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ALGORITHMIC LOCAL MONOMIALIZATION OF A BINOMIAL:
A COMPARISON OF DIFFERENT APPROACHES

SABRINA ALEXANDRA GAUBE AND BERND SCHOBER

ABSTRACT. We investigate different approaches to transform a given binomial
into a monomial via blowing up appropriate centers. In particular, we develop
explicit implementations in SINGULAR, which allow to make a comparison on
the basis of numerous examples. We focus on a local variant, where centers are
not required to be chosen globally. Moreover, we do not necessarily demand
that centers are contained in the singular locus. Despite these restrictions, the
techniques are connected to the computation of p-adic integral whose data is
given by finitely many binomials.

1. INTRODUCTION

The goal of this article is to investigate and to compare different methods to
transform a binomial into a monomial via blowing up appropriate centers. Within
this, we develop explicit implementations so that the different approaches can be
compared on the basis of numerous examples. This is motivated by the DFG-
project “Order zeta functions and resolutions of singularities” (principal investi-
gators: Christopher Voll and Anne Frithbis-Kriiger), of which the second named
author is part of. In there, a technique for the explicit computation of special p-
adic integrals is developed using monomialization. In particular, the structure of
the integrals considered there allow a reduction to the case of finitely many binomi-
als. An increasing complexity in the p-adic integrals (which is reflected in a rapidly
increasing number of variables and binomials) requires to find monomialization al-
gorithms which keep the numbers of blowups and of final charts that have to be
considered small. Since the problem is of combinatorial nature, we focus on the
situation over a field, while we briefly discuss the case over Z, in Remark 7.4.

Let K be a field and let f = 24 — p2® € Kz] := K[z1,...,2,] be a binomial,
where p € K* and g4 = 2" .22 for A = (A,...,A,) € Z%,. We say that
f is locally a monomial if for every point ¢ € A% = Spec(K[z]) there exists a
regular system of parameters for the local ring Oar 4 such that f is a monomial
times a unit with respect to these parameters. For example, z3z3(1 —x1)* is locally
monomial since for every ¢ € Aﬁ( at least x1 or 1 — 1 is a unit. On the other hand,
x122(21 + x2) is not locally a monomial as there is no regular system of parameter
for the local ring at the origin such that zix2(x1 + x2) becomes a monomial times
a unit. The tool that we want to apply to make a binomial locally monomial are
blowups, e.g., z122(x1 +x2) becomes locally monomial after blowing up with center
V(x1, z2).

The blowup 7: Blp(A%) — A% in a regular center D = V(z; | i € I), for some
I C{1,...,n} is covered by the standard charts U; := D, (X;) = A", i € I, where

Date: October 5, 2022.
2020 Mathematics Subject Classification. 13F65, 14B05, 14J17, 13P99.
Key words and phrases. binomials, resolution of singularities, monomialization, implementa-
tion, Singular.
The second named author was partially supported by the DFG-project “Order zeta functions
and resolutions of singularities” (DFG project number: 373111162).
1


http://arxiv.org/abs/2012.14910v3

2 GAUBE AND SCHOBER

D, (X;) :=Blp(A%)\ V(X;) is the complement of V(X;). On U;, the blowup 7 is
given by the morphism

Klzy,...,an] — Kla,... 2] = K[z']
5y o g, if j € I\ {i},
T = T, ifj=iorjé¢l,
A= for A € K.

The image of f € K[z] in K[z'] is called the total transform of f in U;. On the
level of exponents, the above morphism corresponds to the map

. 7n n
¢7r,i s H>0 ? ZZO;

where A = (A1,...,Ay) is mapped to A’ = (A},...,Al), which is defined by
Al =37, Ajand A} := Aj if j # i. For the later use, recall that [A| := 37 | A;.

In every U; = A%, we may choose a center D; of the same shape as D and
we can iterate this to obtain a sequence of local blowups. We say that a finite
sequence of local blowups obtained by iterating the previous procedure is a local
monomialization of f = x — pa® if the total transform of f is locally a monomial
in every final chart of the blowup tree. For example, the latter is the case if the
total transform is of the form (up to multiplication by a non-zero constant)

(1.1) 21— pz®) or 2z — pz®),

for C, B" € Z, and u € K*, where we require in the second case that C; = B, =0
for the special i € {1,...,n} given. The last hypothesis implies that we may
introduce the coordinate change y; := x; — ,ugB/ such that gc(aci — ,ugB/) = gcyi
becomes a monomial. It is clear that 2€(1 — pz®') is a monomial times a unit if
1— ;@B/ is invertible in OA?,,}. On the other hand, if 1 — ugB/ is not invertible, we
have to distinguish two cases. Let d be the greatest common divisor of the entries
of B'. First, if d = 1 or if d > 1 and g has no d’-th root in K with d’'|d, then
1- ugBl is irreducible and regular. Hence, it can be extended to a regular system
of parameters at q. Otherwise, 1 — pzB" is not irreducible, but then all but one of
the distinct irreducible factors are invertible since they arise from the factorization
of T¥ —1 e KI[T] (with maximal d’ as in the first case and T a substitute for
(uzB)1/?" € K[z]). Note that in both cases all #; with B} # 0 are units in Oan 4

Observe that (1.1) is not equivalent to being locally monomial. For example,
2? —y? € Cla,y] and 2P + y? € F,[z,y] (p € Z prime) do not fulfill (1.1), but they
are monomial after a suitable change of variables Z := x + v,y := 2 — y in the first
example and Z := z + y for the second.

We choose the centers in each chart independent of the other charts, i.e., we do
not necessarily obtain a sequence of global blowups. This provides more freedom
in the choice of the center and is still sufficient for the explicit computations, where
the local charts are interpreted as case distinctions. In [9, Question 5.6], this local
variant of monomialization via blowups is discussed in the context of resolution of
singularities.

The differences in the methods appear in choice of the center for the next blowup.
Let us briefly explain the variants. Consider a binomial

f=a%@a" - pzP),
where A, B,C € Z%, are such that 4;B; =0 for all i € {1,...,n}. Set
g =z — pzP.

Suppose that f is not locally monomial. The basic idea for the four variants that
we consider are:
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(1) Centers contained in the locus of mazimal order (section 3 / Construc-
tion 3.4). Choose D = V(x; | i € I) such that D is contained in the locus
of maximal order of V(g). This is equivalent to imposing

min{ZAi,ZBi} =min {|A|, |B}.

el iel

(2) Centers of codimension two (section 4 / Construction 4.4). Choose i,j €
{1,...,n} such that A; # 0, B; # 0 and both are maximal. Then, the
center for the blowup is D = V (z;, z;;).

(8) Centers of minimal codimension contained in the singular locus (section 5 /
Construction 5.1). If min {|A|,|B|} > 2, choose I C {1,...,n} such that
Yoicr Ai > 2, > ,c; Bi > 2 and such that #1 is minimal with this property.
Then D :=V (x; | i € I). Else, choose D as in (2).

(4) Centers of minimal codimension contained in an exceptional divisor or con-
tained in the singular locus (section 6 / Construction 6.1). If there is a
center D of type (2) contained in an exceptional divisor, we choose this.
Otherwise, we follow (3).

Note that the centers are not necessarily uniquely determined and one might have to
make a choice. In the respective sections, we provide examples for this phenomenon.

While (1) follows the usual approach to resolution of singularities, method (2)
solely has the motivation to minimize the numbers of charts after a single blowup
in order to make it easier to control the transform of the binomial. In particular,
the resulting morphism is not necessarily an isomorphism outside of the singular
locus of g. In (3), we consider a mixture of (1) and (2); we try to choose the centers
as large as possible, but moreover, we require that the centers are contained in
the singular locus of g (resp. its variant after a blowup) and if the latter is empty,
we follow (2). Finally, in (4), we relax the last condition (3) and allow centers of
codimension two, which are not necessarily contained in the singular locus of g, if
they are contained in an exceptional divisor.

In the respective sections, we discuss the benefits of each approach and show
the termination of the local monomialization algorithm resulting from the different
choices, see Propositions 3.8, 4.5, 5.2, and Corollary 6.2, respectively. Along this,
we discuss algorithms for explicit implementations of each variant to monomialize
a binomial, which have been realized in the open source computer algebra system
SINGULAR [3].

We study the binomial through the appearing exponents A, B, C' and their be-
havior along the blowups using ¢, ;. More precisely, we deduce from the exponents
numerical measures that detect how far the given binomial is from being monomial.
Then we show that the respective measure decreases strictly after a single blowup
following the corresponding procedure and that a strict decrease may only appear
finitely many times.

In the final section, we analyze the different variants for the choice of the centers
by comparing the numbers of charts for a worst case scenario and for numerous
explicit examples. The latter is based on an implementation of the discussed algo-
rithms in SINGULAR. As a measure for the complexity, we consider the number of
charts along the monomialization process as well as at the end. A brief summary
is that variant (1) has a significant larger number than the other three, while (2)
is often the most efficient algorithm. But there exist cases, where (3) and (4) are
slightly better than (2). As mentioned above, we have to make a choice among the
possible centers. For some of the example, we study the different results if we vary
the choices.
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FIGURE 1. Flow chart of the main method.
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2. THE BASIC ALGORITHMIC FRAMEWORK AND BLOWUPS

We begin by discussing the basic structure for the implementation of a mono-
mialization procedure. Within this, we also introduce numerical invariants, which
we later use to prove the termination of the different monomialization methods.
Furthermore, we provide an algorithm testing whether a given binomial fulfills con-
dition (1.1), which implies that the binomial is locally monomial. Finally, we give
an implementation of the transformation of the exponents along a blowup.

The main method is the same for all of the four strategies. The difference of
the monomialization methods appears only in the choice of the center. In Figure 1,
we provide the flow chart of the main method and in Algorithm 1 the precise
implementation.

