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Abstract

In this paper, we consider the counting function £p(y) = | P, N Z"~ | for a parametric
polyhedron Py, = {x € R™: Ax < b+ By}, where y € R">. We give a new rep-
resentation of Ep(y), called a piece-wise step-polynomial with periodic coefficients,
which is a generalization of piece-wise step-polynomials and integer/rational Ehrhart’s
quasi-polynomials. It gives the fastest way to calculate £p(y) in certain scenarios.
The most important cases are the following:

1) We show that, for the parametric polyhedron Py defined by a standard-form system
Ax =y, x > 0 with a fixed number of equalities, the function £p(y) can be rep-
resented by a polynomial-time computable function. In turn, such a representation
of £p(y) can be constructed by an poly (n, IlA ||Oo)—time algorithm;

2) Assuming again that the number of equalities is fixed, we show that integer/rational
Ehrhart’s quasi-polynomials of a polytope can be computed by FPT-algorithms,
parameterized by sub-determinants of A or its elements;
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3) Our representation of £p is more efficient than other known approaches, if A has
bounded elements, especially if it is sparse in addition;

Additionally, we provide a discussion about possible applications in the area of com-
piler optimization. In some “natural” assumptions on a program code, our approach
has the fastest complexity bounds.

Keywords Integer linear programming - Parametric integer programming - Short
rational generating function - Bounded sub-determinants - Multidimensional
knapsack problem - Subset-sum problem - Counting problem

1 Introduction

In our paper, we discuss different existing and new approaches for the problem to cal-
culate the number of points with integer coordinates in a polyhedron, which is defined
by a system of linear inequalities that additionally depends on a vector of parametric
variables. Formal definitions of considered problems will be presented in the next
Subsection. As far as the authors know, from the application point of view, this frame-
work is used in the areas of creating intelligent systems of analysis, profiling, control
and optimization of program code. In their pioneer works, Loechner and Wilde [1]
and Clauss and Loechner [2, 3] present applications to automatic parallelization, esti-
mation of a nested loop execution time, estimation of maximum parallelism, etc. We
would also like to mention recent progress on the cache miss calculation, see Bao et
al. [4], Gysietal. [5], Shah et al. [6]. Our work is theoretical. We introduce a new repre-
sentation of the counting function, called piece-wise periodic step-polynomials, which
is more efficient than other known approaches in certain scenarious. Additionally, we
discuss its connections with existing representations, such as piece-wise Ehrhart’s
quasi-polynomials and piece-wise step-polynomials. In fact, the new representation
generalizes both of them.

1.1 Main problem statement

Let n, and ny be the dimensions of x and parametric y variables, and let a polytope
P be defined by one of the following ways:
(i) System in the canonical form:

P = {(x) e R™My: Ax < b+ By} , (Canon-Form)
y

where A € Z"*"™ B € Q™" and b € Q™;
(i) System in the standard form:

P = {(x) e Rty Ax = b+ By, x > O} , (Standard-Form)
y
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where A € ZK*" B € QX" and b € QF.

We put
Py = {x e R™: (x> GP},
y

and consider the counting function

Ep: R — ZsoU{+o00},  given by
Ep(y) = [PynZ™

)

and its restriction on Z"¥, denoted by:

Ep=¢Ep izny'

Our paper is motivated by the following computational problem: For the input
(A, B, b), construct an efficient representation of £p, which will allow to calculate
quickly the value of Ep(y), for any y € Q. By the word “efficient”, we mean
that the function £p is encoded, using some non-trivial data structure that can faster
perform queries to £p in comparison with approaches that have no prior information
on (A, B, b).

We study the computational complexity of this problem with respect to several
parameters of A. The first of them correspond to a sub-determinant structure of A.

Definition 1 For a matrix A € Z™*", by
A (A) =max{|det(AIJ)| cZC{l,...,m}, JCA{1,...,n}, |I| =1|T| =k},

we denote the maximum absolute value of determinants of all the k x k sub-matrices
of A. Here, the symbol A7 7 denotes the sub-matrix of A, which is generated by all
the rows with indices in 7 and all the columns with indices in 7. Note that A|(A) =
| Allmax-

By Aged(A, k) and Ajem(A, k), we denote the greatest common divisor and
least common multiplier of non-zero determinants of all the k x k sub-matrices
of A. Additionally, let A(A) = Apnka)(A), Aged(A) = Agea(A, rank(A)), and
Alem(A) = Alem(A, rank(A)). The matrix A with A(A) < A, for some A > 0, is
called A-modular.

