an overview on various techniques. Our approach can be regarded as a non-
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Archimedean analogue of that strategy, since tropical varieties can be regarded as zeroth-
order approximation of the solutions in the topology induced by the valuation.

This chapter is organized as follows: In Section [3.3] we introduce a special class of mono-
mial transformations and study how they act on triangular sets. In Section [3.4] we explain
our main algorithm for reconstructing zero-dimensional tropical varieties of triangular sets
from their projections, while Section analyzes the complexity of our algorithm. Sec-
tion touches upon some technical details of the implementation for the special case when
the ideal is in shape position, and Section compares the performance of our algorithm
against a MAGMA implementation using univariate factorization and backsubstitution.

Implementations of all our algorithms can be found in the SINGULAR library
tropicalProjection.lib. Together with the data for the timings, it is available at
https://mathrepo.mis.mpg.de/tropicalProjections/, and will also be made publicly available
as part of the official SINGULAR distribution.

3.2 Background

Let K be a field with non-trivial valuation v: K* — R and fix a multivariate polynomial
ring K[x] := Klzy,...,z,] as well as a multivariate Laurent polynomial ring K[x*] :=
K[zt, ..., zF]. Moreover, given a Laurent polynomial ideal I C K[x*], we call a finite
subset G C I a Grébner basis with respect to a monomial ordering < on K[x] if G consists
of polynomials and forms a Grébner basis of the polynomial ideal INK[x] with respect to < in
the conventional sense, see for example |39} §1.6]. Finally, a lezicographical Gréobner basis will
be a Grobner basis with respect to the lexicographical ordering <o with z, <jex *** <lex Z1-

For the sake of notation, we briefly recall some basic notions of computational algebra
that are of immediate relevance to us. Our approach for computing zero-dimensional tropical
varieties of multivariate ideals is based on computing sufficiently many projections to the
univariate case.

For our approach, we will require the notion of triangular decomposition, a common
concept for decomposing ideal into easier parts. Given a Grobner basis, its time complexity
is polynomial in the number of variables and the degree of the ideal [60]. In practice, it is
fast enough to be a standard tool in some polynomial solvers such as in MAPLE [4].

Definition 3.1. A triangular set T C K[x]| is a finite set of polynomials, say T = {gn, ..., g1},
where each g; € Klxy, ..., x,] is of the form g; = x% — f; for some d; € Ny and f; €
Klz;, ..., x,) with x;-degree less than d; for j > i. Note that this makes any triangular set
a reduced lexicographical Grobner basis.

Proposition 3.2 ([39, Corollary 4.7.4]). Let J C K[x] be a zero-dimensional polynomial
ideal. Then there are triangular sets Ty, ..., T, C K[x] such that

Vi = ﬂ VAT and (T;) + (Tj) = K[x] fori # j.
1€[k]
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Since each zero-dimensional ideal can be efficiently decomposed into triangular sets, we
will focus on ideals that are generated by triangular sets. Moreover, we will put special
emphasis on ideals in shape position.

Definition 3.3. A zero-dimensional ideal I C K[x*] is in shape position if it is generated
by a triangular set T = {gn,...,91} with d; =1 for i <n, i.e., g; = x; — f; for a univariate
polynomial f; € K[x,| fori <n.

3.3 Unitriangular transformations on triangular sets

In this section, we consider special transformations on K[x*] which arise from unitrian-
gular transformations on the lattice of Laurent monomials, and describe how they operate on
triangular sets. In Section [3.4], we will use these transformations to project a zero-dimensional
tropical variety onto various lines.

Definition 3.4. For any u = (ug, ..., u,) € Zggl, we define a ring automorphism
cpTU2 L pmun G —
oo K[xt] = K[x%], T; 1% Tn Zfl ’
x; ifi # 1,

and a linear projection
n
Tu: R — R, (wl,...,wn)t—>w1—|—2uiwi.
i=2
We call such a ¢, a slim (unitriangular) transformation.

The reason we restrict ourselves to these simple transformations is because they allow us
to compute a wide range of projections while being easy to use.

Lemma 3.5. Let ¢, be a slim transformation. Then
mu(trop(I)) = trop(p. (1) N K[z7]).

Proof. We may assume that K is algebraically closed. The ring automorphism ¢, induces a
torus automorphism f,: (K*)* = (K*)" with f, }(V(I)) = V(¢.(I)), which in turn induces
a linear transformation h,: R™ = R™ mapping trop(p,(I)) to trop(I):
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oy [[imy 27 !
K[x*] 2 K[x*]
induces
(215 -y 2n) (21 [0 2 "5 22,05 2n)
(K) i (K)
hu
R" R"
(Wi, W) F—— (W1 = Y ;5 YW, W2, .. ., W)

Hence, with p;: R"™ — R denoting the projection onto the first coordinate:

trop(pu(1) N Klzi]) = pr(trop(gu(D))) = (p1 0 hy ') (trop(1)) = my(trop()). O

Algorithm 3.6 (Unitriangular transformations of triangular sets).
Require: (T,u), where

e T is a triangular generating set of a zero-dimensional ideal I C K[x*],
e , is a slim transformation.

Ensure: T', a triangular set generating @, (I).
1: Suppose gy ==z — Z?;lpixilri €T with p; € K|xa, ..., x,].
2: fori=1,...,dy do
3 pp = reduce((zh? - -z )ip;, T\ {g1}).
4: end for
5: return T =T\ {¢} U {xfl — Zfilﬁix?’i}.

Correctness of Algorithm[3.6, Only the last element in the triangular set

di
_J. 4 do d1 di—i
T—{xn"—fn,...,x2 — fo, 27" — E iy }
i=1

J/

=91

depends on x;. Therefore, by replacing it with ¢, (g1) = (¢ z)® — 0, pi(q ') B,
where ¢ := 24> ... 2% € K[x|, we get generators of the transformed ideal ¢, (I) C K[x*].
Note that multiplying this element with the monomial ¢%* (which is invertible in K[x*]), we
pass to the polynomial generating set of ¢, (I) given by T'\ {g;} U {z" — Zf;lpiqim‘fl_i}.
This is a non-reduced Grobner basis with respect to the lexicographical ordering <., and
replacing p;q* by p;, we reduce it modulo those generators not depending on x; to obtain the
triangular set 7". ]
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One special case that we would like to highlight separately is when an ideal [ is in shape
position. For ideals in shape position, Algorithm simplifies drastically and performs quite
well in practice, visible in the timings in Section [3.8] However, the complexity in Section
remains unchanged.

Remark 3.7 (Unitriangular transformations of ideals in shape position). If I is in shape
position, it is generated by a triangular set T' of the following form for f,,..., fi € Kl|x,]:

T = {wi — fr, Tn—1 — fn—l; ceey Lo — f2, Ty — f1}-
This has two main implications:

1. It simplifies Algorithm . The triangular set generating p,(I) will be of the form T' =
{xd — fo, ..., 29 — fo, x1 — f1}, where f| € K[z,] is the univariate polynomial with

deg(f]) < d and

fi1= <x;“” -ﬁf{"i)_l 1 = <xZ” ﬁfﬁ) -fi (mod z& — f,). (3.3.1)
i=2 =2

In particular, @, (I) will be in shape position.

2. It allows us to use a wider range of transformations beyond those considered in Def-
inition |3.4.  To be precise, replacing fi with f, in Equation (3.3.1) we may use any
transformation of the form

—u1 1 —U o
'rl ...xz...xnn Zf/L—/€7

. + + ,
ou: K[xF] — K[x¥], le—>{xi it

with u; € N.

3.4 Computing zero-dimensional tropical varieties via
projections

In this section, we assemble our algorithm for computing trop(/) for a zero-dimensional
ideal I C K|[x¥] generated by a triangular set. This is done in two stages, see Figure :
In the first stage, we project trop([) onto all coordinate axes of R". In the second stage, we
iteratively glue the coordinate projections together by projecting trop(/) onto more lines.

For the sake of simplicity, all algorithms contain some elements of ambiguity to mini-
mize the level of technical detail. To see how these ambiguities are resolved in the actual
implementation, see Section [3.7]

The following algorithm merges several small projections into a single large projection.
For clarity, given a finite subset A C {1,...,n}, we use R” to denote the linear subspace of
R"™ spanned by the unit vectors indexed by A and p4 to denote the projection R™ — R*. For
w € R™ and I C K[xF], we denote wy := pa(w) € R* and trop(I) 4 := pa(trop(I)) C R™.
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Figure 3.1: Computing zero-dimensional tropical varieties via projections.

Algorithm 3.8 (gluing projections).
Require: (T,trop(I)a,,...,trop(I)a,), where

o T is a triangular generating set of a zero-dimensional ideal I C K[x*],
o Ay,..., Ay C{1,...,n} are non-empty sets with 1 € A= A; U...U A.

Ensure: trop(I), C R*,
1: Construct the candidate set

C = {w c R4 ‘ wy, € trop(I)a, fori= 1,...,k}.
2: Pick au € Zggl with u; = 0 for i ¢ A such that the following map is injective:

Tulo: C = R, (w;)iea — w1 + Z U;W;.
ieA\{1}
3: Using Algorithm transform T into a triangular set T" generating ¢, (I).
4: Compute the eliminant n € K[z4], i.e., a generator of (T")NK|[x1] and read off trop(p) C
R from its Newton polygon.
5: return {w e C | m,(w) € trop(p)}.

Correctness of Algorithm[3.8. First, we show the existence of a slim transformation ¢, re-
quired for Line [2| such that 7, is injective on the candidate set C. Extending the definition
of the linear projection , from v € N"~! in Definition to arbitrary v € R™™!, it suffices
to show that the set

Z.={ve Rggl | 7|, is injective} C R™ !
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contains an integer point. By the definition of 7,, we see that

7 = ]Rgal\ U H,_w, where Hy_y i= {v e R ! ‘ z:(wZ —w)v; = wy — wl}.
i—2

wH#w' €T

This describes Z as the complement of an affine hyperplane arrangement in R” inside the
positive orthant. Therefore, Z must contain an integer point.

Next, note that the candidate set C' contains trop(I) by construction, so the injectivity
of m,|; implies trop(/)4 = {w € T | m,(w) € m,(trop(I))}. Hence, the correctness of the
output follows from 7, (trop()) = trop(x), which holds by Lemma [3.5] O

The next algorithm computes trop() by projecting it onto all coordinate axes and gluing
the projections together via Algorithm

Algorithm 3.9 (tropical variety via projections).

Require: T, a triangular generating set of a zero-dimensional ideal I C K[x*].

Ensure: trop(I) CR"

forke{l,...,n} do

2:  Compute the eliminant py € Kz, i.e., a generator of (') N K[xy|, and read off the
projection trop(I)(y = trop(uy).

end for

Initialise a set of computed projections W :={trop(I)13, ..., trop(I) )}

while W 2 trop({)q,..,
Pick projections trop(I)a,,...,trop(I)a, € W to be merged together such that 1 € A
and trop({)a ¢ W for A= A U--- U A.
: Using Algorithm compute trop(l) .

8 W =W U{trop(I)a}.

9: end whale

10: return trop(I)q,. .-

.....

~

SUEEANR NI

Correctness and Termination of Algorithm[3.9. In every iteration of the while loop, the set
W grows in size. As there are only finitely many sets A C {1,...,n}, we will compute
trop(/) = trop(/)1,...ny after finitely many iterations. O

.....

Example 3.10. Consider K = Q equipped with the 2-adic valuation and the ideal

I= (\2@—1—1@ —|—j§+x3+2/,x2— Qig,xl - 43;3 ) C K[af, 28, 23],
=:93 =:f2 =:f1

This ideal is in shape position by Definition |3.5. From the Newton polygon of g3, see Fig-
ure (left), it is not hard to see that (for the sake of clarity, points with multiplicity 2 are
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highlighted in bold):

trop(/) sy = trop(gs) = {—1,0, 1},
trop(I)zy = {A+ 1| A € trop(T) sy} = {0,1,2},
tl"Op(I){l} ={A+2]|X€ trop([){g,}} =1{1,2,3}.

To merge trop(I)gy and trop(I)say, we consider the following projection that is injective on
the candidate set C' := trop([)g1y x trop(f)ay:

7(3,0) * ¢ — R? (wh w2) — wy + 3ws.

The corresponding slim transformation o0 sends xy to x125° and hence 03,0 (1) is gener-
ated by {gs, vy — fo, v1w5° — 43}, which Algom'thm transforms into the following lexico-
graphical Grobner basis:
eo (D) = (g5, @2 = fo, w1 — (~1625 = 1623 — 1625 - 32)).
=1

The eliminant in K[z1] of p0)(l) can be computed as the resultant
Res,, (g3, 71 — f1) = 821 + 75223 + 3225627 + 7700487, + 8388608.
Figure (middle) shows the Newton polygon of the resultant, from which we see:
trop(Resz, (93,21 — f1)) = {9,5,1}.
Thus,
trop(!)q1,2p = {(3,2),(2,1), (1,0)}.

To merge trop(I) 1,2y and trop([)sy, we consider the following projection that is injective
on the candidate set C := trop(I)1,2 X trop(f)sy:

T(0,3) : C — R, (wl,wQ, 'lU3> — w1 + 371)3.

The corresponding slim transformation o 3) sends xy to z125° and hence ©(0,3) (1) is gener-
ated by {gs, vy — fo, x125° — 4x3}, which Algom'thm transforms into the following lexico-
graphical Grobner basis:

@(0,3)(1) = <g37 Ty — fa, X1 — (:2$§ - 2$32, — 223 — 4)>

J

~~

=:fy
Another resultant computation yields the eliminant in K{x1] of po3)(1):
Res,, (g3, 71 — f]) = 827 + 94z% + 50427 4 1504z, + 2048.
Figure (right) shows the Newton polygon of the resultant, from which we see:
trop(Resg, (g3, 71 — f1)) = {6,2, -2},

and thus
trop(I) = trop(]){m,g} =1{(3,2,1),(2,1,0),(1,0,—1)}.
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Resxs (937 Ty — {/)

g3

Figure 3.2: Newton polygons of g3 and the resultants in Example [3.10, Below each vertex
is its height, above each edge is its slope.

Remark 3.11 (Eliminants for ideals in shape position). Note that, if an ideal I is in shape
position, say generated by {z% — f.,...,x1 — fi} with f; € K[z,], then computing eliminants
such as in Line [ of Algorithm and Line[d of Algorithm becomes much simpler. To
compute the eliminant of I in K[x,], it suffices to consider the two polynomials x& — f,,, vy —
fe € K[zg, z,], making the computation independent of the number of variables n.

3.5 Complexity

In this section, we bound the complexity for computing a zero-dimensional tropical variety
trop(I) € R" of an ideal generated by a given triangular generating set using Algorithm
with the sequential strategy. The sequential strategy sequentially computes the projec-
tions trop(I)q1y, trop(f)q12y, - .. until tropy; 4 = trop(f). For more details on strategies,
see Section [3.7 We show that the number of required arithmetic operations is polynomial
in the degree of the ideal and the number of variables.

Combined with the FGLM algorithm [28] and Lazard’s lextriangular decomposition [60],
this shows that the tropical variety of any zero-dimensional ideal can be computed from its
reduced Grobner basis using polynomially many arithmetic operations, see Corollary [3.20]

Convention 3.12. For the remainder of the section, we assume that v(K*) C Q, so that
trop(/) € Q™.

For the sake of convenience, we recall some well-known results on the complexity of
arithmetic operations over integral extensions.