The implementations are of combinatorial nature. Instead of working with

the binomial z€(z? — pz®), we consider the exponents A = (A;,...,A4,), B =
(B1,...,Bp) and C = (C4,...,Cy). Additionally, we introduce a vector of ones
and zeros E = (Ey,...,E,) € {0,1}", where we encode, which variables corre-

spond to exceptional divisors, i.e., E; = 1 if and only if div(z;) is an exceptional
divisor. This will be necessary for the variant for choosing the center of section 6,
see Construction 6.1.
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Algorithm 1 Main method (for a description see Remark 2.2)

INPUT: f =z —pz®, mode € {1,2,3,4}, where (z) = (z1,...,2,), A,B € VAN
OUTPUT: list L, where L[i] is the data of the i-th chart -
1: list Lf
2. Lf[1] = list(4, B, C,(0)), where f = z%(z" — pz?) such that 4;B; = 0, for all
i, and (0) € Z2,,

. if check_finished(Lf[1]) then // see Algorithm 2
Lf[2] = Lf[3] = Lfl4] = &
L1]=Lf
return L

: Lf[2] = o(f) = list(o, @, 8,0) € Z&,  // Definition 2.1
. I_center = compute_center(L f, mode)

: Lf[3] = I_center

10: intmat path[2][1] =0, -1

11: Lf[4] = path

12: L[] =Lf

13: successors = fill list_fornext_charts(L[1],1)

14: for L € successors do

15: Lisize(L) + 1] = L4

16: ¢ = 2

17: while ¢ < size(L) do

18: L[i] = transformation(L[i], mode) // see Algorithm 3
19: if check-finished(L[i][1]) == false then

20: successors = fill list_for_next_charts(L[é], )
21: for L € successors do
22: Lisize(L)+ 1] = Ly

23: t=1+1
24: return L

Before stating and explaining Algorithm 1, let us introduce the following num-
bers, which play an important role in parts of the monomialization procedures
discussed in the present work.

Definition 2.1. Let K be any field. Let g = 24 — pzP € Kz, for p € K* and
A, B € Z%) such that 4;B; =0 for all i € {1,...,n}. We define

alg) = max{A4;|ie{l,...,n}}

alg) = #{ie{l,...,n}| A =alg)}

Blg) = max{B;|ie{l,...,n}}

bg) = #{ic{l,....n}|Bi=p5(9)}

Wg) = (alg),alg),B(g),b(9)) € Z2,.
Here, we equip Zéo with the lexicographical ordering <jex. Given f = 2€¢ with
C € Z%,, we also write a(f) =alg),...,t(f) :=(g), if no confusion is possible.

Clearly, ¢(g) depends on the order of the monomials in g. In general, we have
t(z? — 2P) # o(—2P + 24). Since we fix an order of the monomials in an imple-
mentation anyways, we will work later with the string (4, B) instead of g and we
neglect the matter of making ¢(g) independent of the order of the monomials.

Remark 2.2 (Algorithm 1). The input is:

° abinomialf:fifpgé € Klz] = K[z1,...,z,);
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e an integer mode € {1,2,3,4}, which determines the method for choosing
the centers;

The output of Algorithm 1 is a list L which consists of all charts of the mono-
mialization process. From this list, one can determine a list of all leaves of the
monomialization tree, i.e., of all final charts. The data in a chart L[i] is of the
following form:

[1] (A,B,C,E) € (Z%,)* such that the total transform of f in the chart is
f = z%@z" - pgg) and A;B; = 0, for all ¢ € {1,...,n}. Furthermore,
E € {0,1}" is the vector encoding which variables are exceptional.

2] «(f) = (o, a,,b) € Z%, is the measure introduced in Definition 2.1.

[3] I-center C {1,...,n} is the index set such that (x; | i € I_center) is the
ideal defining the center for the next blowup.

[4] a pathmatrix < 0 such that x is the number of the predecessor

-1
chart. The successors of the predecessors are labeled from 1 to #successors.
The number y indicates which of these successors the given chart is. This
entry is not important for the monomialization process, but for a later
evaluation of the final data to keep track of the global picture.

First, Algorithm 1 performs an initialization, by determining the exponents such
that f = 24 — pzf = gc(g“‘ — pzB) has the desired form. Since there are no
exceptional divisors yet E = (0). Then, we check whether f verifies condition (1.1)
using the method check_finished, see Algorithm 2. If (1.1) holds, then the binomial
is locally monomial and we fill the list L f with trivial data and return L.

If (1.1) is not fulfilled, we determine the full data of the chart (lines 7-11). In
there, compute_center(Lf, mode) is the method determining the index set of the
center for the next blowup. The input mode € {1,2,3,4} fixes, which of our four
methods is used. In the following sections, we discuss the methods for choosing the
center in details. Furthermore, intmat initiates an integer matrix called path, which
encodes the tree structure of the monomialization process.

Then, the method fill_list_for_next_charts copies the data from L[i] (in line 13 for
i =1) to a list successors, which contains as many charts as needed (depending on
the center of the upcoming blowup). The only difference in the data of the charts
in successors is the adapted path matrix which contains the tree of the blowup
procedure. After this, the charts from list successors are added to the end of L.
Let us explain this step more in details: If we want to determine the successors
for L[i] and if the upcoming blowup has m many charts and if L has k entries in
total (with k& > i) before adding the successors to it, then the successors become

the entries L[k 4+ 1],..., L[k + m] and we extend path for the successor L[k + j] by
the column (4,7)” at the end since it is the j-th chart of the blowup in L[i], where
je{l,...,m}.

In the while-loop (lines 17-23), the data of L[i] (except for path) is modified
such that it becomes the transformed version of its predecessor with respect to
the previously determined center. The transformation algorithm is provided in
Algorithm 3 and described in Observation 2.3. Finally, we verify whether the data
in L[7] fulfills (1.1). If so, then the procedure continues with the entry L[i + 1] if
it exists (i.e., with the next chart which needs to be handled) or it stops if L has
i entries. Otherwise, if (1.1) does not hold, we blow up, the successor charts are
stored at the end of the list, analogous to before, and we continue with the chart
i+ 1. The while-loop will eventually end since we will show in the following sections

that the respective monomialization procedures terminate.
(End of Remark 2.2.)
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Algorithm 2 check_finished

INPUT: list (A, B,C, E) of vectors in ZZ, such that A # B and A;B; = 0 for all
ie{l,...,n} -
OUTPUT: true, if the binomial ¢ (z# — 27) fulfills (1.1); false otherwise
1: if min{|A|, |B|} == 0 then
2: return true
3: if |[A| =1 or |B| =1 then
4: if 3¢::C; =0and (A; =1and |A|=1) or (B; =1 and |[B|=1) then
5
6

: return true
: return false

Note that in Algorithm 2 it does not matter that the coefficient is 1 instead of
p. The result is the same.

Observation 2.3. Let f = 2%(z? — pzP) € K|z] be a binomial with A;B; = 0

for all ¢ € {1,...,n}. Let us consider how the exponents change along the blowup
with center D = V(x1,...,2m), for some m € {2,...,n}. In the X;-chart, we have
Ty =Ty, T =TT, L, Ty =TV, Tl = Xy yq, ., Tp = D,

On the level of exponents, this provides
A= (A}, Ay, . A = A= (A + Ag+ . + A, Ag, A

and analogous for B and C.
We factor the total transform of f as g’c/(g"“/ — pg’B/) such that A.B] =0 for
all i € {1,...,n}. If we set

0:=min{A1 +...+ A,,B1+...+ Bn},

then we get
A=A +Ac+...+ A, -6 As,... Ay),

B'=(By1+ B2+ ...+ By —6,Ba,...,B,),

C'=(C14+Co+...4Cp,+6,Co,...,Ch).
The other charts are analogous. Furthermore, it is straight forward to adapt this to
blowups in centers of the form V(x; | i € T), where I C {1,...,n} is not necessarily
equal to {1,...,m}.

This leads to Algorithm 3 for determining the transform of a binomial in a given
chart of the blowup in V(x; | i € I).

Remark 2.4 (Algorithm 3). The input is:

e alist M, which represents the data of a chart and hence is of the same form
as L[i] in Remark 2.2

e an integer mode € {1,2,3,4}, which determines the method for choosing
the centers;

The output of Algorithm 3 is the transformed data of the input chart.

First, we initialize the data (lines 1-4). In particular, we specify the index set
I corresponding to the center of the blowup and the element ¢ € I such that M
corresponds to the X;-chart of the blowup. After that, we transform the exponents
(A,B,C, E) as described in Observation 2.3 (but now for the general case) and
mark the variable x; as exceptional in lines 6-9. Finally, we check whether the
transformed binomial fulfills (1.1) and determine the remaining data so that the
output data is of the same form as L[i] in Remark 2.2. (Note that the path matrix
is extended in line 20 of Algorithm 1.)
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Algorithm 3 transformation (for a description see Remark 2.4)

INPUT: list M, mode € {1,2,3,4}, where M is of the same form as L[i] in
Remark 2.2

OUTPUT: list retList which is the transformed variant of chart M

: (A,B,C,E) = M[1]

path = M[4]

I = M]I3] // the index set of the center

i = path[2,ncols(path)] // so M is the X;-chart of the blowup

// with center V(x; |i € I)
6= min{ZjeI Aj, Zje[ Bj}
Ai=35cA5 =6
Bi=Y,,Bj 6
Ci = Eje] Cj +9
B =1
10: retList[1] = list(A, B, C, E)
11: if check finished(retList[1]) then
12: retList[2] = retList[3] = &
13: retList[4] = path;
14: return retList
15: retList[2] = o(zC (x4 — pzP)) // Definition 2.1
16: I_center = compute_center(retList[1], mode)
17: retList[3] = I_center
18: retList[4] = path
19: return retList

L

The only part of implementation which differs in the various modes is the compu-
tation of the center. We have seen above that every other method of the implemen-
tation only uses the mode parameter in order to call the compute_center-method
which is described later.

3. CENTERS CONTAINED IN THE LOCUS OF MAXIMAL ORDER

In this section we discuss the first of the four variants for the choice of center in
details. We fix a binomial

f=2%a" — peP) € Kz] = Klaa,. .., xn),

where p € K*, A, B,C € Z2,, are such that A;B; =0 for all i € {1,...,n} and K
is a field. We set -

g=z" — pz®.
Observe that the condition A;B; = 0 implies that at least one of them is zero and
hence x; cannot be factored from g.