Definition 2 For a system in Standard-Form, we call rank(A) as the co-dimension
of P. In turn, for a system in Canon-Form, we define the co-dimension to be equal
m — rank(A).

Remark 1 Note that this definition is very natural for systems in Standard-Form. For
systems in Canon-Form, the definition can be justified in the following way. Assume
that rank (A) = n, for Canon-Form, and rank(A) = k, for Standard-Form. Due to [7,
Lemma 4 and Lemma 5], any system in Standard-Form can be polynomially trans-
formed to a system in Canon-Form with m = n + k, preserving dim(P) and A(A).
Vise versa, any system in Canon-Form can be polynomially transformed to a system
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in Standard-Form with k = m — n and an additional group-like constraint. This trans-
formation also preserves dim(P) and A(A). By this reason, for polyhedra, defined
by Canon-Form, the value m — n is also called the co-dimension of P.

The next two sufficiently general matrix parameters, denoted by v(A) and w(A),
that will be considered in the whole work are related to a structure of the fan, induced
by AT.

Definition 3 For arbitrary A € Z"*" and b € Q™, put

M(A,b) = {x e R": Ax < b},
V(A) = max |vert(M(A, b)) .

Definition 4 For an arbitrary matrix A € R"*™, the symbols cone(A) and A(A)
denote the cone and lattice, induced by columns of A, i.e.

cone(A) = {Ar: 1 € R},
A(A) = {At: 1 eZ"}.

Definition 5 For an arbitrary matrix A € R"*™ of rank n, we define the parameter
1 (A) as the maximum size of a triangulation of cone(A) with simple cones, where
the cone C is called simple, if it is induced by columns of some n X n non-singular
sub-matrix of A. More formally, a set .7 is a triangulation of the cone C = cone(A),
if the following requirements hold:

1. For any cone 7 € 7,7 = cone(Ap), where B is some n x n base of A;
2. The equality C = |J 7 is true;

TeT
3. For different 71,7, € .7, the set 7| N7, forms a face of both 7| and 7 5.

We denote u(A) as max{lﬂl: 7 is a triangulation of cone(A)}. Note that
V(A) < u(AT).

Throughout the paper, we will use the following short notations with respect to the
definitions Canon-Form and Standard-Form: A := A(A), A1 := A1(A), v := v(A),
and p = /,L(AT). Additionally, for k € {0, ..., ny + ny}, we denote the number of
k-faces of P by the symbol fi. In other words, the values f; form components of the
f-vector of P.

When estimating the computational complexity of algorithms, we will often use
the notion of an FPT-algorithm.

Definition 6 An algorithm, parameterized by a parameter k, is called fixed-parameter
tractable (or, simply, an FPT-algorithm) if its computational complexity can be esti-
mated by a function from the class f (k) -n?, where n is the input size and f (k) is a
computable function that depends on k only. A computational problem, parameterized
by a parameter k, is called fixed-parameter tractable (or, simply, an FPT-problem) if
it can be solved by an FPT-algorithm. For more information about the parameterized
complexity theory, see [8, 9].

@ Springer



A new and faster representation for counting integer...

Our main contributions with respect to the parametric counting problem are empha-
sized in Sect. 3. But, it uses some notations, which will be introduced later.

Remark 2 To make the text easier to read, we hide multiplicative terms of the type
poly(¢), using the O*(-)-notation, when we estimate the computational complexity.
Here, ¢ denotes the input size. For example, the equality nxo b = O*(1) holds.
Similarly, we use the O (-)-notation to hide logarithmic terms.

The outputs and all intermediate variables, occurring in the proposed algorithms,
have polynomial-bounded bit-encoding size. Hence, any algorithm that is polynomial-
time in terms of the arithmetic complexity analysis is a polynomial-time algorithm in
terms of the bit-complexity analysis.