Proposition 3.13 (|35, Corollary 4.6 + Section 4.3]). Let R be a ring and let f € R[z] be
a monic univariate polynomaial of degree d. Then:

1. Adding and multiplying in R[z]/{f) require at most O(d?) arithmetic operations in R.

2. Computing the qth power in R[z]/{f) requires at most O(d*logq) arithmetic operations
mn R.
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Corollary 3.14. Given a triangular generating set T C Klxy, ..., x,]| of a zero-dimensional
tdeal I of degree d:

1. Addition and multiplication in Kz, ... ,z,]/I require at most O(d?) arithmetic opera-
tions in K.

2. Computing the q-th power in K[zy,...,x,]/I requires at most O(d*logq) arithmetic op-
erations in K.

Proof. Suppose T' = {gn,..., g1} with ¢; € Klx;,...,x,]. Let Ty := T N Klxg,...,x,],
Ry := Klxg,...,x,]/{T}) for k =n,...,1, and T4y := 0, R,y := K. Note that T} is a
triangular set in Ry, and that Ry is an integral extension of Ry, given by

Ry, = Rip1[we]/(gr)-

For k < n, Proposition |3.13|implies that addition and multiplication in Ry can be carried
out using at most O(d3) arithmetic operations in Ry, or O(d: - - - d?) arithmetic operations
in K, and that computing a g-th power in R, requires at most O(d2logq) arithmetic
operations in R,y or O(d; - --d2logq) arithmetic operations in K. The claimed bounds
follow from d = dy - - - d,,. ]

Proposition 3.15. Given a triangular generating set T C Klx1, ..., x,| of a zero-dimensional
ideal I of degree d and a slim transformation ., Algorithm[3.6 computes the triangular gen-
erating set of @, (I) using at most O(d2 > w0 log(ui)) arithmetic operations in K.

Proof. Consider the reductions in Algorithm [3.6| Line (3| Reducing (242 ... 2" )'p; by T\ {1}
is equivalent to expressing it in K[z, ..., x,]/(T\{g:1}) as a linear combination of the K-basis
Bi= {2 ab |0 < b; < d;}.

By Corollary and since ¢ < dj, expressing (z3?...z"")" in terms of B requires at
most

( S & & log(u;)) +(!{z’]ui>0}\—1)-d%---dierg---dilog(dl))

u; >0
<(’)<log (dy)d3 - - d2210g ul)
u; >0
operations in K. As d*> = d3d3---d?, repeating the computation for i = 1,...,d; requires
at most (’)(d2 > w0 log(ui)) operations in K. The multiplications by p; fori = 1,...,d; do
not change the complexity. O]
Lemma 3.16. Given a triangular generating set T C Klxy,...,x,| of a zero-dimensional

ideal I of degree d, the computation of the eliminant p € Klxy| of I, i.e., a generator of
I N Klxg], requires at most O(d®) arithmetic operations in K.
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Proof. Note that the eliminant p € K[zg] is also the minimal polynomial of
xp € K[z1,...,2,]/1. Hence it can be computed by finding a linear relation among the pow-
ers 1,my, 7%, . .. ,xg_l. By Corollary computing all powers requires O(d?) arithmetic
operations in K and, by |10, Chapter 16], computing a linear dependency requires O(d**¢),
where w < 3 is the exponent of the complexity of matrix multiplication and € > 0. O]

Lemma 3.17. Let X,l; C Q be finite sets of cardinality < d. Then there exists a non-
negative integer m < (dQ) such that X xY — Q, (a,b) — a —mb is injective. The smallest
such m can be found in O(d*) arithmetic operations in Q.

Proof. The map (a,b) — a — mb will fail to be injective if and only if there exists a pair of
points in X X Y lying on an affine line with slope m. Since there are at most (d22) pairs of
points, the statement follows by the pigeonhole principle.

We can determine all integral slopes attained by a line between any two points of X x Y
with (’)((d;)) = O(d") arithmetic operations in Q. Picking the smallest natural number not
occurring among these slopes gives the desired m. O

The following proposition deals with the k-th call of Algorithm [3.8] in Line [7] of Algo-
rithm running the sequential strategy. Recall that the strategy sequentially computes
the projections trop(/)y, trop({) (12}, - .. until tropg 4 = trop(J).

Proposition 3.18. Let I be any zero-dimensional ideal in K[xq,...,x,] of degree d. Let
ke {2,...,n} and suppose Algorithm is called with input

e T, a triangular generating set of a zero-dimensional ideal I C K[x*],

e trop()q,.. k—13 and trop(I) k).

Moreover, assume that the following are known from the previous call of Algorithm in
Line[7 of Algorithm running the sequential strategy:

e ., a slim transformation such that w, s injective on trop([){l,m,k_l},
o 1", the triangular generating set of w./(I).

Then Algom'thmfor gluing the two projections into trop(I) g,k requires at most O(d*(n+
d)) and O(d*) arithmetic operations in K and Q, respectively.

Proof. Applying Lemma to X := my(trop({)q1,. k-13) and Y := trop(I)gy, we can
compute a minimal m < (d2) such that (a,b) — a — mb is injective on X x Y in O(d*)
arithmetic operations in Q. Setting u := u' 4+ mey, this means that m, is injective on

trop(£)1,....k—13 X trop(J) sy

Since ¢, (1) = pu(pw(I)) for v := mep — e, and the triangular generating set of ¢,/ (1)
is already known, we may compute the triangular generating set 7" of ¢, (1) by applying
Algorithm to the input 7" and ¢,. By Proposition this requires O(nd?logm) =
O(nd?log d) arithmetic operations in K.
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By Lemma|3.16}, computing the eliminant u € K|[z1] requires O(d?) arithmetic operations
in K, so the overall number of arithmetic operations in K required for Algorithm [3.§] is
O(d*(n +d)). O

Theorem 3.19. Let I be any zero-dimensional ideal in Klz1,...,x,] of degree d. Algo-
rithm|3.9, which computes the zero-dimensional tropical variety trop(I), with the sequential
strategy requires at most O(nd*(n + d)) and O(nd*) arithmetic operations in K and Q, re-
spectively.

Proof. Running Algorithm with the sequential strategy consists of the following non-
trivial operations:

e computing eliminants uy € K[xy] for k =1,...,n in Line

e applying Algorithm to trop(I)¢1,... k—1} and trop(I) gy for £ =2,...,n in Line |§|

Combining Lemma [3.16] and Proposition then yields the stated bounds. O
Corollary 3.20. Let I be any zero-dimensional ideal in K[xq,...,x,] of degree d. Given

any Grébner basis of 1, computing trop(l) requires at most polynomially many (in terms of
n and d) arithmetic operations in K and Q respectively.

Proof. Using polynomially many arithmetic operations in K, any Grobner basis may be
transformed into a lexicographical Grobner basis by [28], and any lexicographical Grébner
basis may be decomposed into triangular sets by [60]. The claim then follows from Theo-
rem [3.190 O

Remark 3.21 (Comparison with MAGMA). In the Section we compare timings of
Algorithm to the MAGMA script in Section in the special case that the ideal is in
shape position, i.e., generated by a set

{ad — fo, Tny — focts - 21— fi} for some fo, ..., fi € K[z,)].

Our algorithm was implemented with the practical optimizations outlined in Remark[3.7 and
Remark[3.11. The MAGMA script uses a p-adic approzimation of the roots of the univariate
polynomial ¢ — f, and substitution into f,_1,..., fi.

It is difficult to compare the two implementations in terms of complexity due to their fun-
damentally different nature. As the MAGMA script factorizes v — f,,, its complexity depends
on the valuation of the discriminant f, [(35]. Moreover, the root approzimations needs to be
of sufficiently high precision to determine the valuation of the substituted polynomials.

In the best case, such as when the generating set is a tropical basis |40, Proposition 2.16],
the MAGMA script terminates instantaneously:

e the valuations of the roots of x& — f,, are distinct and thus may be read off the slopes of its
Newton polygon,
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o the valuations of f,_1(2),..., fi(z), z a root of f,,, are uniquely determined by the valuation

of z.

In the worst case, the valuation of the discriminant of x% — f, is exponential in d and so is
the complexity for its factorization.

3.6 Magma comparison

The comparison of timings in Section [3.8]is based on the following Magma implementation
by Avi Kulkarni for finite precision p-adic fields. The function assumes that the ideal is in
shape position and uses univariate factorization and substitution.

function pAdicSolutionsOverSplittingField (I, Qp)

R := Generic(I);
gs := GroebnerBasis(I); //assumed to be in shape position
u := UnivariatePolynomial (gs[#gs]);
up := ChangeRing(u,Qp);
K := SplittingField(up); //main bottleneck of the algorithm
vars_padic := Variables (ChangeRing(R,K));
padic_rts := Roots(ChangeRing (up,K));
function backSolve(rt)
rt_coords := [rt];
for i in [#gs-1 .. 1 by -1]1 do
g := Evaluate(gs[i], vars_padic[1..i] cat rt_coords);
rti := Roots(UnivariatePolynomial(g));

assert #rti eq 1;
Insert ("rt_coords, 1, rtil[1][1]);
end for;
return rt_coords;
end function;

return [ backSolve(rt[1]) : rt in padic_rts], K;
end function;

3.7 Implementation

In this section, we reflect on some design decisions that were made in the implementation
of the algorithms in the SINGULAR library tropicalProjection.lib. The library contains
an implementations of Algorithms [3.6] [3.8, and for the special case that the ideal is
in shape position, as discussed in Remarks [3.7] and While the reader who is only
interested in the algorithms and their complexity may skip this section without impeding
their understanding, we thought it important to include this section for the reader who is
interested in the actual implementation.
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Picking slim transformations in Algorithm Line

As m,|7 is injective for generic u € Z%l, it seems reasonable to sample random u € Z;Lgl
until the corresponding projection is injective on the candidate set. Our implementation
however iterates over all u € Z’;gl in increasing ¢;-norm until the smallest one with injective
Try|7 is found. This is made in an effort to keep the slim transformation o, (I) as simple as
possible, since Lines are the main bottlenecks of our algorithm.

Transforming Grébner bases in Algorithm Line

As mentioned, Lines are the main bottlenecks of our algorithm. Two common reasons
why polynomial computations may scale badly are explosions in degree or in coefficient size.

Note that the degree of the polynomials is unproblematic in our algorithm: By Re-
mark [3.7(1), using Algorithm in Line [3] only incurs basic arithmetic operations in
Klx,]/{x% — f,) whose elements can be represented by polynomials of degree less than d.
Also, the degree of the eliminant in Line [4] is naturally bounded by d. Coefficient explosion
can be a problem in large examples, which is why we choose u as small as possible for the
transformation.

Computing eliminants in Algorithm Line (4] and Algorithm (3.9
Line 2|

The computation of eliminants of an ideal in shape position, say generated by {z? —
frsTn-1— fu_1,...,21— f1} with f; € K|z,], can be carried out in many different ways. For
example:

Resultants We can compute the resultant of the two polynomials ¢ — f, and z, — f, €
K[z, z,] with respect to the variable z,, by standard resultant algorithms. The eliminant
e € K[z, lies somewhere between the resultant and its squarefree part. In particular, the
tropical variety of the eliminant is the tropical variety of the resultant.

Minimal polynomial Note that the eliminant y, € K[z(] is also the minimal polynomial of
fo € K[z,]/{z&—f,). Hence it can be computed by standard minimal polynomial algorithms.

Grobner bases Note that {z¢ — f,,x, — fi} C K|xy, x,] is a Grobner basis with respect to
the lexicographical ordering with z,, < x,. We can transform this to a Grobner basis with
respect to the lexicographical ordering with z, < x,, and read off the eliminant p from it.

For polynomials with small coefficients, the implementation using SINGULAR’s resultants
seemed the fastest, but SINGULAR’s FGLM [28] seems to be best when dealing with very large
coefficients, though that may be due to implementation.

For K = QQ however, we can use a modular approach thanks to the SINGULAR library
modular.1lib [80]: It computes the eliminants over I, for several primes p using any of the



CHAPTER 3. ZERO-DIMENSIONAL TROPICAL VARIETIES VIA PROJECTIONS 55

above methods, then lifts the results to Q. This modular approach avoids problems caused
by very large coefficients and works particularly well using the method based on minimal
polynomials from above. We can check if the lifted s is correct by testing whether ,(f;) = 0
in K[z]/(xf — fu)-

Picking gluing strategies in Algorithm Line [6]

Algorithm is formulated in a flexible way. Different strategies of realizing the choice
of coordinate sets Ay,..., Ay in Line [ can adapt to the needs of a specific tropicalization
problem. The four gluing strategies that are implemented in our SINGULAR library are (see
Figure [3.3| for an illustration in the case n = 5):

oneProjection Only a single iteration of the while loop, in which we pick & = n and
A= {i} fori=1,...,n.

sequential n — 1 iterations of the while loop, during which we pick k& = 2 and A; =
{1,...,1} and Ay = {i + 1} in the i-th iteration.

regularTree(k) n — 1 iterations of the while loop, which can be partially run in parallel
in [log, n| batches. In each batch we merge k of the previous projections. Note that, by
Remark (2), the condition that 1 € A; U... A is unnecessary if the ideal is in shape
position.

overlap (n — 1)n/2 iterations of the while loop, which can be partially run in parallel in
n — 1 batches. During batch i, we pick k =2 and A; = {1,...,i}, Ao ={1,...,i— 1,5} for
Jj > .

oneProjection is the simplest strategy, requiring only a single slim transformation. For
examples of very low degree, it is the best strategy due to its minimal overhead. For examples
of higher degree d, the candidate set C' in Algorithm can become quite large, at worst
|C| = d". This generally leads to larger u € Z%l in Line [2| and causes problems due to
coefficient growth. -

sequential avoids the problem of a large candidate set C' by only gluing two projections
at a time, guaranteeing |C| < d2. This comes at the expense of computing n — 1 slim
transformations, but even for medium-sized instances we observe considerable improvements
compared to oneProjection. In Section [3.5] we have proved that sequential guarantees
good complexity bounds on Algorithm [3.9]

regularTree (k) can achieve a considerable speed-up by parallelization. Whereas every
while-iteration in sequential depends on the output of the previous iteration, the strategy
regularTree (k) allows us to compute all gluings in parallel in [log, n| batches. The total
number of gluings remains the same.

overlap further reduces the size of the candidate set C' compared to sequential, while
exploiting parallel computation like regularTree (k). It glues projections two at a time, but



CHAPTER 3. ZERO-DIMENSIONAL TROPICAL VARIETIES VIA PROJECTIONS 56

{1} {2} {3} {4} {5}
1,2}

{4} {5}
~
{1,2,3}
/ ™~

{1,2,3,4}

{1} {2} {3}

BN

{1,2,3,4,5}

{1,2,3,4,5}

oneProjection sequential

{1} {2} {3} {4} {5} {I}S{Q}N{g}i /{5}

{1.2} {1,3} {14} {1,5}
o . NA—L

\ / {1,2,3} {1,2,4} {1,2,5}
N S

{1,2,3,4}
{1,2,3,4} {1,2,3,5}

N S

{1,2,3,4,5} {1,2,3,4,5}

regularTree(2) overlap

Figure 3.3: Visualisation of different gluing strategies.

only those A; and A, which overlap significantly. This can lead to much smaller candidate
sets T', at best |T'| = d, which makes a slim transformation obsolete. The strategy overlap
seems particularly successful in practice and is the one used for the timings in Section [3.8]

Our implementation in SINGULAR also allows for custom gluing strategies by means of
specifying a graph as in Figure [3.3]

3.8 Timings

In this section we present timings of our SINGULAR implementation of Algorithm for
K = Q and the 2-adic valuation. We compare it to a MAGMA [8] implementation by Avi
Kulkarni which uses univariate factorization and backsubstitution, see Section[3.6] Note that
MAGMA operates under finite absolute precision, which was chosen to be 2% by default
and was increased if needed. While SINGULAR is also capable of the same task, we chose to
compare to MAGMA instead as it is significantly faster due to its finite precision arithmetic
over p-adic numbers. Our SINGULAR timings use the overlap strategy, a modular approach
and parallelization with up to four threads. The SINGULAR times we report on are total CPU
times across all threads (for reference, the longest example in SINGULAR required 118 seconds
total CPU time, but only 32 seconds real time). All computations were run on a server with
2 Intel Xeon Gold 6144 CPUs, 384GB RAM and Debian GNU/Linux 9.9 OS. All examples
and scripts are available at https://mathrepo.mis.mpg.de/tropicalProjections.
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Random lexicographical Grobner bases in shape position

Given d,n € Z~o, we construct random lexicographical Grébner bases G C Qlxq, . . ., zy)
of degree d in shape position of the form

G = {xi — frs Tt — foo1s Tna — fu—2, ..., T2 — fo, X1 — fl},

where f,, ..., fi are univariate polynomials in x,, of degree d — 1 with coefficients of the form
2* - (2k + 1) for random A € {0,...,99} and random k € {0,...,4999}.