Ifg=1-pz® or f=a% — paP), for C,B € 72, and p € K*, where we
require in the second case that C; = 0 for the given 4, then f is locally monomial
and no blowups are required. Hence, throughout this section, we assume that (1.1)
is not fulfilled, i.e., that the following condition holds:

e cither min{|A|,|B|} > 2, or
(3.1) e min{|A|,|B|} =1 and C; # 0 for every i such that 4; =1
if|[Aj]=1,0r B;=11if |B] =1.
Again, let us point out that (3.1) does not imply that f is not locally monomial.
For example, 2 —y? € C[z,y| is monomial after introducing 7 := z+y, § := z — v,
but (3.1) holds. Nonetheless, it is not hard to test with a computer whether (1.1)
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is true and thus we admit that we might perform some blowups, which are not
needed.

A common approach in resolution of singularities for a hypersurface V(g) is to
consider regular centers contained in its locus of maximal order. First, let us recall
its definition.

Definition 3.1. Let h € K[z]\ {0} be a non-zero polynomial and set X := V' (h) C
Spec(K[z]) = A%. Let p C K[z] be a prime ideal. Geometrically, we denote by
xp € A% the point that corresponds to p.

(1) The order of X at x, (resp. of h at p) is defined as
ord,, (X) = ordy(h) := sup{l € Z>o | h € p‘}.
(2) The mazimal order of X is defined as
max-ord(X) := sup{ord,, (X) | z, € X}
and the locus of mazximal order of X is
Max-ord(X) := {zp € X | ord,, (X) = max-ord(X)}.

Sometimes, we use the notation max-ord(h) := max-ord(X) or Max-ord(h) :=
Max-ord(X). Since the order is upper semi-continuous (see [5, Chapter III, §3,
Corollary 1, p. 220]), the level sets {z, € X | ord,, (X) > a}, a € Z>o, are Zariski
closed. In particular, this is true for Max-ord(X).

If X is a variety, which is not a hypersurface, then the order is not an appropriate
measure for the complexity of the singularity, see [4, Example 2.7].

Lemma 3.2. Let g = 2* — pxP € K[z] be a binomial such that min{|A|, |B|} > 1
and A;B; =0 for alli € {1,...,n}. Let I C {1,...,n} be any subset. Set X :=
V(g) and Dy :=V (z; |i € I). We have:

(1) max-ord(X) = min{|A|, |B|}.

(2) Dy € Max-ord(X) <= min{ Y ,c; Ai, > ;c; Bi} = min {|A4],|B|}.

The condition min{|A|, |B|} > 1 comes from the fact that we assume (3.1) to
hold. Notice that it is necessary, e.g., for g = x1x2—1 the maximal order is 1 and not
zero, which can be seen by computing the order at (1 — 1,29 — 1), cf. Example 7.2.

Proof of Lemma 3.2. Let m := (x1,...,2,) be the maximal ideal corresponding to
the origin. We have min{|A|, |B|} = ordm(g) < max-ord(X).

Suppose there is some prime ideal p C K[z] with ord,(g) > ordwm(g). This
implies, if we base change to an algebraic closure K of K, then there is a max-
imal ideal n C K[z] such that ordn(g) > ordw(g) = min{|A|,|B|}. Since K is
algebraically closed and n is a maximal ideal, there are cy,...,c, € K such that
n=(x; —c1,...,T, — cy) by Hilbert’s Nullstellensatz.

Set I :={ie{l,...,n} | A; #0} and I, := {i € {1,...,n} | B; # 0} . Since
A;B; =0for alli € {1,...,n}, we have I; N Iy = & and it makes sense to define
y; == x; —¢; for ¢ € I} and z; := x; — ¢; for ¢ € Is. This provides

et —pa® = TJwite)™ —p [+ e)® = D Xaloy™ = D nslo)2”,

i€l i€ls OLGZ;I[I)‘ ﬁGZ‘;S‘

where the coefficients Ao (c), us(c) € K fulfill Aa(c) = 1, up(c) = p and Ay(c) =
ug(c) = 01if |a| > |A] and a # A, resp. if |3| > |B| and 8 # B (and we use the
obvious notation ¢,y, z). In order to have ord,(g) > min{|A|, |B|}, all terms y“z?
with |C| + |D| < min{|A4|,|B|} have to cancel out. This is impossible since the
variables appearing in the products are disjoint and Az (c)up(c) # 0. Thus, we
arrived to a contradiction and (1) follows.
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Let us come to part (2). Set d := max-ord(X) = min{|A|,|B|}. The condition
Dy =V(x; | i€ I)C Max-ord(X) is equivalent to

2t —paP e (w; i e DN\ (x| i € T)IH

The latter is equivalent to ) ;. ; A; > d and ) ,.; B; > d, and equality has to hold
for one of them. Hence, (2) follows. O

Example 3.3. Let g = 232y — 232} and set X := V(g) C A}.. Using the pre-
vious lemma, we get that max-ord(X) = 4, V(x1,22,24) € Max-ord(X), while
V(z1, z2,x3) € Max-ord(X).

Let us blow up with center D := V (21,29, x3,24) € Max-ord(X), the origin of
A% In the X3-chart, we have (71,22, 73, 24) = (2%, 2hal, 2%, v52)) and the total
transform of g is o4 (2P — 232/}). We obtain essentially the same binomial and
no improvement is detected. The reason for this is that the center has been chosen
too small.

We leave it as an exercise to the reader to verify that the maximal order decreases

at every chart after blowing up with center V(x1, o, x4).

Let us now describe the method for choosing the center for a binomial using the
locus of maximal order.

Construction 3.4. Let f = 2 (2" —pz®) € K(z] with p € K* and A, B,C € Z%,
such that A;B; = 0 for all i € {1,...,n}. Set g := 2 — pz®. Assume that
hypothesis (3.1) holds. We choose I C {1,...,n} such that

min{ZAi,ZBi} = min{|A|, |B|}

i€l i€l

and we require additionally that

(3.2) Vjiel:min{ > A, > B} <min{|A]|B[}.
i€n{j}  iel\{j}

Then, the center for the next blowup is Dy := V(z; | i € I).

By Lemma 3.2, the center Dy is contained in the maximal order locus of V(g).
On the other hand, (3.2) guarantees that Dy is not too small so that an improvement
can be detected.

Example 3.5. Let f = z? — 28 = 2922 — 3xy € Klz1,72,73,74]. Since
min{|4|,|B|} = |A| = 5, we have {1,2} C T for every I C {1,...,4} fulfilling
the conditions of Construction 3.4. Furthermore, I’ := {1,2,3,4} does not fulfill
(3.2) for j = 4. Therefore, the unique center determined by Construction 3.4 is

V(Z'l, 1'27503).

Clearly, the subset I C {1,...,n} is not unique in general and we may have to
make a choice, as the following example shows. As explained in the introduction,
we do not require that our procedure provides a global monomialization of V'(f).
Therefore we may allow to make choices as long as we can prove the termination
of the resulting procedure (Proposition 3.8).

Example 3.6. Let f = x23 —x%xi% € K[z1,...,x5]. Since no z; can be factored
in f, we have g = f. The maximal order of g is three and Dy := V(x1,z2,23) and
Dy := V(x1, 2,24, x5) are the possible choices for the center following Construc-
tion 3.4.

(1) Blow up with center D;. In the X3-chart, we have

_ VAN /A ! ! !
(z1, 72,23, T4, 75) = (z1$37$2z37$37$47$5>-
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Hence, the total transform of f is f = x’gg(xlz’f — zal) = 28g’, where
we define ¢’ := 22 — 2/2xL. (Note that ¢’ fulfills the property that no
divides g’.) We have max-ord(g) = 3 = max-ord(¢’) and |B'| =3 = |A| <
|B| = 6.

(2) Blow up with center Dy. In the X4-chart, we have
(1'1; XT2,T3,T4, :C5) = (%1%47 %2%47 g37 %45 %4%5)'
(For a better distinction to (1), we use * instead of x’ for the coordinates
here.) The total transform of f is f = 23 (2173 — Z325). Thus, we set g :=
7172 — 73%5. We get max-ord(j) = 3 = max-ord(g) and |B| =4 < 6 = |B|
(The situation in the Xs5-chart is analogous.)

On the other hand, in both cases, one can show that the maximal order is strictly
smaller than three if we consider the X;- or the Xs-chart.

For the general case, we have to introduce a measure which detects the improve-
ment.

Definition 3.7. Let g = 2 — p2® € K|[z] with p € K* and A, B € 7Y such that
A;B; =0forallie {1,...,n}. We define

inv(g) == ( min{|A[, |Bl}, max{|A], |B|}) € Z2,.
Here, we equip ZQZO with the lexicographical ordering >jex.

In the above example, we have inv(g) = (3,6), inv(g’) = (3,3) <iex inv(g), and
inv(g) = (3,4) <iex inv(g).

In fact, inv(g) = (max-ord(g), max-ord(g)-d(g)), where §(g) is a known secondary
invariant to measure the complexity of a given singularity, e.g., see [6, p. 120, where
it is called ~], [2, Theorem 3.18] or [1, Corollary 5.1].

Proposition 3.8. Let f = 2924 — p2P) € Kz] = K[z1,...,2,] with p € K*
and A, B,C € 7%, such that A;B; =0 for all i € {1,...,n}. Set g := 2z — pa®
Let w: Blp, (A% ) — A% be the blowup in a center Dy, which fulfills the properties
as in Construction 3.4. For every standard chart Uy, := D (X;) =2 A%, j €1, we
have

inv(g') <iex inv(g),
A — pr'B) € K[2] with A'Bl =0 for all i € {1,...,n}, ¢’ ==

") are the coordinates

where f = x
24 — pa'B’ is the strict transform of g, and (z') = (z},...,x
in Uy,
In particular, the local monomialization process obtained by choosing the centers
as in Construction 3.4 terminates.

Proof. If hypothesis (3.1) does not hold for f, then f is already locally monomial
and there is nothing to show. Hence, suppose that (3.1) holds. Without loss of
generality, we have |A| < |B|. After relabeling the variables (x1,...,z,) we may
assume that
{ie{l,...,n}| A #0}={1,...,m},

for some m < n. Thus, we have {1,...,m} C I, ie., Dy CV(x1,...,Zm).