1.2 Structure of this work

In Subsection 1.3, we give a survey for the non-parametric (n, = 0) counting problem.
In Subsection 1.4, we present an introduction to the general parametric counting prob-
lem and give a survey of the known results. In Sect. 2, we present our main theoretical
contribution: a new representation of the parametric counting function £p, named the
periodic piece-wise step-polynomial. In turn, in Subsection 2.1, we describe connec-
tions of the new representation with rational/integer Ehrhart’s quasi-polynomials of
‘P and show how these quasi-polynomials can be computed, using our new represen-
tation. In Sect. 3, we describe the main implications of our work from the theoretical
and computational perspectives. In Sect.4, we prove the main computational impli-
cations for the two most important cases: the polyhedra, defined by systems of a
bounded co-dimension k (see Definition 2), the general type polyhedra with bounded
dimension 7, of the parametric space. They are considered in Subsections 4.1 and 4.2,
respectively. In Sect. 5, we describe auxiliary definitions and facts from the polyhedral
analysis, which are necessary to prove the main theorems. More precisely, Subsec-
tion 5.1 presents an introduction to the theory of valuations, indicator and generating
functions on polyhedra; Subsection 5.2 presents important facts on vertices, edges,
tangent cones, and triangulations; Subsection 5.3 proves auxiliary lemmas that help
to handle the cases, when Py, is unbounded, for some y € R™. Finally, Sects.4 and 7
give proofs of the main Theorems 3 and 4 of our work, respectively.

1.3 Survey on the non-parametric case

Let us first survey known results about the non-parametric case, i.e. n, = 0, and denote
n := n, in the remaining part of this Subsection. The asymptotically fastest algorithm
for the counting problem in a fixed dimension can be obtained, using the approach
of Barvinok [10] with modifications, due to Dyer and Kannan [11] and Barvinok and
Pommersheim [12]. A complete exposition of the Barvinok’s approach can be found
in [12-16], additional discussion with respect to the dual-type counting algorithms
can be found in the book [17], due to Lasserre. An important notion of the half-open
sign decomposition and other variant of Barvinok’s algorithm that is more efficient in
practice is given by Koppe and Verdoolaege in [18]. Barvinok and Woods [14] give
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Table 1 Comparison of different primal-type algorithms

v 20@) . (1o, (A)) M@ see Ref. [13, Chapter 16] plus [19]
v-dOM . Ad see Ref. [21]
ov- d2 .dlogz(A)) see Ref. [23]
o(v?-a*. a* - log(a)) see Ref. [24]
0(112 d4. A3) see Ref. [22]

important generalizations of the original techniques and adapts them to a wider range
of problems to handle projections of polytopes. Using the fastest deterministic Shortest
Lattice Vector Problem (SVP) solver by Micciancio and Voulgaris [19], Barvinok’s
algorithm computational complexity can be estimated by

v-20@ . (1og,y(A))"™

ey
where d := dim(P). Since any polytope can be transformed to an integer-equivalent
simple polytope, using a slight perturbation of the r.h.s. vector b, the parameterization
by v is correct (see, for example, [20, Theorem 3]). Since, for a fixed d, the value of v
and the value of O (logz(A))dlogd are bounded by a polynomial on the input length,
the Barvinok’s work shows that the counting problem is polynomial-time solvable in
a fixed dimension.

Lasserre and Zeron [21] give formulae, based on the R. Gomory’s group-theoretic
approach, whose complexity could be roughly bounded by

v-doM . Al )

For A = O(d), the last complexity bound is better than (1). The papers [20, 22, 23]
are aimed to develop a counting algorithm with the poly(v, d, A) complexity bound.
Due to [22], the state of the art bound is

002 . d*. Ad). 3)

Using the last complexity bound (3) and different ways to estimate the parameter v,
the papers [22] and [20] give new interesting complexity bounds for the A-modular
ILP feasibility problem, multi-dimensional knapsack problem, sparse ILP problems,
and combinatorial multi-cover/multi-packing problems on hypergraphs. Table 1 gives
a comparison of the considered algorithms.

The case of a bounded co-dimension. Consider now the polytopes defined by
systems in the Standard-Form with a bounded co-dimension k (the number & of linear
independent rows in A is bounded, see Definition 2). The next natural question is the
following: is it possible to compute | P NZ" | by an FPT-algorithm with respect to
the parameters k & A or k & A1, where k is the co-dimension of P? The paper [20]
with a modification from [22] gives a partially positive answer on this question. More
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precisely, for any fixed k, the problem to find | P NZ" | can be solved by an FPT-
algorithm, parameterized by A with the arithmetic complexity bound O (n/k)?*+*. A3,
A similar parameterized algorithm with respect to A can be achieved just by using
the Hadamard’s bound. For k = 1, it gives an O (n° - A%) FPT-algorithm to count the
solutions of the unbounded subset-sum problem. For k = 1, the result of [20] is not new,
the earlier paper [25], due to Lasserre & Zeron, also gives a dual-type FPT-algorithm
for this problem, but the concrete complexity bound was not given. Finally, Lasserre
and Zeron [26] give a dual-type algorithm that is designed for systems with small
values of k and Ay (A) parameters. Unfortunately, the computational complexity
analysis is not completely finished.