Figure [3.4] shows timings for n = 5 and varying d. Each computation was aborted if it
failed to terminate within one hour. We see that MAGMA is significantly faster for small
examples, while SINGULAR scales better with increasing degree.

For many of the ideals I however, trop([) has fewer than d distinct points. This puts
our algorithm at an advantage, as it allows for easier projections in Algorithm Line 2]
Mathematically, it is not an easy task to generate non-trivial examples with distinct tropical
points. Picking z¢ — f, to have d roots with distinct valuation for example would make
all roots live in Q,, in which case MAGMA terminates instantly. Our next special family of
examples has criteria which guarantee distinct points.

| time (s) MAGMA o
1000 —SINGULAR

100 1 {

10 {

0.1 [
0.01 | | | | | | | deg(l)
T T T T T T T
2 4 8 12 16 20 24
deg(I) 2 [ 4] 8 12 16 20 24
#SINGULAR finished | 100 | 100 | 100 | 100 100 100 100
#MAGMA finished 100 | 100 | 100 93 ol 21 9
SINGULAR avg. (s) 1 5 | 14 19 37 44 63
MAGMA avg. (s) 0 1 41 | >663 | >2273 | >3095 | >3395

Figure 3.4: Timings for the randomly generated ideals in shape position.



CHAPTER 3. ZERO-DIMENSIONAL TROPICAL VARIETIES VIA PROJECTIONS 58

Tropical lines on a random honeycomb cubic

Let V(f) C P? be a smooth cubic surface. In [72], it is shown that trop(f) € R* may
contain infinitely many tropical lines. However, for general f whose coefficient valuations
induce a honeycomb subdivision of its Newton polytope, trop(f) will always contain exactly
27 distinct tropical lines [72, Theorem 27], including tropicalizations of the 27 lines on V' (f).

We used POLYMAKE [36] to randomly generate 1000 cubic polynomials with honeycomb
subdivisions whose coefficients are pure powers of 2. For each cubic polynomial f, we con-
structed the one-dimensional homogeneous ideal £ C Q[p12, P13, P14, D23, P24, P34) of degree 27
whose solutions are the lines on V(f) in Pliicker coordinates. Figure shows the timings
for computing trop(Ly), where Ly := L; + (p34 — 1) is a zero-dimensional ideal of degree 27.
Out of our 1000 random cubics, 8 had to be discarded because Ly was of lower degree, i.e.,
V(f) contained lines with psy = 0.

Unsurprisingly, the SINGULAR timings are relatively stable, while the MAGMA timings
heavily depend on the degree of the splitting field of L; over Q,. While the generic splitting
field degree is 51840 over Q [26], the distinct tropical points of trop(Ly) severely restrict the
Galois group of the splitting field over Q.

time (s) — MAGMA
—SINGULAR .

nERRIRIRLE B

10000 1

100 1
10 1 }
splitting field degree
I % I I % I % % I gf —
2 3 4 6 8 12 16 24 48 64 80 96
(304) (26) (279) (88) (145) (35) (19) (74) (14) (2) @) (1)
splitting deg. 2 3 4 6 8 12 | 16 | 24 48 64 80 96
Frequency 304 | 26 | 279 | 88 | 145 | 35 | 19 | 74 14 2 4 1

SINGULAR avg. | 556 | 281 | 505 | 610 | 651 | 490 | 313 | 580 | 440 | 294 | 261 | 352
MAGMA avg. 23 | 22 | 37 | 104 | 149 | 403 | 831 | 830 | 2840 | 4791 | 1998 | 5935

Figure 3.5: Timings for the 27 tropical lines on a tropical honeycomb cubic.
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3.9 Discussion

If a zero-dimensional ideal I C K[zf,...,z}] is generated by a given triangular set,

we have shown that the tropical variety trop(/) € R"™ can be computed using at most
O(nd*(n+d)) and O(nd") arithmetic operations in K and Q, respectively. Given a Grébner
basis of a general zero-dimensional ideal, it is thus possible to compute its tropical variety
using polynomially many arithmetic operations.

For the special case that the ideal is in shape position, we have implemented our algo-
rithms in SINGULAR using parallelization and modular techniques, and we have compared
its timings for K = Q, to a MAGMA implementation using univariate factorization and
backsubstitution. The timings of our algorithm are relatively constant, while the MAGMA
timings depend strongly on the degree of the splitting field: For small degrees it severely
outperformed our algorithm, while for large degrees it is significantly slower.

We would like to conclude the chapter with a remark on the complexity of computing
tropical varieties trop(/) for I C K[xy,...,z,] and d := deg(I) > 0. Currently, there are
two distinct methods for computing tropical varieties:

e reconstruction from sufficiently many projections of the tropical variety [44] ,
e traversing the Grébner complex along the tropical variety |7, 66].

Not much is known about the complexity of either method. In fact not much is known about
the combinatorial complexity of tropical varieties in general [54]. However, both methods
generally involve Grobner basis computations, though the projections in the first method
may also be computed projection using numerical techniques if K = C{t}} and the ideal is
generated over C [9).

Currently, GFAN and SINGULAR are the only software systems capable of computing
positive-dimensional tropical varieties, and both use the traversal of the Grobner complex.
The algorithm for the traversal method consists of two main parts:

e a Grobner walk algorithm to walk from one Grobner polyhedra to another,
e a tropical link algorithm to direct the Grobner walk along the tropical variety.

While the computation of tropical links had been a major bottleneck of the original algorithm
and in early implementations, experiments suggest that it has since been resolved by new
approaches |14} 46]. However, the algorithm in [14, §4.2] relies heavily on projections, while
[46, Algorithm 2.10] relies on root approximations to a possibly exponential precision, so
neither approach has good complexity bounds.

Algorithm was designed with |46, Algorithm 2.10] in mind. Replacing [46, Algo-
rithm 2.10] in [46, Algorithm 4.6] with our Algorithm allows us to compute tropical
links at the cost of 2n Grobner basis computations of zero-dimensional ideals of degree d,
which is at most single exponential in the number of variables n [58,59]. The Grobner walk
however requires Grobner bases computations of initial ideals with respect to weight vectors
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w € trop(I) with dim C,,(I) = dim trop(I) — 1, where C,,(I) denotes the Grébner polyhedron
of I around w. These initial ideals are of the same dimension as I and neither monomial,
as w € trop(J), nor binomial, as dim C,(J) < dimtrop(J). Therefore, the Grébner basis
computations are double exponential in the number of variables n. Thus, the complexity
of computing tropical varieties via a traversal of the Grobner complex is dominated by the
complexity of the necessary Grobner walk, and the complexity of computing tropical links
is irrelevant.

Conclusion

In this chapter, we described new algorithms for the calculation of zero-dimensional
tropical varieties. Given an ideal [ in triangular form, we described well-chosen unimodular
transformations of the polynomial ring which allow us to easily calculate the projection of
the variety onto one-dimensional lines. We showed that our algorithm requires polynomially
many field operations if given a Grobner basis and discussed implications for the complexity
of computing general tropical varieties. The next two chapters of this dissertation describe
applications of tropical geometry to other fields, demonstrating the importance of such al-
gorithms for the computation of tropical objects.
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Chapter 4

Min-convex hulls in the affine building

The original work in this chapter appeared in modified form as “Computing min-convex
hulls in the affine building of SL;”, which will be published in Discrete & Computational
Geometry [91].

4.1 Introduction

Affine buildings are infinite simplicial complexes originally introduced by Bruhat and
Tits to study the structure of simple Lie groups. They have since found use in a variety of
other contexts, such as arithmetic geometry [56] and algebraic geometry [12].

We consider the affine building By associated to the group SL4(K') over a discrete valued
field K. There is a natural notion of min-convex hull in By, which provides a geometric data
structure for the relations among d x d invertible matrices over K. Originally introduced by
Faltings [27], this data structure underlies Mustafin varieties [12, 40] and can be used to study
the fundamental group of certain 3-manifolds [83]. Joswig, Sturmfels, and Yu [51}, Algorithm
2] give a procedure for computing such a min-convex hull in B, as the standard triangulation
of a tropical convex hull in some tropical projective space. However, their algorithm requires
the enumeration of all lattice points in the min-convex hull under consideration, which can
be difficult to implement and is expensive in practice. We devise an improved algorithm
with time complexity bounded in the dimension of the building and the number of matrices
spanning the min-convex hull, making it feasible for the first time to compute min-convex
hulls in practice.

We briefly describe the structure of this chapter. In Section we review the basics of
min-convex lattice theory and tropical geometry that we rely on throughout. We review an
algorithm for computing an apartment containing two vertices and develop its application
to our problem in Section .4 We then describe our novel algorithm and prove its correct-
ness in Section 4.5 In Section we discuss an improvement on the previous algorithm
when computing the min-convex hull of three lattice classes. Our algorithms have been
implemented over the rational function field as a Polymake extension [36]. Algorithm m
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has also been implemented in Mathematica over the field of rational numbers with a p-adic
valuation. This software and the code for the examples in this chapter can be found at our
supplementary materials webpage:

https://github.com/leonyz/min-convex-hull

4.2 Background

We begin by fixing notation and reviewing the setup of [51]. Let K be a field with discrete
valuation val : K — Z U {oco}, R its valuation ring of elements with nonnegative valuation,
7 a uniformizer of valuation 1, and k = R/(m) the residue field. For example, we might have
R = Z, be the p-adic integers for some prime number p. If so, then the p-adic numbers
K = Q, would be its field of fractions, 7 = p is a uniformizer, and k = Z,/(p) = F, is the
residue field. Note that for any choice of field K, the vector space K¢ is an R-module in a
natural way.

Definition 4.1. A lattice A is an R-submodule of K¢ generated by d linearly independent
vectors in K. We often represent a lattice by an invertible matriz whose columns generate
the lattice.

Let Ai,Ay C K% be two lattices. We say that Ay and Ay are equivalent if there exists
¢ € K* such that Ay = cMy, and we write [A] for the equivalence class of the lattice A. We
say that two equivalence classes of lattices are adjacent if there exist representative lattices
A1 and Ay respectively such that mAy C Ay C Ay

Definition 4.2. Let By be the flag simplicial complex whose 0-simplices are equivalence
classes of lattices in K¢ and whose 1-simplices correspond to adjacent equivalence classes.

We call B, the affine building of SLg(K).

Example 4.3. Consider the building By for K = Qs the 3-adic numbers. In this case our
valuation ring R = Zs s the 3-adic integers and our uniformizer m is 3. The affine building
By is the infinite tree with every vertex having degree 4 in Figure[{.1]

Definition 4.4. Let M = (vy,...,v,) be a d X n matriz over K with columns vy, ..., v,
spanning K¢ as a K -vector space, where n > d. The membrane [M] of M is the collection
of all lattice classes of the form R{m"vy,... ,m"v,} foru; € Z. If M is an invertible square
d x d matriz, we call the corresponding membrane [M] an apartment.

Lemma 4.5 ([56], Lemma 4.13). Let M be a rank d matriz over K of size d x n with
n > d. Then the membrane [M] is the union of all apartments spanned by d X d invertible
submatrices of M.

Example 4.6. Let K = Qq, and consider the rank-2 building By over K. This is an infinite

1) defines the membrane

tree where every vertex has degree 3. Within By, the matrix <(1) (1) 9
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(o 7) (0 3)

2 3

Figure 4.1: Left: the building B, for K = Q3. Right: the star of the identity in this building.

in Figure[{.9, a simplicial subtree of the building consisting of three infinite paths emanating
from a vertex of degree 3.

4.3 Min-convex hulls

Definition 4.7. If A; and Ay are lattices, then their intersection Ay N Ay is also a lattice.
We say that a collection of lattice classes is min-convex or just convex if it is closed under
taking equivalence classes of finite intersections of representative lattices.

Given lattices Ay, ..., As, we call their min-convex hull or convex hull conv(Ay, ..., Ay)
the smallest convex set containing their lattice classes. We can similarly define the convex
hull of an infinite collection of lattices. In addition, given invertible matrices My, ..., M,
we write conv(My, ..., M) for the conver hull conv(Ay, ..., As) where each A; is the lattice
spanned by the columns of M;.

Remark 4.8. There is another notion of convexity in (51] called max-convexity, which
arises by considering sums of lattices instead of intersections. The duality functor A +—
A* = Hompg(A, R) switches sums and intersections, so via this map the maz-convex hull
mazconv(Ay, ..., A) is isomorphic to conv(AF,..., AY). In particular, we may restrict our
attention to convex hulls, and everything that follows can easily be translated to the language
of max-convezity.
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Figure 4.2: A membrane, in red, contained in the building By over K = Q5.

Lemma 4.9. Let Ay,...,As be lattices. Then
conv(Aq, ..., Ay) = U conv(Ay, A').
A econv(Ag,...,As)

Proof. Pick any class V' in conv(Ay, ..., As) with representative 7' A; N7 Ay N+ - N Aj.
Clearly A" = 1Ay N --- N %A, satisfies [A'] € conv(Ag,...,Ay), so V € conv(A, A).

Conversely, fix a lattice A’ = 7% AyN- - -N7% A, representing a class in conv(Ay, ..., A,). Any
class V' in conv(Aq, A’) has a representative of the form 7% A; N A = 1A NT2AN -0
% Ag, where a; = b+a) for i = 2,...,s. In particular, V' is certainly in conv(Aq, ..., Ay). O

The following result was originally stated in Faltings’s paper on matrix singularities [27].
For completeness we provide an easy proof.

Lemma 4.10. Let Aq,..., A, be lattices representing equivalence classes in By. Then the
convez hull conv(Ay, ..., ;) is finite.

Proof. Any class in conv(Ay, Ay) has a representative of the form A; N 7*A,y for some a €
Z, so it suffices to consider such intersections for all possible choices of a. When a >
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0 we know that Ay D w*A,, so that Ay N 7%Ay = 7®Ay. When a < 0 we know A; C
7Ny, so that A; N 7Ay = A;. Hence the convex hull of two lattices is finite. Lemma
describes conv(Ay, ..., As) as the union of convex hulls of the form conv(A;, A’), where
A € conv(Ag, ..., Ay). In particular, conv(Ay,...,As) is a finite union of finite sets by
induction and hence is itself finite. n

Example 4.11. The proof of Lemmal[4.10 shows that the convex hull of two lattice classes is
a path between the two points in the building. We illustrate this fact in the following example.
Let K = Q, and consider the rank-3 building Bs over K. Take the two matrices

100 1 00
My=10 1 0| and My= |0 i 0],
0 01 0 0 8

which correspond to lattices Ay and Ay respectively. We see that Ay N 273Ny = Ay and
Ay N 22Ny = 22Ay. The convex hull conv(Ay, As) is a path between [Ay] and [As] as depicted
in Figure 4.3, with a representative lattice labeled above each vertex.

Ay A N272A, Ay N27TA, AN A, Ay N2TA, 22A,
[ 2 L 2 L 2 L 2 L L

Figure 4.3: The convex hull of A; and A, in Bs, labeled by representative lattices.

Remark 4.12. As Lemma and Fxample show, the convex hull conv(Ay, Ag) forms
a path in the building between [A1] and [As]. In fact, this path can be easily checked to be a
geodesic under the coweight metric of (5], where distances between points of the building are
vectors in the dominant Weyl chamber of SLy(K). It is well-known that affine buildings such
as By have a metric property called being CAT(0), which implies that unique geodesics exist
under a different metric that is locally Euclidean in each apartment. The length of such a
CAT(0)-geodesic is the 2-norm of the coweight distance between [A1] and [As] (32, p. 1884],
so it can easily be computed from conv(Aq, Ag).