Let us consider the X;-chart of the blowup with center D;. We distinguish two
cases, 1 < m and 7 > m.

Assume that ¢ < m, i.e., A; # 0. Using the notation of the proposition, we have

g = w’A(x) = pP () P e K,
where |Bj| := > ,c; B;. Notice that |Bf| — [A| > 0. Our hypothesis |[A] < |B]

implies that inv(¢') = (JA| — A;, |B| + |Br| — |A]) in this case. Since A4; # 0, we
have |A| > |A] — A; and hence inv(g’') <jex inv(g).
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Algorithm 4 compute center (in the locus of maximal order)

INPUT: list M, mode = 1, where M is of the same form as L[i] in Remark 2.2
OUTPUT: I C{1,...,n} such that V(x;|i € I) is the next center in the mono-
mialization process
1: (A,B,C,E) = M][1]
21=0,J=0
33: A={i|A; >0},B={i| B; >0}
4: if |A| < |B| then

5 I=A

6 for b € B do

7: J=JU{b}

8: if >°,c; Bj > |Al then
9: break

10: for i € J do

11: if > ey Bi = |A| then
12: J=J\{i}

13: I=I1uJ

14: return /

15: else if |B| < |A| then

16: I1=B

17: for a € A do

18: J=JU{a}

19: if 3 ,c;A4; > |B| then
20: break

21: for i € J do

22: if > ey A = |B| then
23: J = J\{i}

24: I=1UJ

25: return /

26: else if |A| = |B| then
27: I=AUB
28: return /

Now, suppose that ¢ € {m +1,...n}, i.e., B; # 0. We get
g/ :llA, 7p£/B’ :QIA 7p£/Bz;‘BI|—|A|—Bi c K[l/]

First, we observe that min{|A’|,|B’|} < |4’| = |A|. If the inequality is strict, we
obtain inv(g’) <jex inv(g) as desired. Hence, let us assume that min{|A’|,|B’|} =
|A’| = |A]. The claim follows if we can show |B’| < |B|. By (3.2) and the hypothesis
|A| < |B|, we have that |Br| — B; < |A| and therefore we get |B’| = |B| + |Bi| —
|A| — B; < |B| and in particular inv(g’) <jex inv(g).

Since the improvement of inv(.) is strict and since inv(.) takes values in Z2 , the
local monomialization procedure using centers of the kind in Construction 3.4 ends
after finitely many steps. O

Given a binomial in K[z] = K|x1,...,2,], we provide in Algorithm 4 a method
to determine a subset I C {1,...,n} fulfilling the conditions of Construction 3.4.
Therefore, V(z; |7 € I) will be our center contained in the maximal order locus of
the binomial.

Remark 3.9 (Algorithm 4). The input is:
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e alist M, which represents the data of a chart and hence is of the same form
as L[i] in Remark 2.2

e the integer mode = 1, which tells us to choose the center as in Construc-
tion 3.4;

The output of Algorithm 4 is the index set I C {1,...,n} determining the next
center for the monomialization procedure.

First, we initialize the data (lines 1-3). We introduce the exponents of the
binomial z¢ (gA — pzP) in the given chart. Further, we introduce two auxiliary sets
I and J, where I will become the output set.

Then we perform a case distinction depending on whether |A| < | B| (lines 4-14),
or |A| > |B]| (lines 15-25), or |A| = |B| (lines 26-28).

Suppose |A| < |B|. Then, the maximal order of z* — pz® is |A| and every i
with A; > 0 contributes to the index set of the center (line 5). After that, we
sum up the elements of B until the resulting sum is > |A| (lines 6-9). Within
this, we collect in J the indices j with B; > 0 appearing in the sum. At this
moment, the index set I := I'U J fulfills the first condition of Construction 3.4,
min { >, 7 Ai, >,.7 Bi} = min {|A],|B|}. But the second condition (3.2) does not
necessarily hold, i.e., the number of elements in T might be too large. Hence, we
remove step-by-step elements from J, without destroying first condition, until (3.2)
holds (lines 10-12).

The case |A| > |B| is analogous, we only have to interchange the role of A and B.
Finally, if |[A| = | B|, all variables appearing in the binomial with non-zero exponent
have to be contained in the ideal of the center.

Clearly, the choice of center depends on the ordering of the variables. In Exam-
ple 3.6, we obtain the center D; if we choose the ordering (x1, x2, x3, x4, z5), while
we get Do for the ordering (1, 22, 24, 5, x3) (using the notation of the example).

4. CENTERS OF CODIMENSION TWO

Let us come to the second method for choosing the center. Recall that f =
gc(gA — pr) and g = 4 — pr such that no x; can be factored from g. In
contrast to the previous method, we may neglect the connection to the singularities
of V(g) and choose centers of minimal codimension. This has the benefit that we
reduce the number of charts which we have to control after a single blowup. Hence,
the idea is to take 4,5 € {1,...,n} such that A; # 0 and B; # 0, which provides
the center D = V(z;, ;). An additional requirement, which we shall need in order
to detect an improvement after the blowup, is that the exponents A; and B; are
maximal among the possible choices.

Example 4.1. (cf. Example 3.5) Let X = V(f) be the hypersurface described by
the binomial f = z$23 2324 € K|[z1, 2, 73, 24]. The maximal exponents appearing
in the monomials are A; = 3 and Bs = 5. Therefore, we will choose D = V (21, z3)
as the center for the next blowup.

In comparison to Example 3.5 we see that we can reduce the number of successor

charts by choosing a center of codimension 2.

Note that the maximal order is not an appropriate measure to detect the im-
provement along a blowup of the given type.

Example 4.2. Let f = g = x%a2%2% — 24 € K[z1,72,73,74) With a,b € Z>o
such that ¢ < b < 2a. (For example, take a = 3 and b = 5). Observe that
max-ord(g) = b. We choose the center V (z1,x4). In the X;-chart, we have

(21,22, 23, 4) = (¥, T2, T3, T 2)
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and the total transform of f is f = 2/¢(x3x% — 2P~ 2?) = 2/¢g’, where we define
’ ’
g/ = Q/A _E/B — $2.T3 _ xllb awib

Since a < b, we have |B’| = 2b —a > b, while b < 2a implies |A'| = 2a > b.
Therefore, we have max-ord(¢g’) > max-ord(g), which is not a surprise since the
center V(z1,x4) is not contained in Max-ord(g).

Note that the same happens if we blow up one of the other reasonable centers
of codimension two, which are V(z2,z4) and V(z3, 24).

We use 1(9) = (a(g),a(g),B(g),b(g)) € Z%, of Definition 2.1 to deduce the
termination for the present method of monomialization. In Example 4.2, we have
1(g') = (a,2,b,1) <iex (a,3,b,1) = 1(g). In general, not any codimension two center
provides an improvement of ¢(.).

Example 4.3. Consider the binomial f = g = 2§ — 252§ € K[z, 29, x3] with

a,b,c € Z>5 and b < c. We have

(g) = (a,1,¢,1), ifb<e,
"= (a,1,¢,2), ifb=c.

Suppose that b < ¢. Let us blow up with center V (21, z2), which does not fulfill
the additional hypothesis that the corresponding exponents in g are maximal. For
simplicity, we define m := min{a,b}. In the Xs-chart, the total transform of f
is f = af(2ea™™ — 2P ~™ag), which provides ¢’ = zta™™ — zP7™z§ and
ug') = (a,1,¢,1) = 1(g)-

In order to guarantee a decrease of (.), we choose the center as follows:

Construction 4.4. Let f = 2%(z? — p2P) € K[z] with p € K* and A, B,C ¢
Z%, such that A;B; = 0 for all ¢ € {1,...,n}. Set g := z? — pzB. Assume
that hypothesis (3.1) holds. If «(g) = (o, @, B,b) € Z1,, then we choose ji,j2 €
{1,...,n} such that A;, = a and B;, = . The center for the next blowup is then
Dy =V (xj,,xj,), for I ={j1,j2}.

Already in Example 4.2, we have seen that the center described in the above
construction is not unique. But, analogous to Proposition 3.8, we can prove the
following result.

Proposition 4.5. Let f = 2924 — pzP) € Kz] = K[z1,...,2,] with p € K*
and A, B,C € Z2% such that A;B; =0 for alli € {1,...,n}. Set g := x4 — paB
Let 7: Blp, (A%j% A’ be the blowup in a center Dy, which fulfills the properties
as in Construction 4.4. For every standard chart Uy, := =Dy (X;) =AY, jel, we
have

Ug') <tex t(9),
@ — pa'P) € Klz') with A'B, = 0 for all i € {1,...,n}, ¢ ==
2 — p2/B, and (&) = (2}, ...,2) are the coordinates in Us,.
In particular, the local monomialization process obtained by choosing the centers
as in Construction 4.4 terminates.

where f = &

Proof. We may assume j; = 1 and jo = 2 after relabeling the variables (x1, ..., ).
Hence, the center is V(x1,x2). Since the exponents Ay := (A4s,..., A,) and By :=
(Bs,...,By,) are not changed by the blowup, we use the abbreviation

A B
g=afal" — prial’,
where (g9) = (a,a,5,b) and z, := (r3,...,2,). Without loss of generality, we
assume o < 3.
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Algorithm 5 compute center (with codimension 2)

INPUT: list M, mode = 2, where M is of the same form as L[i] in Remark 2.2
OUTPUT: I C{1,...,n} such that V(x;|i € I) is the next center in the mono-
mialization process

1: (A,B,C,E) = M[1]
2: @ = max{A4;}, f = max{B;}
3: I ={min{i | A; = a}, min{i | B; = §} }
4: return [
In the X;-chart, the total transform of f provides ¢’ = 2’4" — pa'B" = gf* -

/

pzlﬁf‘lz;ﬁgfﬁ Therefore, a(g') < a = afg), if a = a(g) =1, or (a(g’),a(q’)) =
(o, a — 1) otherwise. So, we get t(g") <iex t(g).

Let us consider the Xs-chart of the blowup. In there, we obtain ¢’ = 24—
pz'B = z’f‘gf* - px’fﬁagfﬁ In order to show that «(.) improves, we first notice

that (a(g’),a(g’)) = (a(g),a(g)) since A’ = A. Analogous to the X;-chart, we have
Blg") < B=pB(g),if b=>b(g) =1, or (B(¢'),b(g")) = (B,b — 1) otherwise. Hence,
we have in all cases that ¢(g") <jex t(9).