The ideas of dual-type algorithms and its residue techniques have been improved
in the papers [27-29]. Due to Hirai, Oshiro and Tanaka [29], dual-type algorithms can
be significantly more memory-saving than primal type-algorithms. For example, Hirai
et al. prove the existence of an O (|| y ||’go)-time and poly(n, k, || ¥|lco)-Space counting
algorithm. Here, it is additionally assumed that A is non-negative and y € Zk>o~

1.4 Introduction to the general parametric case

Let us return to the parametric case. Consider first the polytope P = {x € R"™: Ax <
y - b}, for y € Z-g. In other words, P, = y - Py. It was shown by Ehrhart [30, 31]
that £p(y) can be represented by a univariate polynomial with periodic coefficients,
which is known as the Ehrhart’s quasi-polynomial. The least common multiple of all
the coefficient periods is bounded by ¢, where t € Z-¢ is the minimum value, such
that P, = ¢ - P becomes a polyhedron with vert(P) C Z"~.

It is difficult to directly store the Ehrhart’s quasi-polynomial representation of
Ep(y), because it needs O (n, - t) space with t = 20@) where ¢ is the bit-encoding
length of (A, b). However, it was shown by Barvinok [32] that the values of the first
J leading coefficients of the Ehrhart’s quasi-polynomial of a rational simplex in a
given point y can be computed by a polynomial-time algorithm, assuming that j is
fixed. Moreover, this result holds even for more general polytopes, which have a fixed
co-dimension, see Definition 2. As it was noted in [32], if the dimension is fixed in
advance, the value of any periodic coefficient in a given point y can be computed by
a polynomial-time algorithm, using the interpolation technique.

The multivariate generalization of the above result, due to Ehrhart, was presented
by Clauss, Loechner and Wilde in [1, 3]. In order to give a formal exposition, we need
to make a few definitions, which will be used significantly in the further text.

Definition7 For D C R", we call a function f: D — R periodic, if there exists
a matrix P with linear independent columns, such that f(x) = f(y), whenever
x —y € A(P). The matrix P is called a period-matrix of f. A vector p is called
a period-vector or a multi-period of f, if diag(p) is a period-matrix of f. That is,
f(x) = f(y), whenever, foreachi € {1,...,n},x; = y; + p; - k,and k € Z.

We call a periodic function f rational, if its restriction f o is periodic (the restric-

tion has a rational period-matrix). Similarly, if f |Z” is periodic (the restriction has an
integer period-matrix), then f is called integer.
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Definition 8 A quasi-polynomial of degree d in n variables x is a polynomial expres-
sion of degree d in x with coefficients, represented by periodic functions. That is,

fo) =) ajx) -,
JeZL,
lili=d

where a;j are periodic functions. If all the periodic coefficients a;j are rational (or
integer), then we call the whole quasi-polynomial f rational (resp. integer). A period-
vector p, which is common for all the coefficients a;j(x), is called a period-vector or
a multi-period of f.

Denote the projection from R+ to the parametric space R™ by IT. In other
words, for x € R"™ and y € R, we have I"I();) =y.
Definition 9 Let P be a polyhedron, defined by Canon-Form or Standard-Form. Con-
sider a collection 2 of rational polyhedra Q with the following properties:
1. The equality I[T(P) = |J rel.int(Q) is true;

Qe2
2. The equality rel.int(Q;) Nrel.int(Q;) = @ is true, for different Q;, Oy € 2,

3. For any Q € 2, all the polyhedra of the family {P,: y € Q} have the same fixed
combinatorial type;

4. For any Q € 2, there exists a subset of bases Bases(Q) of A, such that, for any
y € rel.int(Q), we have

vert(Py) = {Al_sl(bg — Bgy): B € Bases(Q)}.
The set of corresponding affine functions
pert(Q) := {Vp(y) = Ag' (bs — Bpy): B € #o)

is called the parametric vertices of Py.

The family 2 is called the chamber decomposition of P, elements of the decompo-
sition are called chambers.

Here, the symbol rel.int(-) denotes the relative interior of the corresponding subset
of R". More precisely, for P € R”,

rel.int(P) = {x € R": 3¢ > 0 such that x + ¢ - By}, Naff.hull(P) € P},

where B)).|, is the unit Euclidean ball and aft hull(P) is the affine hull of P.