Because convex hulls are finite, it is natural to ask how to compute them. In fact, the
building B; and membranes have an innate tropical structure which can be exploited for this
purpose.

In effect, membranes are just standard triangulations of tropicalized linear spaces.

Theorem 4.13 ([56], Theorem 4.15). Let M = (vy,...,v,) be a d X n matriz of rank d
over K and let L be its associated tropical linear space. Then there is a simplicial complex
isomorphism Wy, between the membrane [M] and the standard triangulation of L,

Uy (R{m vy, ..., "o, }) = pro((ug, ..., up)),

sending a lattice R{m~"vq,..., 7 “rv,} to the projection onto L of the point (uq,...,u,) €
TP,
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As a first illustration of this theorem, note that Figures and are isomorphic as
simplicial complexes, where the tropical linear space in Figure inherits the standard
triangulation of TP? as a tropical lattice polytope. Both are trees comprising three infinite
branches stemming from a single node.

Example 4.14. If our matriz M is square, so that its membrane [M] is actually an apart-
ment in the building, then V,; describes a simplicial complex isomorphism between the apart-
ment and the tropical projective torus R"/R1.

Example 4.15. Keep the notation of Theorem . Rincon [75] describes a local structure
of any tropical linear space L with Plicker vector p, in which a basis o of the underlying
matroid yields a local tropical linear space defined by

L,={ue L:p(a)—Zui Sp(T)—ZujV bases T}.

i€o jET

These local tropical linear spaces L, are isomorphic to Euclidean space R"™', are contained
i L, and together form a non-disjoint cover of L.

The covering of a membrane by its apartments derives from this local structure of tropical
linear spaces. In particular, let o describe a basis of the matroid of M, so that the d x d
matrix M, with columns indexed by o is invertible. Then the linearity of the determinant
over column sums implies that the apartment [M,] is mapped by Vs to the local tropical
linear space L, .

Given any membrane [M] represented by a d x n matrix M = (f1,..., fn), there is a
retraction 7y of the entire building B, onto [M], which restricts to the identity on [M] itself:

ry A= (ANK{fi})+-+ (AN K{f.}).
We may use this map to describe a tropical structure for convex hulls.

Theorem 4.16 ([51], Proposition 22). Let M be a d x n matriz of rank d over K, [M] its
corresponding membrane, and L its corresponding tropical linear space. Also let Ay, ... A,
be lattices corresponding to points in By. The following two simplicial complexes coincide:

rar(conv(Ag, ..., As)) C [M],
teonv(Was(rar(Ay)), .., Uar(rar(Ag))) € L.

In particular, if [M] contains the convex hull of Ay,..., A, then the retraction map
acts as the identity, and the convex hull conv(Ay,...,As) is isomorphic to the standard
triangulation of a tropical polytope. This suggests an approach for computing convex hulls
in B, as follows:

Algorithm 4.17 (Convex hull computation).
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Requaire: d x d invertible matrices My, ..., M, over K whose columns are bases for lattices
A, A
Ensure: conv(Aq,...,A;) C By

1: [M] < a membrane containing conv(Aq, ..., Ay)
2: for alli e {1,...,s} do

4: end for

5: X < tconv(Py, ..., Ps)

6: return X

Note that given a lattice A; represented by a matrix M;, we can compute the image
W (rar(Ay)) in TP simply by taking the tropical row sum of the matrix val(M; ' M), by
[51, Lemma 21].

Example 4.18. Let K = Q5 and consider the matrices

1 00 1 0 0 5 625 150
Mi=[010|,My=1[0 3% 0| ,My=|0 25 1 |,
001 00 3 0 0 £
whose convex hull is shown in Figure [4.4)
Let M be the matriz

1 000

M=1010 5

0011

The membrane [M] turns out to contain conv(My, My, Ms). Running through Algorithm[§.17
with this membrane yields the following tropical matriz,

0 0 0 0
o 1 2 3|,
1 -2 1 -1

whose rows or columns span the tropical convex hull in Figure[{.5. Note that tropical polytopes
are self-dual, i.e. the columns and rows of any tropical matriz span isomorphic tropical
polytopes (22, Theorem 1].

From this tropical polytope we can construct representatives for any of the lattice classes
in Figure . For example, consider the central lattice point (0,1, —1) with siz neighbors. By
Equation (14) in [22], this lattice point in the column-span of our tropical matriz corresponds
to (=1,—1,0,0) in the row-span. In turn, this point corresponds to the class of the lattice

1 0 0 0
Zs {5 - {o],5"-[1].,5°-10].,5° |5
0 0 1 1
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0,2,1)

(0,3,-1)
0,0,-1) v

0,1,-2)

My

Figure 4.4: The convex hull of the matrices Figure 4.5: A tropical polytope iso-

M,, My, and Ms; in Bs. morphic as a simplicial complex to
conv(My, My, M3), with coordinates of
spanning vertices labeled.

Of course, Algorithm [4.17| requires an enveloping membrane of Ay,..., As: a membrane
containing the convex hull of Aq,..., A;. Without such a membrane the tropical polytope
produced by Algorithm need not be isomorphic to our original convex hull. Note that
membranes need not be convex [51, Example 5], so it is not sufficient to simply pick a
membrane containing the spanning lattice classes.

No bounded-time algorithm for computing an arbitrary enveloping membrane has thus
far been described. A procedure for computing such an enveloping membrane is described
in , but it is often impractical: it relies on the computation of each individual element
of the convex hull, while expanding a starting membrane to contain each element whenever
necessary. In Section we will describe an improved algorithm with bounded complexity
in d and s, allowing us to algorithmically realize any convex hull as a tropical polytope.

Remark 4.19. Our notion of convexity was originally introduced by Faltings , who noted
that configurations T' of vertices in By correspond to certain schemes M(T') called Mustafin
varieties or Deligne schemes over the spectrum of a DVR. In the arithmetic setting, these
Mustafin varieties function as local models of Shimura varieties [73]. The special fiber of
M (T") generally has many singularities, but replacing T with its convex hull I" yields a reqular
Mustafin variety M (I") with a dominant morphism M(I") — M(T"), such that the irreducible
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components of the special fiber of M (T") intersect transversally (12, Lemma 2.4 and Theorem
2.10]. In this way, our fully-specified version of Algorithm derived in Section allows
for the explicit resolution of singularities of Mustafin varieties.

4.4 Simultaneously-adaptable bases

In this section we review a classical result on lattices over valued fields, following |1,
Section 6.9], and describe its relevance to our setting of convex hulls in affine buildings.
Note that in what follows we say monomial matriz to refer to any matrix A supported on
a permutation matrix: i.e., there exists a permutation o such that A;; # 0 if and only if

j=o(i).
Algorithm 4.20 (Simultaneously adaptable basis for two lattices).

Require: My, My d x d invertible matrices over K whose columns are bases for lattices Aq
and Ay in By

Ensure: Invertible matriz A, monomial matriz A such that the columns of A and AA are
bases for A1 and Ao, respectively

1: By + M,

2: Cl — M2

3: for alliec{1,...,d—1} do

4o Ny« B

5: n; « entry of minimal valuation in N; not equal to ny, ..., n;_q

6 L; + the matriz such that L;N; is obtained from N; by eliminating all other elements

in the column of n;
7. R; < the matriz such that L;N;R; is obtained from L;N; by eliminating all other

elements from the row of n;

8: By« BiL;!

9: C/L'Jr]_ < CZRZ

10: end for

11: A<+ By

12: A+ B;'Cy

13: return A, A

Lemma 4.21. Let My and Ms be d x d invertible matrices over K for lattices Ay and Ay in
B. Then Algorithm[{.20 correctly returns a basis A for Ay and a monomial matriz A such
that AA is a basis for As.

Proof. Because n; is chosen to be of minimal valuation in N;, each L; and R; will be matrices
in SLy(R). Tt follows that the new matrices B;,; and C;,; will be bases for A; and A, if B;
and C; are, with base change matrix L; N;R;. In particular, after d — 1 steps of the for-loop,



CHAPTER 4. MIN-CONVEX HULLS IN THE AFFINE BUILDING 70

the matrix A = Ly 1Ny 1R4_1 will have d — 1 distinct entries which are uniquely nonzero
in their respective rows and columns. Hence A is a monomial matrix, as desired. O

Definition 4.22. We call the output A in Algorithm [{.20 a simultaneously adaptable basis
(SA-basis) for Ay and As.

Algorithm 4.20] is a demonstration of the building-theoretic fact that any two lattices lie
in a common apartment. In general, there should be many distinct apartments containing
any two given points. Indeed, the SA-basis A obtained above depends not only on the lattices
Ay and A, but on our original choice of bases, which lattice we designate as A, and how we
break ”ties” between elements of minimal valuation when choosing pivots. In what follows,
we break ties between potential pivots by picking the option in the leftmost column, then
topmost row.

Because apartments are convex, we have the following fact:

Corollary 4.23. Pick two lattice classes represented by Ay and Ay in By, and let A be a
SA-basis for the two lattices. Then the apartment [A] contains the convex hull conv(Ay, As).

Lemma 4.24. Let My and M be two invertible d X d matrices representing lattices A and
Ao, and let T be any diagonal matriz with M}, = MsI'. Let N; and N/ be the base-change
matrices at the ith step of Algorithm [4.20] executed with the pairs (M, M) and (M, M}) as
input respectively, n; and n); the chosen pivots of least valuation at step i, and so on. If k is
a positive integer such that the positions of the pivots n; and n) agree for all i up to k — 1,
then Ly = L), and N], = NiI.

Proof. We prove the result by induction, noting that the base case k = 1 follows trivially.
Suppose that the first & — 1 pivots are the same for the two algorithm executions. Because
the first k — 2 pivots are the same, by the inductive hypothesis we have that N, _; = NI
In particular, the ratio of any two entries in the same column is the same for Ny_; and N, _;.
Now since the k — 1st pivot position is also the same, the row operations to obtain N, and
N} from Nj_; and N; ; = Nj_1I" agree as well, so that Ly_; = L; ;. Next the column
operations necessary to clear the rows of two pivots may differ, but in both executions we
eliminate using a column which has no other nonzero entries. It follows that N, = NiI', as
desired. O]

Corollary 4.25. Keep the setup of Lemma above, and let A be the basis of A1 produced
by Algorithm [£.20. If all pivot positions of Algorithm are the same for the two inputs
(My, M) and (My, M}), then the lattice class [AL] for M is contained in the apartment [A].

Proof. Because all pivots are the same, Lemma implies that L; = L, for all i. This means
the final basis for A; produced by both executions of the algorithm is A = LyLg_1 ... L{M;.
In particular, we have that [A] contains both [As] and [A}]. O

In fact, a stronger statement holds: it suffices to assume that corresponding pairs of
pivots share the same pivot columns.



CHAPTER 4. MIN-CONVEX HULLS IN THE AFFINE BUILDING 71

Corollary 4.26. Retain the setup of Lemmal[{.24] above, and let A be the basis of Ay produced
by Algorithm[4.20. Suppose that for all i, the ith pivots of Algorithm[4.20 for the two inputs
(My, My) and (My, M5) appear in the same pivot column. Then the lattice class [A,] for M
is contained in the apartment [A].

Proof. We prove by induction on the ¢th pivot that all pivots are actually in the same
positions; the result then follows by Corollary £.25] When ¢ = 1, the two base-change
matrices are N; = M; "M, and N| = M; ' M,I'. By assumption, the first pivots of the two
algorithm executions share the same pivot column. We note that scaling a column does not
change the position of the minimal-valuation column element. It follows that the first pivots
are in the same position.

Now suppose that the first ¢ — 1 pivots share the same positions, so that by Lemma
we have N/ = N,;I'. Again, by assumption the ith pivots appear in the same column, and
the same argument as the base case implies the ith pivots will be in the same position as
well. O

We can apply Corollary to cover the convex hull of an apartment and a lattice class.

Lemma 4.27. Let A be an invertible matriz defining an apartment [A] and M a basis for
a lattice A whose class is not in [A]. Then conv([A],[A]) can be covered with d! different
apartments.

Proof. Tt suffices to find a collection of apartments covering conv(M, AT") for all diagonal
matrices I'. Fix such a I', and let B be the basis for M produced by Algorithm applied
to the pair (M, AT'). Let IV be any other diagonal matrix such that Algorithm applied
to (M, AI'") uses the same sequence of pivot columns. Then Corollary implies that
[B] contains conv(M, AI") as well. In other words, we need only one apartment for each
sequence of pivot columns. Since each pivot must appear in a different column, there are d!
different sequences of pivot columns, and so we need at most d! such apartments to cover
the entirety of conv([A], [A]). O

Remark 4.28. We note the similarity of Lemma with [45, Lemma 6.3/, which states
that any apartment A in any building can be covered by the union of Weyl chambers based
at some other fized point z with equivalence class in OA, the spherical apartment at infinity
corresponding to A. We expect that Lemma 1s an explicit analogue of this result in
our specialized setting, where 0A is isomorphic to the symmetric group Sq on d elements,
i which each Weyl chamber is replaced by a suitable apartment containing it to ensure the
convex hull of z and A is also covered.

4.5 Constructing enveloping membranes

In this section we combine the results of the previous section to solve the problem left open
in Algorithm [4.17. Namely, we present an algorithm to compute an enveloping membrane
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of a finite set of lattices. This allows us to realize convex hulls in the building as tropical
polytopes.

Algorithm 4.29 (List of apartments covering a convex hull).

Require: base matrices By, ..., By for lattices Ay, ..., A
Ensure: A set of apartments covering conv(Aq, ..., Ay)
1: if s =2 then
2:  return SA-basis of Ay and Ay via Algorithm [{.20
3: end if
4: Ls_1 < set of apartments covering conv(As, ..., Ay) via Algorithm
5: Ly«
6: for all [A] € Ly, do
7. L« set of apartments covering conv(Ay, [A]) as in Remark [{.51]
8 Ly L,ULy
9: end for
10: return L,

Theorem 4.30. Let My, ..., M, represent s lattices Ay, ..., A; in By. Then Algorithm
correctly computes a list of apartments L such that each lattice class [A] € conv(Aq, ..., Ay)
is contained in [A] for some [A] € Ly. Furthermore, Ly has size at most (d!)*~2.

Of course this theorem and Lemma [£.5] together imply that Algorithm [£.29] can be used
to compute an enveloping membrane for Aq,..., A,. We simply concatenate all the matrices
in the output L.

Proof. If the algorithm is correct, then Ly ; contains at most (d!)*~® apartments by induc-
tion. Since L4 has size at most d! by Lemma [4.27, L, has size at most (d!)*~2.
It remains to prove correctness. By Lemma any lattice class [A] in conv(Aq, ..., Ay)

is contained in conv(Ay, A’) for some [A'] € conv(Ag, ..., As). There exists some [A] € L4
such that [A’] € [A4], and so [A] € conv(Ay, [4]). In particular, there is some [B] € L4 such
that [A] € [B]. O

Remark 4.31. The crucial part of Algorithm is computing the set L of apartments
covering conv(Ay, [A]). Recall from Lemma that this set is indexed by permutations in
Sy. We sketch here how to compute the apartment corresponding to the identity permutation;
all other apartments can be computed very similarly.

Let T' = diag(7®, ..., 7%) be a diagonal matriz with integers a, . .., aq € Z. First choose
I to be any diagonal matriz such that the first pivot for the first base change matriz My ' AT
is in the first column. Next we compute the second base-change matriz; by decreasing both aq
and az by a large enough common value, Lemma[].2]] guarantees that the first pivot will still
be in the first column, and that the second pivot will appear in the second column. We next
compute the third base-change matriz by reducing aq,as, and as all by some large enough
value, and so on.
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Remark 4.32. We present in the next section a more efficient algorithm for the s = 3 case,
Algorithm needing only 2¢ apartments to cover the conver hull instead of d!. Because
Algorithm is inductive on s, Algorithm can be used for the s = 3 case, providing
a slightly better overall bound of 2¢ - (d!)*= apartments needed to cover the convex hull of s
lattices.