Since the improvement of ¢(.) is strict and since ¢(.) takes values in Z%,, the
local monomialization procedure using centers of the kind in Construction 4.4 ends
after finitely many steps. O

The blowup 7: Blp,(A%) — A% with center D; chosen following Construc-
tion 4.4 is not necessarily an isomorphism outside the singular locus of V(g).

Example 4.6. Let f = g = x129 — 23 € K|[r1, 72, 73]. Construction 4.4 provides
the possible centers V(x1, x3) and V (22, x3). Both are not contained in the singular
locus of V(g), which is Sing(V (g)) = V (21, 22, x3). Therefore, the potential centers
are strictly larger than the singular locus and the corresponding blowup morphisms
are not an isomorphisms outside of the singular locus.

In Algorithm 5, we provide an implementation of Construction 4.4 to choose a
center of codimension 2.

Remark 4.7 (Algorithm 5). The input and the output are of the same form as
in Algorithm 4 (see Remark 3.9) with the only difference that the input mode is
2. We initialize the data, by fixing the names of the exponents of the binomial
f=2z%@x? — pz®) of this chart and determining the maximal exponents a resp. 3
appearing on each side. Then, we choose ¢ and j minimal in {1,...,n} such that
A; = oo and Bj = (3 achieve the maximal values.

Note that we cannot have @« = 0 or 8 = 0 in this algorithm since we tested
whether (1.1) holds before applying compute_center in Algorithm 1 (line 3) resp. in
Algorithm 3 (line 11).

5. CENTERS OF MINIMAL CODIMENSION CONTAINED IN THE SINGULAR LOCUS

The third variant is a mixture of the first two. Namely, we want to choose
centers as large as possible (as in Construction 4.4), but we require additionally
that along the monomialization process the centers are contained in the singular
locus of the factor, which we obtain after factoring the monomial part, (similar to
Construction 3.4). If this singular locus is empty, we follow the method of section 4
(Construction 4.4). Within this, we have to distinguish several cases.

Construction 5.1. Let f = 2 (2" —pz®) € K|z] with p € K* and A, B,C € Z%,

such that A;B; = 0 for all i € {1,...,n}. Set g := 2 — pz®. Assume that
hypothesis (3.1) holds. Let t(g) = (a,a,3,b) € Z4,.
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(i) If min{e, B} > 2 or min{|A|,|B|} = 1, choose D = V(x;,,z;,), for I =
{j1,j2} as in Construction 4.4, for the center of the blowup.

(ii)) If « = 1, 8 > 2 and min{|A|,|B|} > 2, choose j1,j2,753 € {1,...,n}
with A;; = A;, = 1 and Bj, = 8. The center of the next blowup is
Dy = V(zjlvszvxﬁ)a for I = {jl;j27j3}'

(ili) If @ > 2, 8 = 1 and min{|A|,|B|} > 2, choose ji,j2,j3 € {1,...,n}
with A;, = a and Bj, = Bj, = 1. The center of the next blowup is
Dy = V(zjlvszvxﬁ)’ for I = {jl;j27j3}'

(iv) f @« = g = 1 and min{|A4|,|B|} > 2, choose ji,j2,j3,j4 € {1,...,n}
with A;, = A;, = Bj, = Bj, = 1. The center of the next blowup is
Dy = V(zjlvszvxjs’zj4>’ for I = {j17j27j37j4}'

We say (f,g) is in case (x) if condition (x) is fulfilled, where x € {i, ii, iii, iv}.

Observe that for f = x1(x; — xo23) we are in case (i), while f = xz1(x1 — 22)
is monomial. Furthermore, f = z1zox3 — 242576 is case (iv) and there are several
choices for the center.

Proposition 5.2. Let f = 2%(z* — p2P) € Klzy,...,z,] with p € K* and
A,B,C € 7%, such that A;B; = 0 for all i € {1,...,n}. Let g = z** — pa®
and u(g) = (a,a,8,b) € Z4,,. Let m: Blp,(A%) — A% be the blowup in a center
Dy, which fulfills the properties as in Construction 5.1. For every standard chart
Ug, = Dy (X;) = A, j €1, we have

L(g/) <lex L(9)s

where f = 2/ ('Y — pz'P") € K[z'] with A\B, =0 for alli € {1,...,n}, ¢’ :=
A — pa'B' and (&) = (&), ..., ) are the coordinates in Ug,.
In particular, the local monomialization process obtained by choosing the centers

as in Construction 5.1 terminates.

Proof. We show the result by going through all cases of Construction 5.1. First, if
(f,g) is in case (i), then we have t(g") <iex ¢t(g) by Proposition 4.5.

Next, we assume that (f, g) is in case (ii), i.e., « = 1,8 > 2 and min{|A4|, |B|} >
2. We relabel the variables, so that we have B,,,4+1 = S and {i € {1,...,n} | A; =
1} ={1,...,m} for some 2 < m < n. In particular,

B
g=x1T2" " Tm — PT .

Hence, without loss of generality, the center is Dy := V (21, T2, Tm41)-
The Xi- and the Xs-chart are analogous, so we consider only one of them. In
the Xi-chart, we get (using the notation of the statement of the proposition)

r_ 7 / /1B—2 1B
g =Ty Ty — P L

We see that (a(g'),a(g’)) = (I,m — 1) <jex (1,m) = (a(g),a(g)). This implies the
desired decrease t(g’) <iex t(g). Observe that (8(g"),b6(9’)) = (8(g),b(g)) did not
change.

On the other hand, using the notation B = zflﬂgf*, we obtain in the X, 11-
chart

g =ay-a, —pal el

We have (a(g'),a(9’)) = (a(g),a(g)) and 5(g’) < B(g). Either the inequality is
strict or we have equality and b(g’) = b(g) — 1 since the power of z,,, decreased
strictly. In both cases, we get t(g") <jex t(g)-

The case that (f,g) is in case (i) is analogous to the previous one. One only
has to interchange the role of A and B and take into account that (a(g’),a(g’)) =
(a(g),a(g)) in the X;-(resp. Xo-)chart.
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Algorithm 6 compute center of minimal codimension contained in the singular

locus

INPUT: list M, mode = 3, where M is of the same form as L[i] in Remark 2.2

OUTPUT: I C{1,...,n} such that V(x;|i € I) is the next center in the mono-
mialization process

1: (4,B,C,FE) = M[1]

2: a = max{A4;}, f = max{B;}

3: 41 = min{i | A; = a}, ia = min{i | B; = 8}

4: I = {il,iQ}

5: if min{o, 8} > 2 or min{|A|,|B|} ==1 then // case(i)
6: return [

7. else if min{|A|,|B|} > 2 then

8: if a =1and 8 > 2 then // case(il)

9: I'=ITUmin{i|A;=1andi> i}

10: else if @ > 2 and § =1 then // case(iii)

11: I'=JTUmin{i | B;=1and i > i}

12: else if « =1 and 8 =1 then // case(iv)

13: I=TU{min{i| A;=1andi> i1}, min{i | B; =1 and ¢ > i} }
14: return J

Finally, suppose that (f,g) is in case (iv). After relabeling the variables we get
g:zlnnnxmfpzm+1...xm+l,

for some 2 < m < n and 2 < /£ < n with m+ ¢ <n. Without loss of generality, the
center is Dy = V (21, T2, Tm+1, Tm+2)- S0, we have to consider four charts. In the
Xj-chart we get

g =2 —pr' =yl —pul T
This implies that (a(g’),a(9’)) = (a(g),a(g) — 1) and (since B’ = B) we also have
(B(g"),b(g") = (B(g),b(g)). In particular, we get t(g') <iex t(g). The other three
charts are analogous.

Since the improvement of ¢(.) is strict in every case and since ¢(.) takes values
in Zéoa the local monomialization procedure using centers of the kind in Construc-
tion 5.1 ends after finitely many steps. O

In Algorithm 6 we discuss an implementation for the choice of the center following
Construction 5.1.

Remark 5.3 (Algorithm 6). The input and the output are of the same form as
in Algorithm 4 (see Remark 3.9) with the only difference that the input mode is
3. First, we initialize the data and determine the minimal indices i; and io, for
which the maximal entry of A resp. B is achieved, where f = 2¢ (2" — px®P) is the
monomial in the given chart.

If V(zi,,xi,) is contained in the singular locus of V(z# — pz®) or if f is of the
form f = x%(z; — zP), for j € {i1,i2} and D € {A, B} the corresponding element,
then the algorithm returns {i1,i2} as the index set for the upcoming center (line
5-6). This is case (i) of Construction 5.1.

Otherwise, we have min{a, 8} = 1 and min{|A|,|B|} > 2. Thus we make a case
distinction depending on the value of o and § (starting line 7), where we have to
add an index i > 41 for which 4; = 1 if @ = 1 and analogous if § = 1. The latter
guarantees the center is contained in the singular locus of z4 — pz®. This covers
the missing cases (ii)—(iv) of Construction 5.1.
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As in Algorithm 5, the case min{«, §} = 0 cannot appear since we tested whether
the data of the chart is of the form (1.1) (line 3 Algorithm 1 and line 11 Algorithm 3).

If we consider the binomial of Example 4.1 and apply Algorithm 6, we obtain
the same center as using Algorithm 5. But it may happen that the two algorithms
lead to different centers.

Example 5.4. Let f = x122 + 23 € K[z, 7, x3). Algorithm 6 provides the center
V(x1, 22, x3), while Algorithm 5 gives the center V(z1,z3).

6. CENTERS OF MINIMAL CODIMENSION CONTAINED IN AN EXCEPTIONAL
DIVISOR OR CONTAINED IN THE SINGULAR LOCUS

Now, we present the fourth variant, where we slightly relax the restriction on
the centers that we imposed in the previous section. We obtain this by taking the
preceding resolution process into account.