Definition 10 For a rational polyhedron P C R", the minimal value ¢ € Zx> (or
q € Q.¢), such that

vert(q - P) C Z"
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is called the integer denominator of P (or resp. rational denominator of P) and is
denoted by denz(P) (resp. deng(P)). Clearly, deng(P) < denz(P).

Let P be a polyhedron, defined by Canon-Form or Standard-Form, and let 2 be
a chamber decomposition of P. For a chamber Q € 2, the minimal value g € Z-
(resp. g € Q~), such that

qg-V(y)eZ", forally eZ" and V € pvert(Q),

is called the integer (resp. rational) chamber denominator of Q and is denoted by
ch.denz(Q) (resp. ch.deng(Q)). Clearly, ch.deng(Q) < ch.denz(Q),forany Q € 2.

Theorem 1 (Theorem 2, Clauss and Loechner [3]). Let P be a polyhedron, defined
by Canon-Form or Standard-Form. Then, the function Ep can be represented by an
integer piece-wise quasi-polynomial of degree n.

That is, there exists a chamber decomposition 2, such that, for any Q € 2 and
y € relint(Q) N Z™, the function Ep is an integer quasi-polynomial of degree n.
The vector ch.denz(Q) - I can be chosen as its period-vector.

Definition 11 (Integer Piece-wise Ehrhart’s Quasi-polynomial). The representation of
Ep, given by the previous theorem, is called the integer piece-wise Ehrhart’s quasi-
polynomial of ‘P. The coefficients a;(y) can be interpreted as the integer periodic piece-
wise defined functions. Since the number of chambers in the chamber decomposition
2 is always finite, any of the coefficients ¢;j(y) takes only a finite number of values.
Therefore, we can directly store the values of all periodic coefficients a;j(y). We call
such a representation of £p as the complete representation of the integer piece-wise
Ehrhart’s quasi-polynomial of P.

Clauss and Loechner [3] give an algorithm to compute the part of chamber decom-
position, i.e., only the chambers of dimension n,. For the most applications, it is
enough to know only the full-dimensional part of chambers. However, to establish our
main results, we need to know the chambers of all dimensions. In our paper, we will
propose an algorithm to compute them.

The following theorem, due to Henk and Linke [33] (see also Linke [34]), gives a
generalization of Theorem 1 with respect to the function £p. Note that in the homo-
geneous case, when b = 0, all the chambers from the chamber decomposition of P
become polyhedral cones.

Theorem 2 (Henk & Linke [33]). Let P be a polyhedron, defined by Canon-Form with
b =0and B = I,. In other words, P, = {x € R"™: Ax <y}, fory e R". Let £
be a chamber decomposition of P.

Fix a chamber Q € 2, and let Q = cone(hy, ha, ... hy). Then, for y € rel.int(Q),
the function Ep can be represented by a rational quasi-polynomial

Ep =Y a4 -y,
J€r%
7l =nx
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where aj(y) = aj(y + deng(Py;) - hi), foreachi € {1,...,s}. That is, the matrix
D - H is a period-matrix of the quasi-polynomial, where H = (hy ... hg) and D is
diagonal with D;; = deng(Py,; ). Furthermore, aj is a piece-wise defined polynomial
of degree ny — ||j |1 in y with

d .
A =i +1) - G ye;-

Definition 12 (Rational Piece-wise Ehrhart’s Quasi-polynomial). The representation
of £p, given by this theorem, is called the rational piece-wise Ehrhart’s quasi-
polynomial of P.

Remark 3 1t would be interesting to establish a simpler periodic property by analogy
with Theorem 1, due to Clauss and Loechner, such that

foreach Q € 2, the vector ch.deng(Q) -1 is a period-vector of Ep .

To the best of our knowledge, at the current moment of time such a property is not
known. But, it seems that it can be deduced from the step-polynomial representation of
Ep, due to Verdoolaege, Seghir, Beyls, Loechner and Bruynooghe [35] (see also [36],
due to Verdoolaege and Woods), even for the non-homogeneous case with b # 0 and
B # I,,. Notwithstanding this, in the Subsection 2.1, Theorem 5 gives an independent
proof of a slightly refined version of Theorem 2, due to Henk & Linke, to prove this
property for the general non-homogeneous case.