Corollary 4.33. Let Ay, ..., A, be lattices in K. Then their convex hull conv(Ay, ..., Ay)
is isomorphic to a tropical polytope in TPY where N < d-2¢- (d!)*~3 — 1.

Proof. Remark implies that a matrix M with at most d-2¢-(d!)*~3 columns generates a
membrane [M] containing conv(Ay, ..., Ay). Algorithm then realizes the convex hull as
a tropical polytope in a tropical projective space of dimension at most d-2¢- (d!)*=3 —1. O

Corollary 4.34. Let Ay,..., A, be lattices in K. Then their convexr hull conv(Ay, ..., A,)
is isomorphic to a tropical polytope spanned by at most d - 2% - (d!)*~3 points in TP

Proof. This follows directly from Corollary and the self-duality of tropical polytopes. [

Corollary 4.35. Let Ay,..., Ay be lattices in K. Let [M] be the enveloping membrane for
conv(Ay,...,As) computed by concatenating the apartments from Algorithm . Then Ay
is mapped to the origin by Wy, in Algorithm [{.17,

Proof. There is another representation of the building B,;, which describes the vertices as
certain maps N : K¢ — R U {oo} called integral additive norms [51, pp. 189-190]. We
can easily pass between these two descriptions of the building in terms of lattice classes and
integral additive norms. If A is a lattice represented by a matrix M, then the corresponding
integral additive norm is defined by

Np(v) =max{u € Z : 7 v € A}.

Write M = (vy,...,v,). By [5l, Lemma 21], the image of A; under the map of Theorem
4.16|is (Np, (v1), ..., Na,(v,)), where Ny, is the integral additive norm corresponding to A;.
But clearly Ny, (v;) = 0 for each i, since each v; is an element for a basis for A;. ]

Viewed in the dual setting of Corollary Corollary implies that our algorithm
places us in the affine chart of TP*~! where the first coordinate is zero.

Example 4.36. Another common discrete valued field is K = C((t)), the field of complex
formal Laurent series. In this case, we have R = C[t] the ring of complex formal power
series, m =t a uniformizer, and k = C the residue field. Consider the following four 3 x 3
matrices over K:

1 1 1 1 1 1 1 1 1 1 1 1
Mi=|1 t | . My=|1t ¢ 3| My=[¢> 3 t*| My=[8 t* t°
1 t72 ¢t t=2 t t t° 8 o 8 12
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These are the contiguous maximal submatrices of

1 1 1 1 1 1
M=|1 t ¢ ¢ t* ],
1 ¢2 ¢ 5 & 12
so the corresponding lattice classes certainly all lie in the membrane [M]. An optimist could
suppose that [M] were in fact an enveloping membrane for the convex hull of our four ma-
trices. Running through Algom'thm with the membrane [M] yields the following tropical
matrix:

0 0 0 00O
-2 0 0 00O
-3 -4 0 00 O
-6 -8 =5 0 0 O

The columns of this matrix span the tropical polytope P, visualized using Polymake in Figure
[4.6. Its standard triangulation contains 18 vertices, 32 edges, and 15 triangles.

©,0,0,-5) 0,0,0,0) ©.0,0,0

(0,-2,-3,-6)

(0,-2,-3,-3)

(0,0,-4,-8) (0,0,-4,-8)

Figure 4.6: The tropical polytope P ob-
tained by using the membrane [M] for the
lattices M, My, My, and M, with Algorithm standard triangulation is isomorphic to the

Points spanning the tropical convex convex hull of My, My, Ms, and My, with
hull are marked in yellow. spanning vertices marked in yellow.

Figure 4.7: The tropical polytope P’ whose

However, when we run Algorithm[4.29 in Polymake to compute an enveloping membrane
for the convex hull conv(M;, My, M3, My), we obtain a different matriz M’ with 12 distinct
columns. Ezecuting Algorithm[{.17 using the membrane [M'] yields that conv(My, My, M, My)
is isomorphic as a simplicial complez to the tropical polytope P' in Figure [f.7 spanned by

o o0 o o o0 o0 o o0 o0 0 0 O
-2 0 0 0 -20-2 0 0 -2 0 O
-3 -4 0 -1 =20 -2 0 -1 =3 -1 0
-6 -8 -5 -5 -7 0 -7 -4 -1 -3 -5 0
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The standard triangulation of this polytope contains 29 lattice points, 67 edges, and 41
triangles. In particular, the convex hull of My, My, M3, and My is larger than the polytope
P obtained via the membrane [M], even though each lattice spanning the convex hull is
trivially contained in [M]. In turn, this means that [M] does not contain the convezr hull
conv(My, My, M3, My), demonstrating the fact that membranes are not conver.

Example 4.37. Again take K = C((t)) the field of complex formal Laurent series. Let M
be the 4 x 4 identity matriz, My be diagonal with entries 1,t3,t72, and t2 respectively, and

S —2 11—t —t241 t2-—t

M — 2=t —tP+t 1t 0

5 0 1+t t3—- t3-1 |
—t+t2 —t 41 0 —t7 42
1—1¢3 t~1—1 1—¢2 1—1¢3
-3 _ - 42 43

M, — t 1 1—t 1—t 11—t

—t 34+t —t72 41 34t 14t
t3—t72 7 41 7t -1

Concatenating the matrices produced by Algorithm applied to M, My, M3, and M,
in Polymake gives a matrix M with 84 distinct columns. Using the corresponding membrane
[M] with Algorithm [4.17, we get a 4 x 84 matrix over the tropical numbers. After pruning
duplicate columns, we obtain the following matrix whose tropical row or column span gives
the polytope displayed in Figure 4.8 The triangulation of that polytope has 30 vertices, 95
edges, 102 triangles, and 36 tetrahedra.

o 0 o o o0 000O0O O O O
-3 -2 -1 -3 302220 -1 -1 =3
12 3 1 1 3311 1 3 3
3 3 3 2 1 1311 1 1 1

4.6 Convex triangles

Suppose that s = 3, so that we wish to compute a convex triangle: the convex hull of
three lattice classes. This is relevant e.g. to [12, Section 4.6], which focuses on Mustafin
varieties arising from convex triangles. In this case there exists a more efficient algorithm,
taking advantage of the fact that conv(As, A3) is just a path in the building. We now describe
this improvement.

With some extra book-keeping, note that Algorithm [£.20] can output all of the following:

e an SA-basis A which is a basis for Ay,
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(O/ _l/ 3/ 3)

(01 '31 3/ 1)

©,2,33)

(Ol -31 11 3)

(OI -31 1/ 2)

(O/ '3/ l/ 1)

0011 OLLD

©,2,1,1)

Figure 4.8: The 3-dimensional tropical polytope isomorphic to the convex hull of our matrices
My, My, M3, My, whose standard triangulation has f-vector (30, 95, 102, 36).

e a diagonal matrix A = diag(7“,...,n%) such that AA is a basis for Ay, where ¢; <
-+ < ¢q4 are integers in increasing order,

e all of the base change matrices Ny, ..., Ny,
e and the positions py, ..., pg of the pivots ny, ..., ng.

We justify the existence of such an (A, A) pair. First, note that if a matrix M is a basis for
a lattice A and P is any permutation matrix, then M P is also a basis for A, since the matrix
multiplication amounts to a reordering of the basis vectors. It follows that the base-change
matrix A produced by Algorithm [£.20] can always be taken to be diagonal, as otherwise
we may multiply it on the right by an appropriate permutation matrix to make it so. We
can therefore write A = diag(n®,...,7%). If ¢; < .-+ < ¢4 does not hold, there exist
permutation matrices P, and P, such that PyAP; is diagonal and in valuation-sorted order.
Replacing A with AP; and A with AP; yields a pair with the desired properties.

Algorithm 4.38 (Enveloping membrane for a convex triangle).

Requare: three d x d invertible matrices My, My, M3 over K whose columns are bases for
lattices Av, Ao, A3 in By
Ensure: A list L of apartments covering conv(Aq, Ag, A3).
1: L+ 0



CHAPTER 4. MIN-CONVEX HULLS IN THE AFFINE BUILDING 7

2: (A, A = diag(n®, ..., 7)) < d x d matrices such that A is a basis for Ay and AA is a
basis for Az, with c; < cy < ... < ¢q
3: for allic{1,...,d—1} do
: A C;
Ty diag(rmexte) | pmaxhen)
t<0
while \ < ¢;y1 do
A=A+t
Ay < an SA-basis for (M, AT))
10: (N1, ..., Ng) < the sequence of base-change matrices in the SA-basis computation
for (M, AT'y)
11: (p1,-..,pa) < the pivot position sequence in the SA-basis computation for (M, AT'))

RN

12: L+ LU({[A)\]}

15: t < Cit+1 — C;

14: for all j € {1,...,d} such that p; is in the first i columns do

15: vy 4= valuation of jth pivot in N;

16: vy < least valuation among all elements of N; in columns i1+ 1,1+ 2,...,d not
in positions pi, ..., p;

17: t < min(t,v9 — vy + 1)

18: end for

19:  end while

20: end for

21: return L

Theorem 4.39. Let My, Ms, and M3 represent three lattices A1, Ao, and A3 in By. Then
Algorithm correctly computes a list L of apartments covering conv(Ay, Ag, A3), where L
has size at most 2°.

As before, we can obtain an enveloping membrane for Ay, Ay, and Az by concatenating
all matrices in L.

Proof. We retain the setup and variables of Algorithm [4.38] Recall that any class in
conv(Ag, A3) has a representative of the form Az N 7*A,. Using A as a basis for Ay and
AA as a basis for Ag, we see that A3 N 7 A, has AT\ as a basis, where the diagonal matrix
[y = diag(gmax®en)  gmax(ea)) - Furthermore, if A < ¢; then Az N 7 Ay = A3z, and if
A > ¢y then Ay N7 Ay = 7 A,. Hence we can assume \ is an integer between ¢; and cg.

It follows from Lemma 4.9 that

conv(Aq, Ao, A3) = U conv(My, AT'y).
c1<A<¢q

We can therefore cover conv(Ay, Ay, A3) with the apartments [A,] containing conv(M;, AT'y)
produced by Algorithm |4.20, By Corollary 4.25, furthermore, if we have computed A,
already we only need to compute A, if some pivot changes position.
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Suppose this occurs, with A in the range ¢; < A < ¢;41. Then AI'y,; is obtained from
AT, by multiplying with the diagonal matrix whose first 7 diagonal entries are m and last
d — i diagonal entries are 1. Let p; be the earliest pivot which changes positions. By Lemma
4.24] it follows that the jth base-change matrix N;’\H) for the pair (M, AT'\;1) factors as
NJ(’\H) = N](’\) diag(m,...,m1,...,1), where Nj(’\) is the jth base-change matrix for the pair
(M, AT'y). Since the jth pivot differs for these two matrices, the jth pivot must appear in
the first ¢ columns and there must be an element of equal valuation appearing in the last d—1
columns. Conversely, suppose there exists some jth pivot appearing in the first ¢ columns of

N ]()‘) with an element of equal valuation in the last d — ¢ columns. Then either some earlier

pivot already changed, or the jth pivot will be different for N;Hl).
It follows that, for A in the range ¢; < A\ < ¢;41, we can quickly compute the smallest ¢
such that (M;, AT'y ;) will have some jth pivot in a different position than for (M, AT'y).

For each jth pivot appearing in the first ¢ columns of N](’\), we can compare its valuation

v; to the smallest valuation vy of all elements in the last d — ¢ columns of NV, ;)‘). If p; is the
first pivot to change, it will change when ¢t =¢; := vy — vy + 1. So t = min(¢;) is our desired
increment. In particular, Algorithm [4.38| recomputes A, each time a pivot changes, so it is
indeed correct.

Next we prove that the list L has size at most 2¢. Suppose \ is in the range ¢; < A < ¢j41.
Our claim is that at most (ff) apartments are computed in this range, so that ), (f) = 24
bounds the number of apartments in L. Write an i-sized subset o of [d] as (01, 09,...,0;),
where 01 < 09+ -- < 0;. We can assign to each \ an i-sized subset o* of [d], where j € ot if
and only if the jth pivot appears in the first ¢ columns of N; when computing an SA-basis
for M; and AT'y. We can also define a well-ordering on the set of all i-sized subsets of [d]
lexicographically: o < 7 if and only if the first 7 with o; # 7, satisfies 0; < 7;. The key
insight is that o* < ¢**! if the corresponding pivot sequences for A\ and A 4 1 differ. Since
there are (‘f) possible choices for o, there can be at most (‘j) different pivot position changes
for X\ in this range.

It remains to show why this key fact holds. Suppose that incrementing A by one changes
some pivot position, with the jth pivot the first to change. The above analysis shows
that the jth pivot for the pair (M;, AT'y) must be in the first ¢ columns, and that this
must change for the pair (M;, ATx;1). It follows that j must be in ¢*, and that j cannot
be in ¢*!. Furthermore, because j is the first pivot to change, for each ¢ < j we have
(€ o* < (€ o™ Hence o* < o™, as desired. O

Example 4.40. Fix K = Q3 and the building Bs. Let M; be the 5 x 5 identity matrixz, and
let each entry of My and Ms be sampled uniformly at random from the finite set {3° : e €
Z,—20 < e < 20}. The author took 1000 such triangles and computed enveloping membranes
via Algorithm[].38 in Mathematica. After pruning duplicate columns, the matrices describing
the enveloping membranes always had at least 6 columns, and at most 25. For comparison,
the upper bound implied by our Algorithm[4.538is 5-32 = 160 columns. A histogram describing
the frequency counts for the size of the membranes is presented in Figure [{.9
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Frequency

120 —
100 -
80 |
60 —

401

0 - - - - Number of columns
25

10 15 20

Figure 4.9: Frequency counts for the number of columns of enveloping membranes produced
by Algorithm for random convex triangles.

One example of a convex triangle attaining the mazximal number of columns is given by

3715 316 377 378 3713 371 378 3720 371 3720

3—13 320 3—12 3—9 3 310 36 30 32 3—20

M2 — 3—19 319 37 3—15 310 ]\43 — 3—6 38 33 35 3—13
39 3—12 3—12 3—17 3—18 7 3—15 39 3—9 32 3—7

3717 374 377 373 320 312 373 35 3716 3713

After applying Algom'thm to obtain an appropriate membrane [M], the author computed
the tropical polytope via Algorithm [{.17 presented in Figure[{.10 Note that this convez hull
can be spanned by only five of the given points: (0,19, —8), (0,18,15), (0, 13,16), (0, 12, 20),
and (0,7,20). Let M’ be the square submatriz of M with columns corresponding to these five
points. Running through Algom'thm using the apartment [M'] yields a coarser subdivision
of the same tropical polytope. This implies that the convex hull of our three matrices My, M,
and Mj all lie in the single common apartment [M'], which can also be seen using (51|, Lemma
25]. That our algorithms do not notice this fact suggests that they likely can be improved,
which motivates the following open problem.

Problem 4.41. Let E(d, s) denote the smallest integer such that any min-convex hull spanned
by s lattices has an enveloping membrane with representative matriz M of size at most
dx E(d,s). How does E(d, s) vary with d and s?

By Remark we have that E(d,s) < d-2%-(d!)*™3 — 1, but we expect that this bound
1s far from tight.
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(0, 19, -8)

(0,18, 15)

(0,13, 16)
(0,12, 20)

(0,7,20)

Figure 4.10: The tropical polytope isomorphic to the convex hull of My, My, M3, with span-
ning vertices in yellow. Note that the z- and y-axes have been flipped.