Let w: Blp(A%) — A% be the blowup with center D = V(z; | i € I) for
I C{1,...,n}. Inthe X;-chart U; = Dy (X;) = A% (i € I), we have the coordinates
(@) = (zh,...,2),) and (z; | j € I) - K[z/] = (2}) C K[2/]. Hence, the preimage of
the center along the blowup 7 coincides with the divisor E := div(z;) in U;. Since a
blowup is an isomorphism outside of its center, we have the freedom to choose any
center D' C U; contained in F without losing the condition that the composition
of m and the blowup in D’ is an isomorphism outside of D. In particular, we may
choose centers of codimension two as in Construction 4.4.

Clearly, the previous observation extends to any finite sequence of (local) blowups
of the above type. This motivates the following method for choosing the center.

Construction 6.1. Let f = 2 (2" —pz®) € K|z] with p € K* and 4, B,C € Z2,
such that A;B; =0 for all i € {1,...,n}. Let (y1,...,ym), m < n, be a subsystem
of distinguished variables of (z1,...,z,) such that the exceptional divisor of the
local monomialization procedure is given by div(yy ---ym). If there is a center
D; =V(xj,,z;,) as in Construction 4.4, which is also contained in the exceptional
locus, Dy C div(y1 -+ ym), then choose D; as the center for the next blowup.
Otherwise, we follow Construction 5.1.

Note that Dy C div(y1 - - - ym) is equivalent to the condition that x;, = yg, or
Tj, = Yk,, for some ki, ko € {1,...,m}.

As a consequence of Propositions 4.5 and 5.2, we get the termination of the
local monomialization procedure using centers given by Construction 6.1 (since ¢(.)
decreases strictly after the blowup).

Corollary 6.2. The local monomialization process obtained by choosing the centers
as in Construction 6.1 terminates for every binomial f € K|x].

In Algorithm 7 we present an implementation of Construction 6.1. This is analo-
gous to Algorithm 6 with the only difference in line 5, where we have the additional
condition E;, + E;, > 0. The latter holds whenever x;, or z;, correspond to an
exceptional divisor of a previous blowup.

7. A GLIMPSE INTO THE CASE OF MORE THAN ONE BINOMIAL AND
NON-INVERTIBLE COEFFICIENTS

Let us briefly outline a method to extend our procedures to finitely many bino-
mials and to a single binomial with coefficients in Z,,.
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Algorithm 7 compute center with minimal codimension contained in an excep-
tional divisor or contained in the singular locus

INPUT: list M, mode = 4, where M is of the same form as L[i] in Remark 2.2
OUTPUT: I C{1,...,n} such that V(x;|i € I) is the next center in the mono-
mialization process

1: (4,B,C,FE) = M[1]

2: @ = max{A4;}, f = max{B;}

3: 413 =min{i | A; = a}, ia = min{i | B; = 8}

4: T = {’il,’ig}

5: if min{w, B} > 2 or min{|4|, |B|} == 1 or E;; + E;, > 0 then
6: return [ // exceptional or case(i)
7. else

8: I = compute_center(M, 3)

9: return [ // case(ii),(iii), (iv)

Construction 7.1. Let f1,...,fn € K[z] = K[z1,...,n] be finitely many bi-
nomials, where K is a field. In order to monomialize them, we may successively
apply one of the discussed procedures to fi, then the total transform of f; and
so on. Since each of methods terminates, we reach the case that each f; is locally
monomial.

At the end of the last construction, the total transform of the binomials f1, ..., fn
are not necessarily simultaneously locally monomial, or in other words, the product
f1+- fm is not necessarily locally monomial, as the following example illustrates.

Example 7.2. Let K be a field and consider
fimz1—1, for=20—1, f3r=z120 -1

We claim that the product fi fs f3 is not locally monomial. To see this, we introduce
y1:=x1 — 1 and yo := 29 — 1. Then f1fofs = y1y2(y1y2 + y1 + y2).

Eventually, the task to make f1,..., f;, simultaneously locally monomial can be

reduced to the problem of (locally) monomializing an element of the form

m

[[@*® =X),  Xi€ K* and A(i) € 22 for 1 <i < m.

i=1
This problem is connected to the desingularization of arrangements of smooth sub-
varieties, which is treated over algebraically closed fields in [7] or [8], for example.
Nonetheless, for finitely many prime characteristics p = char(K) > 0 (depending on
the exponents A(4)) the situation becomes more involved and further investigations
are required. Since the present article focuses on the case of a single binomial, we
do not go into the details here.

When successively applying a monomialization method to (f1, fo, ..., fm), the
order in which we handle the elements has an impact on the final numbers of charts.

Example 7.3. Let K be any field. Consider the binomials

fl:,U2_y4za f2:$2y_z3 EK[%Q;%”]-

If we use our local monomialization method with codimension two centers for
(f1, f2) (i.e., first for f1 and then for the total transform of f5), then the procedure
needs computation in 43 charts and 19 of these charts are final charts.

On the other hand, if we take the order (f2, f1), then the same procedure needs
only 31 charts and 12 of them are final charts.
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We now turn out attention to the situation over Z, instead of over a field.

Remark 7.4. We observe that our proofs for the termination of the local mono-
mialization procedures rely on a study of the exponents. This suggests that the
methods may also be used for a first steps towards a monomialization if we are
not necessarily restricted to the situation over field K. Consider a binomial in
Lplx] = Ly, . .., Tn), say
f=pz(z* - Ap?z?), A €Ly,

for d,e € Z>o and A, B,C € Z%, with A;B; =0 for all i € {1,...,n}. We fix one
of the procedures, which we discussed, and apply it to f, considered as a binomial
with coefficients in the field Q, = Quot(Z,). As we have seen, this terminates after
finitely many blowups. Since the coefficients are in Z,, the resulting total transform
of f is not necessarily locally monomial. For example, it may appear that the total
transform of f is of the form

peE/C,(Q/A/ . )\pd )’
for some A’ € Z%, with |A’| > 2. Here, d,e € Z>( are the same integers as at the
beginning since we did not touch coefficients. If d # 0, then the monomialization

process is not finished, yet.
There are at least two directions that one could follow:

(1) We blow up centers of the form (z}, p), where i is chosen appropriately. This
has the drawback that the ambient ring after the blowup is not necessarily
isomorphic to a polynomial ring over Z,. More precisely, in the X/-chart,
we get Zp[z',v]/(p — zjv).

(2) An alternative method is to make a case distinction depending on the
residues of 2} modulo p. If z; = 0 mod p, we can write it as =} = py;
for some new variables taking values in Z,. By choosing i appropriately,
we can make d decrease. On the other hand, if 2} # 0 mod p for all 4, then

/ . . . .
/4 — Ap? is a unit. Thus f is monomial.

8. COMPARING THE VARIANTS

Finally, let us compare the discussed algorithms for monomializing a binomial.
First, we analyze the complexity of the algorithms by estimating the maximal
possible number of blowups needed to monomialize a given binomial. After that we
turn out attention to explicit examples, where we compare the numbers of charts
appearing along the monomialization and as well as the number of final charts. At
the end, we briefly look at the question, whether the different choice for the centers
in a fixed method have an impact on the resulting numbers.

Remark 8.1. We can interpret the process of blowing up as a tree structure. The
vertices correspond to the charts, where we put the original data on level 0 and all
charts, which arise after the /-th blowup are put on level £. Two vertices v on level
£ and w on level £ + 1 are connected by an edge if the chart corresponding to w
is one of the charts of the blowup in v. The unique vertex on level 0 is called the
root of the tree and vertices on level £, which are not connected to any vertex of a
higher level, are called leaves of the tree. The latter correspond to the final charts
of the blowup procedure. In Figure 2, we illustrate the tree structure for a simple
example.

The number of charts is delimited by the number of charts, which we newly
create after a blowup, and by the longest path from the root to any leaf. The first
of these numbers is determined by the codimension of the center. This provides the
following bounds:
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(Dy(X): %y -] DY)t -2)]  (3)

(DL (X): Py’ =) [De(V): 2Py — )] (2)
[D4(X): 22— o) | [Dy(V): P -aPy)| (1)
f=y?-a (0)

FIGURE 2. Example for the tree structure of a blowup process for
f =v? — 23, In the boxes we indicate, which of the charts of the
blowup we are considering, and we provide the total transform of
f. We abuse notation and denote the coordinates in each chart
by (z,y). In every case, where a blowup is performed, the ideal of
the center is (z,y). The number (¢) on the right marks the level.
There are two leaves on level 3 and one leaf each on level 2 and 1.

mode maximal codimension of a possible center
1 (max.ord.) n = (number of variables)
(8.1) 2 (codim.2) 2
3 (min.codim.) 4
4 (exc.) 4

Using the invariant, which we introduced to prove the termination of the respec-
tive variant for monomialization, we can bound the length of the longest path of
the resulting tree of blowups.

Lemma 8.2. Let g =z — pz® € K[z] = K[z1,...,2,] with pe KX, A,B € Z2,

such that A;B; = 0 for all i € {1,...,n}. The following are upper bounds for the
longest path from the root to any leaf in the blowup tree of the respective mode:

mode upper bound for the longest path
m—1

1 (max.ord.) 2m M 4+ m —1 — Z 2= m — 1+ 1)
(8.2) ) =

2 (codim.2) (a+B—-4)n—-1)+a+b+1

3 (min.codim.) (a+B—-4)(n—-1)4+a+b+1

4 (exc.) (a+B—-4)n—-1)+a+b+1
where

m 1= min| L, B}, M i= max{]4], | B},

a:=max{A4; |i€{1,...,n}}, a=#{ie{l,....n}| A =a(g)},
Bi:=max{B;|ie€{l,...,n}}, b:=#{ie{l,...,n}|B;=08(9)}.
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Proof. Recall that for centers contained in maximal order locus of g (mode = 1),
we introduced inv(g) = (min{|A|,|B|}, max{|A|,|B|}) € Z2, as measure for the
complexity of the singularity (Definition 3.7), which strictly decreases with respect
to the lexicographical ordering on ZQZO after each blowup. We have inv(g) = (m, M).
Observe that m < M. Let (m/, M’) be the value of inv(¢’) in a chart after the
blowup in a center contained in the locus of maximal order of g. The proof of
Proposition 3.8 provides that either

(1) (m',M') <jex (m —1,2M —m), or

(i1) (m', M) <jex (m, M —1).
If we are kp times in case (i7) and then once in (i), we obtain that the value of
inv(.) is bounded by

(m—1,2(M — k1) —m).

Note that ky € {0,...,M — m} since we cannot have M — 1 < m in (i7). At
this stage, we performed ki + 1 blowups. Iterating this, the upper bound for the
invariant becomes

(m — s 2°M =32 gy =3 2 - 1))
=1 /=1

after s steps, where, for £ € {1,..., s},

-1 -1
ke €40, 27 M =Y 2k, = Y "2 (m— g+ 1) — (m — £+ 1)},
qg=1 q=1

is the number of times that we are in case (i4) until the first entry drops from m—~+1
to m — £ in case (). The number of blowups up to this point is k; + ... + ks + s.
If s = m — 1, the first entry of the bound for inv(.) is 1. In particular, we
can only be in case (ii) for the remaining decreases if we want to determine the
maximal length of a path in the blowup tree. Hence, the second entry for the bound
determines the number of blowups remaining. In total, we obtain the bound

m—1 m—1 m—1
ke 4+ (m—1) 4277 M = Y2 = Y 2 (- (4 1) =
=1 =1 =1
m—1 m—1
=2 M A m—1-Y 2" =Dk — > 2" (m -+ 1),
=1 =1
We aim to maximize the bound for the number of blowups. The only variation in
the expression are the numbers k1, ...,k _1. Since 2m=t _ 1 > 1 the maximum is
obtained if k, = 0, for all £ € {1,...,m — 1}. In conclusion, we have proven the

bound of (8.2) for mode = 1.

Let us consider the remaining three cases (mode € {2,3,4}). For each of them,
we used ¢(g) = (a(g),a(g), B(g),b(g)) € Z4, of Definition 2.1 to measure the im-
provement of the singularity after the blowup following the respective strategy. We
have ¢(g) = (a, a, 8,b). Note that a+b < n. Let us fix the value of mode € {2, 3,4}.

Let (o/,a’,8',b') be the value of 1(g’) after the blowup in the center, which
is determined by the strategy given by mode. Let j € {1,...,n} be such that
we are in the Xj-chart. By Propositions 4.5, 5.2, and Corollary 6.2, we have
(o0, 8,b) <iex (o, a,3,b). The decrease can be made more precise depending
on which chart we are. Since g = 24 — pz® and A;B; =0 for all i € {1,...,n}, we
either have A; # 0 (case (I)) or B; # 0 (case (II)). In these two cases, the proofs
of Propositions 4.5, 5.2, and Corollary 6.2 provide that we have:
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() (o, d, 5, b") = (a,a — 1, 8,b), if a>1;
(o, d, 6, 0") = (/,d, 5,b), with o/ <, ifa=1;
(a/aalaﬁ/ab/):(aaaaﬁab_l)a ifb>1

(I1) { (o, B, 0) = (0,0, B, 0),  with 8/ <8, ifb=1.

Note that @’ <n—bin (I) and b’ < n —ain (/7). Since in (I) (resp. (II)), the
last two (resp. first two) entries remain the same, the operations determined by (I)
and (II) are independent of each other.

Due to the bound of a’ and b/, we get the longest path in the resolution tree
if both the value of a(.) and b(.) decrease to the value 1 first. This is achieved
after a + b — 2 blowups following the respective monomialization procedure. We
denote the strict transform of g at this step by ¢”, which is obtained after factoring
the monomial part from the total transform of g. Notice that we have ((g") =
(o, 1,8,1). After the next blowup the invariant is at most (o« — 1,n — 1,4,1) (in
case (I)) resp. (o, 1,8 —1,n—1) (in case (I7)). If the maximum is attained, then
we get after n — 2 further blowups the value (o — 1,1,3,1) resp. (o, 1,5 — 1,1).
Therefore, after at most a + b + (o — 2)(n — 1) + (8 — 2)(n — 1) blowups, the value
of ¢(.) becomes (1,1,1,1). The latter means that the total transform of g is of the
form z€(x1 — px2), for some C € Z2, and appropriately chosen variables. After
one more blowup, the total transform of g fulfills condition (1.1) and thus is locally
monomial and the assertion follows. O

As an immediate consequence of (8.1) and Lemma 8.2, we obtain:

Corollary 8.3. Let g = a2 — p2® € K[r1,...,3,] with p € K* and A, B € 72,
such that A;B; = 0 for all i € {1,...,n}. Using the notation of Lemma 8.2, the
following are upper bounds for the number of charts in the respective variant for
monomializing g:

mode upper bound for the number of charts

1 (maz.ord.) nd(m,M)
m—1

for d(m, M) :=2" "M +m —1-Y 2" (m—L+1)

=1

2 (codim.2) 9(at+B—4)(n—1)+a+b+1

3 (min.codim.) glat+B—4)(n—1)+a+b+1

4 (exc.) gla+B—4)(n—1)+a+b+1

Moreover, this worst case number of charts yields to a non-polynomial time
algorithm in the number of variables and the degree of the binomial. The running
time results as a product of the running time per chart times the number of charts
and for each procedure the numer of charts is potentially exponential in «, 3, a,b
resp. m, M, where a and 8 are bounded by the degree of the binomial, a and b are
bounded by the number of variables and M and m are bounded by the degree of
g, too.

Of course, the upper bounds are quite rough and the concrete number of blowups
can be far smaller for explicit examples. For example, in the variant, where we
choose the centers in the locus of maximal order, the codimension of the center is
not necessarily always n in every blowup.

Let us come to the study of explicit examples. In Figures 3 and 4, we provide
several examples, where we consider the number of leaves and the number of total
charts for each method for choosing the center. All examples are computed via an
explicit implementation in SINGULAR of the algorithms described in the previous
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binomial max.ord. codim.2 min.codim exc.
1. | z122 — x324 4/5 2/3 4/5 4/5
2. | x1x2 — T3T4T5 10/13 3/5 10/13 10/13
3. | z1x2 — T3T4T5T6 22/29 4/7 22 /29 22/29
4. | z12T2T3 — T4T5T6 60/ 79 6/11 40 /53 40 /53
5. | x1%2T3 — TaT5T6XT 246 /325 10/19 124 /165 124 /165
6. | x1x2w3 — x4 T8 876 /1.159 15/29 340 / 453 340 / 453
7. | @1 Ta—x5- -8 1.968 / 2.601 20/39 496 / 661 496 / 661
9. |z1--xa—m5---m9 | 11.376 /15.041 35 /69 1.672/2.229 124 /165
10. | @1+ @5 — x6 -+ - T10 | 113.760 /150.411 70 /139 6.688 /8.917 | 6.688 /8.917
11. | x122 — 23 3/4 3/5 3/4 3/4
12. | z12225 — 23 7/10 7/13 7/10 7/10
13. | z1@2x324 — 22 15 /22 15/29 15 /22 15/22
14. | z1woxs — ] 21/33 21/41 21/31 21/38
15. | z1w0x324 — 28 85 /134 85 /169 85 /127 85 /162
16. | x1--- x5 — 341 /538 341 /681 341 /511 341 / 666
17. | &1+ w6 — % 1.365 /2.154 1.365/2.729 | 1.365/2.047 | 1.365/2.698
18. | x1w2 — 2 4/6 4/7 4/6 4/6
19. | z1z223 — 24 13/20 13/25 19 /30 13/22
20. | z1wow3ms — T3 40/ 62 40/79 104 /164 40/ 72
21. | z1zomws — 2} 31/47 31/61 43 /67 31/58
22. | x122w374 — T 236 / 364 156 /311 364 / 565 156 / 304
23. | z1--- x5 — 2 1.181/1.822 781 /1.561 | 3.381/5.223 | 781/1.546
24. | @1 26 — 25 5.906 /9.112 3.906 /7.811 | 32.782 /50.521 | 3.906 / 7.780

FIGURE 3. List of examples. In the last four columns, the entries

are “the number of leaves/total number of charts”.

sections and the base field is always Q. In the following, we discuss patterns, which
can be observed in the examples, and we provide some indications for the noticed
behavior of the different methods. Nonetheless, we do not provide rigorous proofs

for the patterns in general.

Example 8.4 (Figure 3, Examples 1-10). In the first block of examples, all expo-
nents of the starting binomial are one. This has the effect that the variant choosing
centers of codimension two has a strong advantage, as can be easily seen in the
number of charts. The reason for this is that the codimension of the centers in the
other methods is very large, but the effect of the blowup is not much different than
with a center of codimension two.

Let us illustrate this for ¢ = x1z923 — x42526. The codimension two center,
which will choose is V(z1,z4). In the X;-chart of the blowup, the strict transform
of g is ¢’ = woxs — x4wsx6. (Here, we abuse notation and denote the variables in
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the chart of the blowup also by x1,...,26.) In the X4-chart, we obtain the strict
transform x12223 — X5%6.

On the other hand, the variant choosing a center in the locus of maximal order
determines the origin V(z1,...,26) as the unique center. In the Xj-chart of the
corresponding blowup, the strict transform of g is ¢’ = xows — x4w526. This is the
same as the one before. In the remaining 5 charts, the strict transforms are of the
same (up to renaming the variables). In contrast to the codimension two center,
we have 6 different charts instead of only 2.

For the other two methods, the center is V (1,22, 24,25) and the analogous
behavior appears, as the reader may verify.

Example 8.5 (Figure 3, Examples 11-17). In the second block of examples, all
binomials have a term z2* appearing and the other monomial is of the form as in
Examples 1-10. The number of leaves is in all cases the same, the total number of
charts varies. The variant which seems to be most efficient is the one, where we
choose the centers in the singular locus with minimal codimension. Note that the
centers in this case are all of codimension three.

If k = 1, the maximal order is two. Therefore, the centers for mode € {1,3,4}
coincide. Since the codimension of the center is three in these cases, none of the
variables remaining in the strict transforms are exceptional. Moreover, already for
x122 — o3 one can verify that the codimension two centers requires more blowups
to monomialize than the other methods. In the latter, the blowup with center
V(z1, 2, x3) is sufficient.