Conclusion

In this chapter, we detailed the first time-bounded complexity methods for the compu-
tation of a membrane containing a given min-convex hull in the affine building of SLy. Our
approach was inductive and relied on computing many apartments containing a pair of lat-
tices. As simplicial complexes, the min-convex hull is isomorphic to a tropical polytope and
the enveloping membrane to a tropical linear space; our algorithms thus implied bounds on
the dimension of the tropical projective space in which these objects are contained. In the
following chapter we will see another application of tropical polytopes and linear spaces.
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Chapter 5

Tropical principal component analysis

The original material in this chapter is largely based on “Tropical principal component
analysis and its application to phylogenetics”, joint work with Ruriko Yoshida and Xu Zhang
and published in the Bulletin of Mathematical Biology [90]. Section originally appeared
in the paper “Tropical principal component analysis in the space of phylogenetic trees”, joint
with Ruriko Yoshida and Robert Page and published in Bioinformatics [89].

5.1 Introduction

Principal component analysis (PCA) is a popular and robust method for reducing the
dimension of a high-dimensional data set. Given a positive integer s € N and a collection
of data points in a high-dimensional Euclidean space R¢ the procedure projects the data
points onto a plane of fixed dimension s — 1, which is obtained by minimizing the sum of
squared distances between each point in the dataset and its orthogonal projection onto the
plane. This linear plane is a translate of some (s — 1)-dimensional linear subspace; PCA
also constructs an orthonormal basis for that subspace whose vectors are called principal
components. The low-dimensional plane is thus described by an (s X e)-dimensional matrix,
whose first s — 1 rows are the principal components and whose last row is the translation
vector.

In this chapter we propose two analogous approaches to a principal component analysis
in the setting of tropical geometry. Given a positive integer s and a collection of data
points in the tropical projective torus, our tropical principal component analyses seek a
tropically-geometric object, as close as possible to the data points in the tropical metric
dy-. In both cases, furthermore, this tropically-geometric object will be described by an
(s x e)-dimensional matrix.

Classically, a full-rank matrix of shape (s x e) with s < e defines an s-dimensional
linear subspace of R¢ via the span of its rows. This subspace is also described by the
Pliicker coordinates of the matrix. Tropically, on the other hand, these two notions diverge:
the tropical Pliicker coordinates of a tropical matrix produce a Stiefel tropical linear space,
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defined in [30], while the row-span of the matrix yields a tropical polytope. These two notions
give rise to our two interpretations of tropical principal component analysis.

s A
Stiefel tropical Tropical
linear space polytope

Figure 5.1: A tropical matrix A gives rise to both a Stiefel tropical linear space and a tropical
polytope.

We describe our first approach to a tropical principal component analysis in Section
[.2] as the Stiefel tropical linear space closest to the data points under the tropical metric
dy.. We call such a Stiefel tropical linear space the tropical principal linear space. We give
an exact description for a tropical principal hyperplane of e points in terms of the tropical
volume, originally introduced in [21]. In analogy with [84, Algorithm 4], another method
for conducting principal component analysis on the space of phylogenetic trees, we also
describe an heuristic algorithm to approximate a best-fit Stiefel tropical linear space of a
given dimension.

Next, in Section |5.3|and Section|5.4] we discuss a tropical principal component analysis in
terms of best-fit tropical polytopes. We reformulate the problem of finding a best-fit tropical
polytope or tropical principal polytope in terms of a mixed integer programming problem,
then describe an approximative algorithm similar to the above.

We then apply these methods to phylogenetics. The space of rooted equidistant phyloge-
netic trees with m leaves is naturally embedded into a tropical projective torus as a tropical
linear space, so that collections of such trees form a natural tropical dataset. We apply the
approximative algorithms for both methods of tropical PCA on a simulated phylogenetic
dataset in Section [5.5] and on an empirical dataset of genomes of parasitic protists in the
Apicomplex phylum in Section [5.6] In our tropical polytope approach, equidistant trees
remain equidistant after projection, and so we examine the distribution of tree topologies in
that case.
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5.2 Tropical principal linear spaces

As noted in the introduction, one can interpret ordinary (s — 1)st principal component
analysis as a method of dimensionality reduction, replacing data points with their projections
onto the translate of some particularly well-fitting linear space of dimension s—1. Classically,
this translation of a well-fitted linear space can be described by a matrix of size s x e, whose
first (s — 1) rows are the basis vectors of the linear space, and whose last row is a translation
vector from the origin.

In analogy with the classical case, our approach to an (s — 1)st tropical principal compo-
nent analysis is to replace data points with their tropical projections onto a best-fit Stiefel
tropical linear space of dimension (s — 1), defined by a tropical matrix of size s X e, so that
the sum of the tropical distances between the data points and their projections is as small
as possible. We note that throughout this chapter we seek to minimize the sum of tropical
distances, in contrast to the classical case involving the minimization of the sum of squared
distances. The ordinary Euclidean distance involves a square root, so that squared distances
are often easier to study; since the tropical distance metric is piecewise linear in each coor-
dinate, however, it is natural to simply consider the distances themselves rather than their
squares.

Best-fit tropical hyperplanes

We begin our discussion of tropical principal component analysis by considering a specific
case: reducing by one the dimension of a collection of e datapoints in R® /R 1. In other words,
we seek the (e — 1)st order tropical PCA, or a best-fit tropical hyperplane, for a collection of
e data points in R /R 1.

We require the following definition, from [21].

Definition 5.1. Let A be an e X e matriz with entries in R whose rows correspond to e
points in R /R 1. The tropical volume of A is given by the expression

tvol A := @ Z Ui (i) — @ Zaw(i), (5.2.1)

oESe TESe—0opt

where 0., s an optimal permutation attaining the tropical determinant in the first tropical
sum.

This quantity can be computed in O(e?) time [11]. Recall that a square tropical matrix
A is tropically singular if two distinct permutations attain the tropical determinant. The
following, from [74, Lemma 5.1], is one of the earliest results in tropical geometry:

Lemma 5.2. Let A be an e X e tropical matriz whose rows represent e points of R® /R 1.
Then A is tropically singular if and only if those e points lie on a tropical hyperplane in
R¢/R1. In particular, tvolA = 0 if and only if the e points lie on a common tropical
hyperplane.
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Of course, if our collection of e datapoints D® lie on a common hyperplane, then this
hyperplane is our (e — 1)st tropical PCA. This fact hints at some relationship between the
tropical volume and the best fit hyperplane. In fact, this relationship is quite strong.

Theorem 5.3. Let DY, ... D® be a collection of e points in R /R1. Then any best-fit
hyperplane attains a distance from the e points equal to their tropical volume, and one such
best-fit hyperplane is spanned by a choice of e — 1 of the points.

To prove this theorem, we first show in the following lemma that the tropical volume is
an upper bound on the minimal distance of a best-fit tropical hyperplane.

Lemma 5.4. Let DU ... D© be a collection of e points in R® /R 1, and let A be the matriz

whose 1, jth entry is D§i). Then there exists a hyperplane of distance tvol A from the data

points, spanned by some choice of e — 1 of the points.

Proof. Suppose that all e data points can be spanned by a single hyperplane. Then Lemma
tells us that this best-fit hyperplane is of distance tvol A = 0 from the data points.

Now suppose that the e data points do not lie on the same hyperplane. Without loss
of generality, we may assume that the data points D, ... D© are ordered so that Topt
in the above definition of the tropical volume is just the identity, and hence the tropical
determinant is attained along the diagonal of A.

Let p attain the second maximum in the above definition of the tropical volume. Since
p is not the identity, there must exist some j such that p(j) # j. Let A’ be the matrix
obtained by deleting the jth row from A, and let p and H the tropical Pliicker vector and
tropical hyperplane corresponding to A’ as in Example [1.15] The total distance from H to
our data points is just the distance from H to DY), as all other data points are on H by
construction.

We compute the difference vector between DV) and its projection onto H using the Red
Rule (Theorem [I.18)). The only possible choice for an e-sized subset 7 of [e] is just 7 = [e],
and we need to compute the maximum and second-maximum values of p([e] — ;) + DY,

taken over all choices of 7; € [e]. For any such 7;, we note that p([e] — 7;) + DY is equal to

D o

0€Sy, o(j)=7 1

That is, p;—,, + DQ ) is the tropical sum of all permutations which map 7; to j. In particular,
7; = j must yield the largest choice of p,_,, + Dg), and the second-largest choice must be
attained by 7; = p~'(j). Hence the Red Rule implies that the distance between DY) and its

projection is just the tropical volume, as desired. O

Remark 5.5. In general, a best-fit Stiefel tropical linear space need not be unique. For
example, in the proof of Lemma there clearly must be at least two indices 7 such that

p(j) # J-
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We next show that the tropical volume is also a lower bound. To do so, we first derive
some intermediate results.

Lemma 5.6. Let DY ... D be a collection of e points in R® /R 1, and let A be the e x e

tropical matriz whose i, jth entry is DJ@. Define the matriz A" whose i, jth entry equals

p(le] — {i}) + D; U for p any tropical Plicker vector corresponding to a hyperplane. Then
A and A" have the same tropical volume.

Proof. We note that A’ is obtained from A by transposition then adding some multiple of 1
to each row. Both of these operations preserve the tropical volume of a matrix. O

Now suppose that H is a tropical hyperplane in R® /R 1, and write its corresponding
tropical Pliicker vector as p([e] — {i¢}). We can calculate the distance §;(H) of H from the
jth datapoint DU) by the Red Rule: the distance is given by

6;(H) = max(p([e] — {i}) + D;”) — 2ndmaxi(p([e] - {i}) + D),

where 2ndmax;(p([e] — {i}) + DY) = max;cin i, (0([e ] —{i}) + DY), and i,y is some
index that attains the maximum in max;(p([e] — {i}) + D; )).
We write the total distance of H from our datapoints as d(#). It is given by

A(H) = 52, 6(H) |
= 52, (maxi(p([e] — {i}) + DY) — 2ndma(p([e] - {i}) + D)) .

We can rewrite the cost function d(#) above by grouping together the summed and
subtracted terms. For fixed j, define «a;(H) = max;(p([e] — {i}) + D])) and §;(H) =
2ndmax;(p([e] — {i}) + DZ(])). Then 6;(H) = a;(H) — 5;(H), and the cost function can also

be written as
H) =D 0i(H) =D ay(H) = 3 Bi(H)

Definition 5.7. Fix j in the cost function above, and let 11 and iy be distinct indices such
that oj(H) = p([e] — {ir}) + D(j and Bj(H) = p([e] — {i2}) + Dl(j . If 0,(H) = 0, meaning
that o;(H) = B;(H), we say that the two indices i, and iy appear in a tie for index j. If
there exists another index iz such that p([e] — {is}) + Dg) = oj(H) = B;(H), we call this a
multiple tie for index j; if there does not exist such an i3, we call this a two-way tie.

Note that, in the event of a tie, we may choose any two of the indices attaining the tie
to correspond to a;(H) and 5;(H).

Lemma 5.8. Let H be an optimal hyperplane in R® /R 1, and let p be its corresponding
tropical Pliicker vector. Choose an index i such that p([e] — {i}) < B; < «; for all j. Then
we can perturb H to obtain a new best-fit hyperplane H' so that p(le] — {i}) + D§j) = f3; for
some 7, and this j corresponds to a multiple tie.
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Proof. Because p([e] — {i}) does not appear in the cost function by assumption, by Remark
we can find a new hyperplane H’ with the same tropical Pliicker vector as H except for
a larger value for p([e] — {i}).

If we make p([e] — {¢}) large enough, it must appear in the cost function for H'. In fact,
it must appear as part of a multiple tie. If it were a second maximum not equal to the
maximum, then H’ would be a better-fitting hyperplane. O

Lemma 5.9. Let A be an e x e matriz with entries in R whose rows correspond to points in
R¢/R1, and let A’ be constructed from A as in Lemma . Then the tropical volume of A
is a lower bound for the cost function. Furthermore, we have that ) o; = tdet A’.

Proof. Let H be a best-fit hyperplane in R® /R 1 for the rows of A, with corresponding
tropical Pliicker vector p. The basic argument is as follows: we can perturb H to obtain a
new best-fit hyperplane whose sum of distances to the data points given by the Red Rule is
the difference of two permutations, with the larger permutation corresponding to the tropical
determinant of A’.

We prove the result by induction on e. For the base case, let ¢ = 1. Then the tropical
volume and the cost function are both trivial.

Suppose we have proved the lemma up to e — 1. We divide the situation into several
possible cases. First, let there be some index k appearing only in ties in the cost function,
with at most one of these appearances being a two-way tie. If k appears in a two-way tie,
let DUx) denote the corresponding datapoint. Otherwise, let DUx) denote some datapoint
for which k£ appears in a multiple tie.

Then we can write total distance as

pllel = {k}) + D = plle] = {k}) = DI+ 6,(H).
J# Tk
Construct the matrix A” by deleting the kth row and jith column from A’. We also
define the hyperplane H' C R°™' /R 1 obtained by “deleting” the index {k} from [e]: the
tropical Pliicker vector p’ corresponding to H' is defined by

Pile—1) - i) = {p“e] w e
pllel —{i+1}) ik

Because we assumed that k£ appears in at most one two-way tie, for any j # jp we
can choose the indices corresponding to «;(#H) and 5;(#H) so that k does not appear in
aj(H) —Bj(H) = 0;(H). By construction, therefore, d(H) = >_,; d;(H) is also the distance
between H' C R /R 1 and the rows of the matrix A”. Furthermore, the optimality of H
implies that H' must be a best-fit tropical hyperplane for the rows of A”.

In particular, the inductive hypothesis states that d(H') = 3., 6;(#) is bounded from
below by the tropical volume of A”. It also implies that ., a;(H) = tdet A”. It therefore
follows that d(H) = d(H’) is bounded below by a difference of distinct permutations in A’,
and that > a;(#H) equals a sum of terms of A’ corresponding to some permutation of S,.
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In fact, since each «; is the largest term in the jth row of A’, we must have that > a; =
tdet A’. Hence we have for some o € S,,

d(H) > tdet A" — Z i gy > tvol A" = tvol A

where the last equality holds by Lemma [5.6]

Now suppose that there exists an index k such that p(e] — {k}) does not appear in any
terms in the cost function. Then by Lemma we may replace H with another hyperplane
such that k appears only in a multiple tie for some index 5. We are now in the previous case,
and the same argument holds as before.

Finally, suppose that for each index i, either p([e] — {i}) appears in the cost function
as part of a non-tie, or p([e] — {i}) appears in at least two two-way ties. Pick i; such that
a;(H) = p(le] — {ir}) + Dy, U) for j corresponding to a non-tie. We write this index j as j;,,
and we write iy as the 1ndeX corresponding to f3;, (H). Suppose that there does not exist

some other index j;, such that 8;, = p(le] — {i1}) + D(]’Z) . Then we could perturb H by
slightly lowering pj¢)—;,y to obtain a better-fitting hyperplane, a contradiction. Hence such
a J;, must exist.

In fact, note that we can pick 7;, to avoid a multiple-way tie at that index. Otherwise,
perturbing p([e] — {i1}) upward would not affect the second and first minimum, and we
could obtain the same contradiction. It follows that the index j;, must correspond to either
a two-way tie or a non-tie. In either case, therefore, there is a unique other index 75 such
that o, = p(le] — {i2}) + D"

If the cost function term corresponding to j;, is a non-tie, and 75 appeared in no other cost
function terms as part of the subtracted term, then we can obtain a contradiction in a similar
way as above by perturbing p([e] — {i2}). If the cost function term corresponding to jy, is a
tie, and 7; and iy appeared in no other cost function terms as part of the subtracted term,
then we could obtain a contradiction in a similar way as above by perturbing p([e] — {i1})
and p(le] — {i2}) in sync.

Hence in a similar fashion we may obtain indices i3, and a 74, and so on, such that each
i = oy, (H) for some index j;, corresponding to either a two-way tie or a non-tie. Because
there can only be at most e such indices j;, , there must exist ¢ and ¢’ such that i, = iy with
¢ > ' If ¢ # 0, then we may repeat the argument by perturbing p([e] — {iy—1}) upward,
possibly in tandem with some earlier Pliicker coordinates. Hence we must find i, = 7y for
some /.