This changes slightly for k = 2 and the differences in the number of total charts
increases. The variant for mode = 3 remains the most efficient one. For example,
the maximal order locus of z129x3 — xf = 0 is V (21, 22, 23, 24), while V (21, 22, 74)
is the chosen center of the minimal codimension contained in the singular locus.

Example 8.6 (Figure 3, Examples 18-24). The last block of examples in Figure 3
is of the same form as the previous one, but we have 22! as a monomial. As one
can see in the numbers, the behavior changes, except for Example 18.

If the maximal order of the binomial is < 3, then the variant, which chooses the
center in the locus of maximal order, is the best choice. One can verify that in this
method, the behavior is the same as in the previous block.

One of the reasons for the large numbers for mode = 3 (centers of minimal
codimension contained in the singular locus) is that the codimension is three at
the beginning. For example, if & = 1, the strict transform of the binomial in
the X,,-chart of the first blowup is x1---x,_1 — x,. This is not transversal to
the exceptional divisor, which is given by x,, = 0 in this chart. Therefore n — 1
more blowups are necessary in this chart. Moreover, in the X;j-chart, we obtain
Lo+ Tp_1 — xlxi as strict transform, so x; just switch the side in the binomial.
In contrast to this, the variable x; disappears in the Xi-chart of the blowup in
V(z1,x2, 23, ) (which is the center for mode = 1).

The phenomenon that a variable is switching sides also appears for the other two
methods (mode € {2,4}), but it has less impact for the codimension two centers as
we are creating less charts, where the mentioned blowups arise. On the other hand,
for examples of this kind of larger maximal order, the codimension 2 center become
more efficient and the last variant (mode = 4) is slightly better. The reasons for
the latter are the same as in Example 8.5.

Example 8.7 (Figure 4, Examples 25-29). Let us turn to examples, where the
appearing exponents are larger. More precisely, we consider binomials of the form
x3—a3xs - a2t for n € Z>3. The large exponents have the effect that the centers

are of codimension two at the beginning of all variants. Due to the exceptional
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binomial max.ord. codim.2 min.codim exc.
25. | 23 — 233 6/11 6/11 6/11 6/11
26. | 27 — r3xix} 12/22 12/23 12/22 12/23
27. | 23 — airiadad 18 /34 15 /29 15/28 15 /29
28. | 22 — z3xhalal - 22 288 / 560 98 /195 98 /180 98 /195
29. | 2} — x3xixal .- 21 2.304 / 4.480 582 /1.163 | 582/1.036 | 582 /1.163
30. | z1z2 — 2ix] 8/12 8/15 8/12 8/13
3L | 2132 — xixiad 16 /24 13/25 16 /24 13 /22
32. | mixe — wixirdad 28 /42 19/37 22/33 19/33
33. | 1o — adxdalaS . 2l3 512 /768 76 /151 132 /198 76 /141
34. | z1xo — adxielel . 21l 4.096 /6.144 151/301 | 652/978 | 151/286
35. | 2% — xdws 2/3 2/3 2/3 2/3
36. | 27 — z3xday 3/5 3/5 3/5 3/5
37. | 22 — 23222222 - 22210 11/21 11/21 11/21 11/21
38. | 23 — z3x3xiat - wigwar 16 /31 16 /31 16 /31 16 /31
39. | z123 — w32} 6/9 2/3 2/3 2/3
40. | 21z} — vaviad 146 / 264 24 / 47 22 /42 24 /47
41. | z12323 — xaxlad 385 /677 26 /51 16 /29 16 /29
42. | z?x3al — vaxiad 1.486 / 2.677 154 /307 | 108/191 | 115/218
43. | 22x3ad — waxialad 18.702 / 34.262 126 /251 | 104/196 | 124/246
44. | mrxdaedat — asadadad 107.062 /196.798 | 260/519 | 206/371 | 213/392

FIGURE 4. List of examples (continued).

divisors created there, the centers for mode = 4 coincide with the centers in the
codimension two variant (mode = 2).

For centers in the locus of maximal order and centers of minimal codimension
(mode € {1, 3}), there appear eventually centers of higher codimension. For exam-
ple, in 27 — 23 - - - 28, we obtain after five blowups with centers of codimension two
the strict transform a2 — zox428 and (w2, 73,24) are exceptional. Our variant for
choosing centers in the locus of maximal order, determines V (x1, x2, x4) as the next
center, while, for mode = 3, the next center is V (1, z5). This leads to more charts
in the first variant. Analogous to Example 8.5, the centers of minimal codimension
are slightly better in the number of total charts than the centers of codimension
two, but the number of leaves are the same.

Example 8.8 (Figure 4, Examples 30-34). In contrast to the previous block of
examples, the difference between centers of codimension two and centers of higher
codimension becomes more clear for binomials of the type x1z2 — z3z} -2, for
n € Z>4. As a consequence the variants with mode € {2,4} are more efficient for
large n > 4, while mode = 4 is slightly better as the center of codimension three

at the beginning provide a fast improvement. On the other hand, the number of
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charts are larger for the remaining two variants, where the reason for the large
numbers if mode = 1 are the same as in Example 8.7.

Example 8.9 (Figure 4, Examples 35-38). There are also types of binomials,
for which all variants choose the same centers. For example, for binomials of the
form 2% — 2%---22_,x,, for some n € Zs3, all centers in the monomialization
procedures are of codimension two. If we blowup with center V' (z1, z2), the total

transform of the binomial in the respective charts are #2(1 — 2% ---22_,x,) and

x3(x% — 23 -+ 22 _,3,). While the first chart is locally monomial, the second one
is of the same form as the original binomial with the difference that x5 does not
appear anymore. Hence, the total number of charts is 2(n — 1) — 1 and the number

of leaves is n — 1.

Example 8.10 (Figure 4, Examples 39-44). This block of examples consists of
homogeneous polynomials. Hence, the variant choosing the centers in the locus of
maximal order will first blow up the closed point, which creates many charts. For
increasing degree of the homogeneous binomial, we obtain a fast growing number
of charts and leaves. The other three variants are more efficient, where all of them
choose first centers of codimension two. In contrast to mode = 1, the centers of
larger codimension are more efficient than the codimension two centers towards the
end of the monomialization procedure, where the appearing exponents are at most
one. This phenomenon has already been observed in Example 8.5.

Example 8.11 (Figure 5). As we have seen, it may appear that we have to make
a choice for the center in the respective variant for monomialization. Let us have a
glimpse into the question, how different choices affect the number of charts. Instead
of modifying the implementations, we explore this by interchanging the appearing
exponents appropriately in a given example.

If mode € {2, 3,4}, the numbers do not change, except for the block of example 41
in Figure 5. In 41, i.e. z12325 — z4zizd the numbers are larger compared to
the other choices 41.2 and 41.3. The reason for this is that the codimension two
centers (mode € {2,4}) for example 41 are of the form V(z1, ;) or V(xj, z4) (for
1 € {4,5,6} and j € {1,2,3}) at the beginning of the monomialization process.
Hence, the improvement of the exponent of x;, resp. x;, is only by one and more
blowups are needed. On the other hand, mode = 3 is less affected by this, for
example, the first center for example 41, xlschg — mx%x%, is V(x2,x5). Example
41.3 is slightly better if mode = 3, as the first appearing powers are even.

The first method (via centers contained in the locus of maximal order) varies
more if we interchange the exponents. In the cases, where the maximal order is two,
the number of charts is significantly larger if we the first exponents are odd. The
reason for this can be seen in Example 8.7, where the binomial became Jc% — x2x4xg.
The next center following our way of choosing the center (for mode = 1), would be
V(x1,x2,24). Hence, we create three new charts and in two of them, we have to
blow up V(x1,x5) three times. In contrast to this, if we blowup first in V(x1,x5),
we would get a smaller number of charts, since we only have to blow up V(x1, x2, x4)
at the end, when we reach x% — T9x4 as strict transform.

Note that we interchanged the exponents only at the beginning of the monomi-
alization process. In principle, one could interchange them after each blowup in
order to optimize the choice of the center, but we do not address this here.

In conclusion, the approach by blowing up centers contained in the locus of
maximal order provides a significant larger number of charts than the other variants
if the exponents appearing in the binomial increase. Most of the time, choosing only
centers of codimension two (mode = 2) leads to a small number of charts, while
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binomial max.ord. | codim.2 | min.codim exc.
27. | 2% — a3xiaial 18 /34 15/29 15 /28 15/29
27.2 | 23 — adxiaSald 20/38 | 15/29 15 /28 15 /29
27.3 | 22 — 25x5xdad 15/28 15 /29 15 /28 15 /29
28. | 2?2 —adaaafal. . 22 288 /560 | 98/195 | 98/180 | 98/195
28.2 | o —adtad . adetal® ool | 414 /812 | 98/195 | 98/180 | 98/195
28.3 | z? — 23?23 2i%2? - 2}, 141/266 | 98/195 | 98 /180 | 98 /195
28.4 | 23 — z3%x30 - wixitad---2d, | 114/212 | 98/195 | 98/180 | 98/195
31. | ziwo — 2ixiad 16/24 | 13/25 16 /24 13/22
31.2 | x1w2 — aixias 20/30 | 13/25 16 /24 13 /22
32. | x1wo — airialad 28/42 | 19/37 22/33 19/33
32.2 | x1wo — ahriaied 22/33 | 19/37 22/33 19/33
33. | ziwo — wiwiadad . 213 512/768 | 76 /151 | 132/198 | 76/ 141
33.2 | z1w — 232xit w02ty 218 /327 | 76 /151 | 132/198 | 76/ 141
38. | o — adadadal . algxn 16/31 | 16/31 16 /31 16 /31
38.2 | 2 — xoxlaia? - a3, 16 /31 16 /31 16 /31 16 /31
41. | zrz3ed — raxlad 385 /677 | 26/51 16 /29 16 /29
41.2 | 2iz223 — TiT57] 244 /427 | 12/23 16 /29 12/23
41.3 | wiwoxl — afusad 274 /483 | 19/37 14 /25 14 /25

a particular structure of the binomial may give a small advantage to the other
variants (mode € {3,4}) in some cases. But since the advantage is only small, our
choice for a first investigation of a local monomialization of a binomial and the data

resulting from it is via centers of codimension two.
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