If ¢ < e, and if there exists another index 7,,; which appears as a positive term in the
cost function, we repeat the above argument. It therefore follows that if p([e] — {i}) appears
in the cost function as part of a non-tie, it must appear at least twice as part of a non-tie
or a two-way tie. By assumption, therefore, each index appears at least twice as part of a
non-tie or a two-way tie.

In particular, the pigeonhole principle implies that each index ¢ appears exactly twice as
part of a non-tie or a two-way tie. It can thus be assumed that each index appears once as
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part of some «; and once as part of some (3;. Now the distance function d(H) is the difference
between two different permutations of S.. As before, Zai must therefore equal the tropical
determinant of A’, and the distance function d(#) must be bounded below by the tropical
volume as desired. O

Together, Lemmas and imply Theorem [5.3] This result provides a new interpre-
tation for the tropical volume of a collection of e points: it measures the deviation of those
points from lying on a common hyperplane. It also suggests a possible extension of the defi-
nition of a tropical volume to rectangular matrices ([21, Section 5]): the tropical volume of a
“skinny” matrix with more rows than columns could be defined as the sum of the distances
of the row-points from a best-fit tropical hyperplane.

If n > e, an optimist might hope that the best-fit tropical hyperplane of n points in
R¢ /R 1 would again attain a total distance equal to the tropical volume of some subset of
e of those points. In fact, this does not hold even for e = 3:

Example 5.10. Consider the matriz A whose rows correspond to data points in R® /R 1:

0 -2 -2
0 -1 2
A= 0 2 -1
0 2 2

The tropical volume of the first three points in A is 4, so any tropical line must attain a
distance at least 4 to the four points. This is attained by the tropical line with apex at
0,2,2).

0,2,2)

0,2,-1)
® (0,-2,-2)

Figure 5.2: A best-fit tropical line for the Figure 5.3: A best-fit tropical line for the
data in Example [5.10] data in Example [5.11]

Example 5.11. Let A be the following matriz whose rows correspond to data points in

R?/R1:
0 -1 -3
0 2 -2
A=10 3 1
0 -3 -1
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The largest tropical volume of any choice of three rows is 2, but inspection shows thatl a
best-fit tropical line attains a total distance of 3.

Best-fit Stiefel tropical linear spaces

In view of Theorem and Lemma/5.4] we describe an algorithm to approximate a best-
fit Stiefel tropical linear space of any given dimension. Our method is very similar to |84,
Algorithm 4]; Algorithm below also follows the same general approach. For simplicity,
below we state the algorithm for a Stiefel tropical linear space of dimension 2.

Algorithm 5.12 (Stochastic approximation of a second-order tropical principal subspace).

Require: A dataset DY of points in the tropical projective torus
Ensure: A Stiefel tropical linear space L, close to D®
1: Fiz an ordered set V = (DM, D@ D®)Y and compute L,(V).
2: repeat
3: Sample three datapoints DUV DW2) D) randomly from the set of all datapoints.
Let V' = {DU) D) DU},
Compute d(L,(V")).
if d(L,(V')) > d(L,(V')), set V « V.

until convergence.

This algorithm attempts to minimize d(L,) by randomly varying the three points gener-
ating L, within the set of all datapoints. Whenever a choice of three points V/ improves upon
the current configuration V', we replace V' with V'. Convergence is assessed by considering
whether a new choice of V' has been found over a fixed number of previous iterations; if no
better V' is found over some prespecified number of iterations, then the algorithm terminates.
We note that under the conditions of Theorem 5.3 Algorithm is very likely to construct
an exact best-fit Stiefel tropical linear space as described in Lemma [5.4; in this sense the
algorithm attempts to generalize the results of Theorem [5.3]

Estimating the empirical principal components was first considered in [29]. Feragen et. al
estimated the first order principal component by spanning two well-chosen data points in
the BHV space.

Algorithm is probabilistic in nature, so we cannot provide deterministic complexity
bounds. Because the Red and Blue Rules for calculating projections onto L, are relatively
expensive to compute naively, Algorithm [5.12] may be slow to execute.

Remark 5.13. Algorithm[5.19 does not always attain an exact best-fit Stiefel tropical linear
space. This is clear, for example, if we consider a variant of the algorithm for fitting a
0-dimensional Stiefel tropical linear space, i.e., a tropical Fermat-Weber point as in [62]. In
general, the collection of tropical Fermat-Weber points for a given dataset need not contain
a data point.
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Because the space of ultrametrics U,, is a tropical linear space (Theorem [1.29)), which
is tropically convex, the convex hull of points in U, is contained in U,,. Unfortunately,
however, the Stiefel tropical linear space defined by these points may not itself be contained

in U,,.

Lemma 5.14. Let L, be a tropical linear space and D ¢ L, some points in the tropical
linear space. It need not be the case that the Stiefel tropical linear space L, defined by the
points is contained in L,,.

Proof. For a very simple counterexample, let L, be the tropical line in R? /R1 centered at
the origin, and take the two points D) = (0,—1,0) and D® = (0,—2,0). We have the
picture in Figure [5.4] O

(0,-2,0)

- (0,0,0)
(0,-1,0)

Figure 5.4: Both (0,—2,0) and (0, —1,0) are contained in the Stiefel tropical linear space
spanned by (0,—2,0) and (0,0,0), but the Stiefel tropical linear space spanned by the two
points is not.

If our data points D@ correspond to ultrametrics, by Lemma the Stiefel tropical
linear space produced by Algorithm may not be contained in the overall space of ultra-
metrics. Hence this approach does not apply directly to the analysis of equidistant trees.

In the proof of Lemma , however, if our two chosen points DM and D® lie on different
rays of the tropical line L,, it is easy to see that their corresponding Stiefel tropical linear
space will be contained in L, as well. In general, given some points D® in a tropical linear
space L,, it would be interesting to study the conditions under which their corresponding
Stiefel tropical linear space L, satisfies L, € L,. Such a result would enable a natural
extension of these methods to the study of ultrametrics.

The classical principal components have a nested structure, in which the ith principal
subspace is contained in the (i + 1)st subspace for each 4. It is natural to wonder whether a
similar relationship holds in this tropical analogue. Again, the situation is complicated.

Example 5.15. The minimal distance of a zeroth tropical principal component, or a tropical
Fermat-Weber point, is given in [62, Theorem 3].
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Let DY = (0,-2,-2),D® = (0,-1,2), and D® = (0,2, —1). Then their tropical
volume equals 4, and a tropical Fermat-Weber point attains a total distance of seven from the
three points. A best-fit hyperplane is given by the line with apex at (0,1, —2), and inspection
shows that no point on this line is a Fermat-Weber point.

On the other hand, the point (0, —1,—1) can be checked to be a Fermat-Weber point, and
the line with apex at (0,2, —1) is a best-fit hyperplane containing that Fermat-Weber point.
In other words, a best-fit tropical line need not contain a best-fit tropical point, but we can
find an example in this case for which this containment holds.

® 0-1,2)

Figure 5.5: Both tropical lines attain a minimum sum of distances from the points (0, —1,2),
(0,—2,—2), and (0,2, —1). But only one contains the Fermat-Weber point (0,—1, —1).

5.3 'Tropical principal polytopes

We now discuss a different notion of a tropical principal component analysis, in which
our analogue to a linear plane is a tropical polytope called a tropical principal polytope.
Classically, the row-span of a matrix of dimensions s x e defines a linear space of dimension
at most s. In the tropical setting, by contrast, Section tells us that the row-span of a
tropical matrix is a tropical polytope.

A tropical principal component analysis, therefore, outputs the tropical convex hull of s
points in R® /R 1 minimizing the sum of distances between each point in the sample to its
projection onto the convex hull.

Definition 5.16. Let P = tconv(DW, ... . D®) C R/ R 1 be a tropical polytope with vertices
{DW .. DO} CcR¢/R1 for 1 <t < (e—1) and let S = {uy,...u,} be a sample from the
space of ultrametrics Uy,. Let Tp(S) := Y 1" di(ui, ul), where u) is the tropical projection
of u; onto the tropical polytope P. Then P is called the (t — 1)st order tropical principal
polytope of S and the vertices DUV, ..., D® of the tropical polytope P are called the (t —1)st
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order tropical principal components of S if the tropical polytope P minimizes I1p(S) over all
possible tropical polytopes with t many vertices.

In comparing tropical PCA with classical PCA, we remark that the tropical metric in
tropical projective space is closely related to the L., norm (for example, 5] 68]). The tropical
norm of x € R°/R1 can be seen as the L -norm of the representative of x with minimal
coordinate 0. Also, it is twice the quotient norm of the L., norm [41, Lemma 5.2]. In
this sense, classical PCA is built on L, minimization while tropical PCA is built on L.,
minimization.

It is important to be able to interpret the tropical principal components of a dataset of
equidistant trees in terms of phylogenetics. To that end, we seek to prove properties about its
interpretation. One nice property of tropical principal polytopes is that each cell comprises
ultrametrics of the same tree topology., as is visible in e.g. Figure [5.10}

Theorem 5.17. Let P = tconv(DW, ... . D®) C R¢/R1 be a tropical polytope spanned by
ultrametrics. Then any two points x and y in the same cell of P are also ultrametrics with
the same tree topology.

Proof. The space of ultrametrics U, is a tropical linear space, so it is tropically convex, and
P is contained in U,,. Hence any points x and y in P must also be ultrametrics.

Let @ be the type of z and y. To check whether z and y have the same tree topology, we
check the three point condition for each trio of leaves. Fix such a trio i, j, and k. Our first
claim is that z;; = z;, = xj; if and only if y;; = yir = y;r. To see why, suppose the former
is true. Because x € P, there exists some index a € @);;, so that

DY _ z;; = max D9 — Xyg, 4,-
1] ) 01<by 01,02 1,£2

In particular, DE;) — X > ng) — 24, and DE?) — x> DJ(.Z) — xj. By assumption it follows
that Dg-l) > DEZ) and Dg-b) > Dgz). Because D@ is an ultrametric, the maximum among

DZ(?), DZ(Z),D](.Z) is attained twice, so one of these is actually an equality. Without loss of
generality, let Df;) = DZ(Z). Then DZ(;-L) —xy = DZ(Z) — a1 and a € Qy; as well.
Recall that () is also the type of y. This means

D —yiy = Dif) — e = max Dy, — ye, .

In particular, since DZ(}Z) = DZ(Z), we have y;; = y;, as well. The same argument applied to
Qjr shows that y;i = vi; or yji = yix; it follows that y;; = yir = y;, as desired.

Now suppose max(x;;, T, ;) and max(yi;, ik, Y;x) are both attained exactly twice. We
claim that the minimum for x and for y is attained for the same pair of leaves. Suppose
without loss of generality that z;; = min(x;j, 2, ;1) and vy = min(yij, Yix, yjx): because
(a)

x,y € P, there exists some index a € Sj;. This implies in particular that Djz
Dz(;) — x;; and D]('Z) — Yjk = D@(Z) — Yik-

— X >
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Rearranging these inequalities produces DJ(.Z) —DZ(;) > T, —x;; and DJ(.Z) —DZ(Z) > Yk — Yik-

(a)

Since x;; < zj;, and Yy < yjr by assumption, it follows that Djz must be the unique

maximum among Dgﬁz), DEZ), DJ(.Z), a contradiction because D@ is ultrametric. O

It is natural to ask when a (¢ — 1)st order tropical principal polytope contains the origin
0: i.e., when the fully unresolved phylogenetic tree (the star tree) is contained in the (t—1)st
order tropical principal polytope. The origin 0 is also the star tree in the BHV metric. This
question turns out to have a simple answer.

Lemma 5.18. Let P = tconv(DW, ..., D®) C R*/R1 be a tropical polytope spanned by
ultrametrics. The origin 0 is contained in P if and only if the path between each pair of
leaves i, ] passes through the root of D%) for some k € [t].

Proof. The vertices D, ..., D® can certainly be tropically scaled to have largest coordinate
0. If the claimed condition holds, then the sum of these scaled D® will be the origin as
desired.

Suppose 0 is contained in P, so we can write 0 = @ a; © D®) . Consider some pair of
leaves i, j. We know that 0 must appear as the (i, j)-coordinate of some particular a; ® DY,
Because 0 = @ a, ® D) all other coordinates of a; @ D) must be non-positive, meaning
that the (4, j)-coordinate of a; ® D) is maximal as desired. O O

Definition 5.19 ([62]). Suppose we have a sample {DY), ... D™}, A Fermat-Weber point
" of {DW ... D™} is a minimizer of the sum of tropical distances to the data points:

x”" := argmin Z di(z, DD).

i=1
We can naturally view Fermat-Weber points as zero-dimensional tropical principal polytopes.

Lemma 5.20. Supposen > 3 and {DW, ... . D™} C U,,. Then there exists a Fermat-Weber
point x* of the dataset lying in the tropical polytope tconv(DW, ... D™, In particular, this
point x* 1s ultrametric.

Proof. Take x* a Fermat-Weber point not lying in the polytope tconv(DW, ... D™) and
let Q@ = (Q1,...,Q.) be its vector of types as in Section . Because x* does not lie in
the tropical polytope, some of the types ); are empty. Consider such a ;. By definition,
we have that for each i, D§i) — r} is not maximal among {Dgi) —xy,. .. , D — xi}. This
also means that we can shift the jth coordinate without changing the distance of z* to any

datapoint D). We can therefore simply decrease «* until there is some i such that D — g

J - J J
is tied for being maximal among the coordinates of D® —z*. The tropical type Q; of our new
x* will be nonempty. By doing so for all coordinates, we obtain a new Fermat-Weber point

which lies in the tropical polytope spanned by ultrametrics and so is itself ultrametric. [
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The previous lemma states that there always exists a biologically interpretable zero-
dimensional tropical principal polytope for a dataset of ultrametrics. This result points
toward the following conjecture, which is analogous to the classical fact that the (¢ — 1)st
order principal component subspace is contained in the (¢ — 1)st order principal component
subspace if t < ¢'.

Conjecture 5.21. There exists a tropical Fermat-Weber point x* € U,, of a sample of
ultrametric tree datapoints DU, ... D™ which is contained in the (t — 1)st order tropical
principal polytope of the dataset for 1 <t < (e —1).

5.4 Computing tropical principal polytopes

We now describe a reformulation of the tropical principal polytope as an optimization
problem. For simplicity of exposition, we focus on the second order principal components,
noting that the following discussion could be generalized to arbitrary s.

Proposition 5.22. Solving for the second-order tropical principal polytope can be formulated
as the following optimization problem:

minimize iAi (5.4.1)
subject to: i > d;(k) — d(k) — d;(1) + d;(1), 1<k<l<e
[d() dy(k) = di(1) + d; ()], 1<k<li<e
di(/f) — (A, + DP(k)) >0,
d;(k> - ( D(p (k)) Upik X Ypik,

3
Z Ypik S 2a
p=1

0 < ypir < 1, ypir 18 an integer,
di(k) — (\, + D¥)(k)) > 0,
di(k) — (AL + DPN(k)) < vyir X 2pin,

e
Zzpik <e-—1
k=1

0 < zpiw < 1, 2 15 an integer,

Vp € [3],k € [e],i € [n]

where Uy, and vy, are large enough constants.
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Proof. Our optimization problem can be written more explicitly as

n

min > max{|di(k) — d;(k) — d;(1) + d;(1)| : 1 <k <1 < e}

D), D2) DB)eR® /R1 4 1
1=

95

where d; = X © DY @ X, © DP @ A\, © DO with Al = min(d; — D®) and k = 1,2, 3.

Define the quantity
A; = max{|d;(k) — d,(k) — d;(1) + d,(1)| : 1 < k <1 <e},i€[n]
Then the objective function is equivalent to
minimize: ZAi
i=1

!

subject to: A; > |di(k) — d,(k) — d;(1) + d,(1)], 1<k<lI<e.
These constraints can be reformulated as:

subject to: A; > d;(k) — dy(k) — di(1) + di(1), 1<k<l<e
Ay > —[di(k) — d(k) — d; (1) + d(1)], 1<k<lI<e.

Recall the definitions
dy(k) = max(\l + DY (k), Al + D@ (k), Al + DO (k)),
where ! = min(d; — D). These are equivalent to

!

d;(k) = maximize: A} + DW(k), Ay + D@ (k), X, + DO (k),

subject to: A < d;(t) — DW(¢), t€le
X < di(t) — D (1), teld
X < di(t) - D9(1), te ]

We can hence divide our original maximization problem into two parts:
forall k=1,2,3,...,¢,

7

d;(k) = maximize: A} + DY (k), A, + D@ (k), X, + DO (k),

subject to: At < d;(t) — DW(¢), te]
N < di(t) — DP(t), t € [e]
AL < dyi(t) — DP(¢t), t € [e].
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and

n
minimize: E A

=1
subject to: A; > d;(k) — dy(k) — di(1) + di(1), 1<k<l<e
A > —[di(k) — d(k) — di(1) + di(1)], 1<k<lI<e.

We recombine them into one optimization as follows:

n
minimize: E A,

=1

subject to: A; > d;(k) — d(k) — d; (1) + di(1), 1<k<l<e,icn
A; > —[di(k) — d;(k) — di(1) + d;(1)], 1<k<l<e,icn
d;(k) > X + D®)(k), p=1,23kele,ic[n
[[idi(k) = (X, + DW (k)] = 0, ke le],i€ [n]
AL+ D) (1) < dy(t), p=1,23t¢cle,i€[n
f[[d,-(t) — (AL +DP ()] =0 p=1,2,3i € [n].

The result now follows by adding new binary variables y,;; and z,;, for each p € [3],i € [n],
and k € [e], then applying the Big-M method [48, Chapter 3.10]. For simplification, we do
not explicitly show the constraints on the tropical principal components D™, D@ DG to
be distinct; this can be proved by applying the Big-M method twice. O]

Remark 5.23. Projecting onto a tropical polytope is relatively straightforward compared to
projecting onto a tropical linear space. In theory, one could attempt to reformulate the Stiefel
tropical linear space optimization problem from Section[5.4 as in Proposition[5.22; however,
the increased complexity of the linear space projection map makes this impractical.

Due to the large number of variables and constraints involved in Proposition [5.22] we are
able to directly solve only relatively small cases like Example [5.27]

Heuristic approximation

As noted above, the number of variables in the mixed integer linear programming problem
in Proposition [5.22] increases quickly with the number of leaves and data points. Because
solving mixed linear integer programming is NP-hard [61], this problem is difficult to solve
in practice. In analogy with Algorithm [5.12] therefore, we develop a heuristic method for
approximating the optimal solution for the problem in Proposition [5.22]
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Algorithm 5.24 (Approximation for the second order PCA as a tropical polytope).
Require: A dataset D of points in the tropical projective torus
Ensure: A tropical polytope P close to DO

1: Fiz an ordered set V = (DM, D@ D)) and compute P = tconv(V).

2: repeat

3. Sample three datapoints DYV DU2) DUs) randomly from the set of all datapoints.
Let V' = {DU) D) DU},
Compute d(P’) = d(tconv(V")).
if d(P) > d(P’), set V « V.

until convergence.

As before, convergence can be assessed by considering whether a new choice of V' has been
found over a fixed number of previous iterations. If computational time is limited, another
approach might simply be to prespecify a total number ¢ of samples. Of course, when the
computational cost is reasonable one could enumerate through all (g) different choices for
the generating points of P instead of sampling.

Remark 5.25. Three data points DUV, DU2) and DU3) define both a Stiefel tropical linear
space L,, and a tropical polytope P. Because Stiefel tropical linear spaces are tropically convex,
and each of the generating points is contained in L,, we see that P C L,. In particular, given

the same convergence criteria, we should expect Algorithm[5.19 to provide a somewhat better
fit than Algorithm [5.2]]

Remark 5.26. Note that Algorithm 18 well-suited for applications to phylogenetics.
Because U, is a tropical linear space ( Theorem and tropical linear spaces are tropically
convez, the solution set P = tconu(DW, D@ DO obtained from Algorithm will be
contained in the space of ultrametrics. In particular, projections of ultrametrics are also
ultrametrics.

5.5 Simulations

In this section, we apply the previous results to simulated ultrametric datasets.

Exact methods

We begin by identifying the exact best-fit tropical polytope with three vertices closest to
a small dataset of equidistant trees using Proposition [5.22 We implemented this proposition
using an R interface to the popular optimization software IBM ILOG CPLEX, called cplexAPI.

Example 5.27. We randomly generated 8 equidistant trees by rcoal() function in the R
package ape, with 5 leaves (tq,1ts,t3,t4,t5) and computed their vectorized distance matrices
in Table[5 1.
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treel

0.2568

0.2314 0.8480

0.2499

0.2568 0.8480

0.2568

0.8480

0.2499

0.8480

tree2

0.0721

1.5059 2.4214

1.5059

1.5059 2.4214

1.5059

2.4214

0.4248

2.4214

tree3

0.4002

0.1322 7.9888

1.4365

0.4002 7.9888

1.4365

7.9888

1.4365

7.9888

treed

0.0121

2.2597 0.3387

2.2597

2.2597 0.3387

2.2597

2.2597

1.0985

2.2597

treed

0.4444

23015 1.7791

0.7143

23015 1.7791

0.7143

2.3015

2.3015

1.7791

tree6

0.3201

2.0053 2.5919

2.5919

2.0053 2.5919

2.5919

2.5919

2.5919

0.6206

tree7

0.1512

3.0181 3.0181

3.0181

3.0181 3.0181

3.0181

0.4858

0.4858

0.0617

tree8

0.2645

1.6765 1.1412

1.6765

1.6765 1.1412

1.6765

1.6765

0.4770

1.6765

Table 5.1: Vectorized Distance Matrices of the Simulated Trees
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Table 5.2: Vectorized Distance Matrices of the 2nd PCs
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Figure 5.6: DM, D@ DG for Example
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Using our optimization problem formulation from Proposition we obtain principal
components DM D@ DG for this example. These points are ultrametrics, and they are
described in Figure and Table[5.3. In this case the best-fit tropical polytope obtains the
sum of distances to be 6.208443. The running time of this exact algorithm was about 50

seconds.

Approximative algorithms
To analyze larger datasets, we turn to the approximative Algorithms and [5.24. We

implemented both algorithms in RE] We then generated a random sample from Mesquite
[64] and applied our algorithms on this dataset. The sample was constructed as follows:

LOur software for all computations can be downloaded at http://polytopes.net/computations/
tropicalPCA/L


http://polytopes.net/computations/tropicalPCA/
http://polytopes.net/computations/tropicalPCA/
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Algorithm 5.28 (Generating the simulation dataset). 1. In Mesquite, generate a taza
block association between 8 species taxa and 8 gene taxa;

2. Generate a random species tree with the above 8 species taxa via uniform speciation
(Yule) simulated tree, where the tree depth (number of generations) is set to be 100000;

3. Generate 250 equidistant gene trees with the 8 gene taxa in first step contained in the

above species tree by the coalescence model, where the effective population size is set to
be 100000;

4. Compute ultrametric distances from the gene trees by the package ape in R.

After generating trees via Algorithm [5.28], we compute approximate second order tropical
principal components via Algorithms and [5.24]

The trees in this simulated dataset are well-dispersed with respect to tree topology. Most
trees have unique tree topologies and it is therefore difficult to summarize the characteristics
of this dataset based on the original trees. We applied both methods of tropical principal
component analysis to this set of random equidistant trees generated by Algorithm [5.28, In
analogy with [84], we define summary statistics to describe the fit of a Stiefel tropical linear
space or a tropical polytope to a given data set. If L, is a Stiefel tropical linear space, we
define its distance to the datapoints d(L,) as

d(Ly) =) d(DV,L,),

and a tropical proportion of variance statistic

_ >, e (7, 7, (D))
2 du(DO, 7, (D)) + 37, dyp (7, 71, (DD))

where 7 denotes a Fermat-Weber point of the projections of the datapoints, as in [62].
These statistics are defined analogously for a tropical polytope P. The statistic r(L,) can
be interpreted as the proportion of variance explained by L,; in order to remain consistent
with the tropical metric, we sum distances rather than squared distances.

For the polytopal approach, as noted above, the projections will remain ultrametrics. We
therefore analyze the topologies of these projections, and compare them with the topology
of the species tree.

r(Ly)

Approximation results

We applied Algorithm to find an approximate 2-dimensional best-fit Stiefel tropical
linear space with a convergence threshold of 100 iterations. This execution took about
21 hours to finish, running in parallel on sixteen CPU cores of a server operated by the
Mathematics Department of UC Berkeley. The summary statistics for this run were: d(L,) =

188.2556 and r(L,) = 0.376.



CHAPTER 5. TROPICAL PRINCIPAL COMPONENT ANALYSIS 100

We also applied a variant of Algorithm to find an approximate best-fit tropical
polytope with three vertices, in which we enumerated through all (220) different choices. It
was run on macOS with a 2.7 GHz Intel Core i5 dual-core processor, and took about 26
hours to finish. The summary statistics were: d(P) = 220.3286 and r(P) = 0.374. Note
that the best-fit Stiefel tropical linear space attained a somewhat closer fit, though the two
methods explained similar proportions of variance.

For the tropical polytope method, we recall that projections of equidistant trees will
remain ultrametrics. We present common topologies of the projections as well as the species
tree topology in Figure E] We observe that these topologies of projected trees are broadly
consistent with the topology of the species tree under which these gene trees were generated:
taxa g, e and b group together, as do taxa ¢, h and f. We can view our best-fit tropical
polytope as preserving these features of the species tree, meaning that this tropical polytope
retains information after projection.

(72) (27) (21)

agbedcfh beadhgcf beadghcf

(19) 17) (16)

aebghdcf agbedhcf aebgdhecf

(15) (14) species

hdcfbeag aebgdcfh GEBDAFCH

Figure 5.7: Topology frequencies after projections: the parenthesized numbers are frequen-
cies, and the last tree gives the species tree topology.

2In keeping with the format of Mesquite [64], leaves of the species tree are rendered as capital letters. Tree
topologies of all projected points can be found in the supplement at http://polytopes.net/computations/
tropicalPCA/L


http://polytopes.net/computations/tropicalPCA/
http://polytopes.net/computations/tropicalPCA/
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5.6 Apicomplexa genome

We also applied our tropical principal component algorithms to a set of equidistant trees
constructed from 252 orthologous sequences on eight species of protozoa in the Apicom-
plexa phylum by [57]. This dataset was analyzed by Weyenberg et. al; one can find more
details, including the gene sequences, in [87]. Because ordinary PCA is sensitive to out-
liers, we removed 16 outlier gene trees identified by [87] before fitting the tropical principal
components.

To find an approximate best-fit 2-dimensional Stiefel tropical linear space, we applied
Algorithm with a convergence threshold of 100 iterations. Due to the stochastic nature
of the algorithm, we executed the algorithm three times. Each execution was run in parallel
on sixteen CPU cores of a server operated by the Mathematics Department of UC Berkeley,
and took about eighteen hours to finish. The summary statistics remained consistent between
these runs. For one representative execution, these statistics were: d(L,) = 145.38 and
r(L,) = 0.616.

We also applied a variant of Algorithm to find a well-fitted tropical polytope with
three vertices, enumerating through all (222) possibilities. It was run on macOS with a 2.7
GHz Intel Core i5 dual-core processor, and took about 16 hours to finish. The summary
statistics for this run were: d(P) = 147.0568 and r(P) = 0.612. We note that these summary
statistics are relatively consistent with the summary statistics obtained from the Stiefel
tropical linear space algorithm.

The tree topologies are presented in Figure[5.8] In general, the projected topologies were
largely congruent with the generally accepted phylogeny: the two Plasmodium species (Pv
and Pf) group together, as do the four species Ta, Bb, Tg, and Et, and Tt is isolated on a
deep branch.

[22, Theorem 23] tells us the tropical convex hull of the rows and columns of a matrix are
equal. This allows us to visualize our best-fit tropical polytope in the two-dimensional plane
R3/R1 as the tropical convex hull of 28 points. These 28 points divide the polytope into
different cells, as described in [51, Example 9]. We plot this polytope, along with its cells and
the projections of our data points, in Figure 5.9, which functions as a simple two-dimensional
visual summary of the clustering of our data, as an ordinary 2-PCA might provide. We
note that the different topologies divide the tropical polytope PCA into several regions of
positive area, as suggested by Theorem Furthermore, the boundaries between these
regions often seem to correspond to single tree rearrangement operations: for example, the
black- and red-labeled topologies differ by a single nearest-neighbor interchange operation.

In [84], Nye et. al applied the locus of weighted Fréchet mean with the the Billera-
Holmes-Vogtman (BHV) [6] metric to apicomplexa data set. The tree topology 1 in Figure
5 of |[84] with BHV metric (20 trees) and the tree topology with purple (21 trees) in Fig.
m with the tropical metric have the same tree topology. The tree topology 4 (175 trees)
in Figure 5 of [84] with BHV metric and the tree topology with green (70 trees) in Fig.
m with the tropical metric also have the same tree topology, as do the tree topology 2 (9
trees) in Figure 5 of [84] with BHV metric and our tree topology with blue (27 trees) in
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™ @ G0 @ en e (8)

TtCp TaBbPY Pf Tg Et Tt Ta Bb CpPvPfTg Et Tt Tg EtCp PvPfTaBb Tt Ta BbTgEt CpPv Pf
(70) ® 1) @ 4) )

Tt Cp Tg Et Pv PfTaBb Tt Tg Et TaBbCpPv Pf TtPv PfCpTg EtTaBb Tt CpPv PfTa Bb Tg Et

Figure 5.8: Projected topology frequencies from the Apicomplexa dataset: parenthesized
numbers give the frequencies of each topology, while the color labels are used in Figure [5.10
below.

Fig. In addition, the tree topology 6 (45 trees) in Figure 5 of [84] with BHV metric
and the tree topology with black (71 trees) in Fig. [5.8| with the tropical metric have the
same tree topology with a different location of the root. Also note that one of the second
order principal components (PC3) for the Apicomplexa data set in Figure has the same
tree topology with the Fréchet mean under the BHV metric for the data set [84], with a
different location of the root. As noted above, the tree topologies in each region of our
tropical projection often seem to differ by a nearest neighbor interchange move. This also
seemed to hold in [84].

The r? statistic for the BHV metric is 56% in [84]; our similarly-defined r statistic with the
tropical metric is 61.6% with Algorithm and 61.2% with Algorithm [5.24, ~ Compared
with the results in [84], projected points from each data point onto our tropical polytope
seem to be more spread out than they are in the locus of weighted Fréchet mean with the the
BHYV metric. It is not clear why there are several wide open areas in the locus of weighted
Fréchet mean with the BHV metric, whereas this is not in the case with the tropical metric.

Conclusion

In this chapter we discussed tropical analogues to principal component analysis which
are well-suited for phylogenetic tree datasets. We proved that the tropical principal hyper-
plane to e points in R® /R 1 attains a total distance from the points equal to their tropical
volume. We also showed that the cellular decomposition of any tropical polytope spanned
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Figure 5.9: Projected points in the tropical polytope PCA, colored as in Figure [5.§|
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Figure 5.10: The second order PC for the Apicomplexa data set.

by ultrametrics refines the decomposition of the polytope into different tree topologies. We
also described heuristic algorithms for calculating these tropical principal components and
applied them to study a real-world dataset. Future work to further develop tropical prin-
cipal component analysis could attempt to demonstrate the existence of tropical principal
polytopes containing a tropical Fermat-Weber point of the data points.
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