Theorem 2, due to Henk and Linke, has many generalizations that work with more
general functions (evaluations) than £p. For example, the weighted Minkowski sums
of rational polyhedra can be represented as quasi-polynomials on weights, see Henk
and Linke [33] and Stapledon [37] for algorithmic implications. The major general-
ization of £p is given by the notion of the intermediate weighted sums on polyhedra:

SEPy = / ht)dt,
X€Z™ /L p A+l

where y € Q", h(x) is a polynomial function, and L is a rational linear subspace
of R™. It turns out that the structure of S (Py, h) can also be expressed by quasi-
polynomials. The algorithmic theory (in a fixed dimension) of intermediate weighted
sums on polyhedra is developed in the sequence of works [38—40], due to Baldoni,
Berline, De Loera, Koppe, Vergne, and [41], due to Beck, Elia and Rehberg. Similar
to Barvinok [32], Baldoni et al. [42] give a polynomial-time algorithm to compute the
highest coefficients of the corresponding quasi-polynomials.

The piece-wise step-polynomial representation of £p. As it was already men-
tioned, even for a fixed n, the integer or real Ehrhart’s quasi-polynomials can not be
used as an effective data structure to calculate £p(y) or Ep, for a given y € Z" or
y € Q™. For this reason, Verdoolaege, Seghir, Beyls, Loechner and Bruynooghe [35],
present an alternative representation of £p, called the piece-wise step-polynomial,
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which is, for a fixed chamber Q, is a polynomial expression in the lower integer parts
of the parametric vertices pvert(Q) of Q € 2. The algorithm of [35] computes such
a representation of £p by a polynomial-time algorithm, assuming that n, and n,
are fixed. If n, is fixed, the length of the resulting representation is bounded by a
polynomial on the input size, which gives a practically good query time to compute
Ep(y), for a given y € Q™. Due to Verdoolaege and Woods [36], the class of piece-
wise step-polynomials and the class of rational generating functions are equivalent
in the following sense: both representations can be transformed to each other by a
polynomial-time algorithm in the assumption that n, and n, are fixed.

The dual principle. All the considered algorithms are called primal-type count-
ing algorithms. The dual-type counting algorithms are originally applied to polytopes
P, defined in the standard form P = {x € R%;: Ax = y}, where A € zk>n

rank(A) = k,and y € Z¥. To the best of our knowledge, the dual-type generating-

function framework was initiated by Brion and Vergne [43, 44], Beck [45-47],

Nesterov [48], and Lasserre and Zeron [26, 49]; see the monograph [17] by Lasserre.

Denote f4(y) = |P,NZ"| and consider the Z-transform fA(z) = > faly) -2
yezk

Brion and Vergne [44] showed that fA admits a simple closed formula fA (z) =
n

I 1_21——A*i and that f4(b) can be recovered by the inverse Z-transform, which is
i=1

a multi-dimensional contour integration of fA. Using this technique, Lasserre and
Zeron [49] present an algorithm to find f4(y) with the complexity bound O (k)¢ - A,
where d := dim(P (b)) = n — k and A, where the parameter A depends as a polyno-
mial onm, d, and A1, but exponentially on the input size. The last bound was improved
in [22] to the bound O (5 + l)d/ a3 A3, which additionally can be used for general
polytopes of the co-dimension k, defined by both standard and canonical forms.

2 New representation: piece-wise periodic step-polynomials

In our work, we introduce the class of piece-wise periodic step-polynomials, which
differs from standard piece-wise step-polynomials by periodicity of the coefficients.
The period-vector of any coefficient in our representation has smaller components
than in the rational piece-wise Ehrhart’s polynomial representation. More precisely,
the product of the multi-period components of any coefficient is bounded by A. The
total length of our new representation can be even polynomial on n, in some important
cases. Following to the papers [3, 36], let us make some definitions.

Definition 13 Given real vector spaces V and W, the function 7: V — W of the
form

T(x) = [Ax)],

where A: V — W is an affine map, is called the affine step-function.
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Definition 14 Given real vector spaces V and WV and an integer lattice A € W, a
periodic step-polynomial f: V — R is a function of the form

l .
fx)= Zﬂi (Ti(x)) - (ﬁi (Ti(x))>dl,
i=1

where, forany i € {1,...,1},7;: V — W are affine step-functions, £;: W — R
are linear functions, 7r; : A — R are periodic functions and d; € Z>(. We say that the
degree of f(x) is max;{d;} and the length of f(x)is|.

Definition 15 Let D be a subset of a real vector space and 2 be a family of rational
polyhedra, such that their relative interiors form a partition of D. Then, a function
f: D — R with the property:

for each Q € 2, the function f|

relint(Q)is a periodic step - polynomial,
is called a piece-wise periodic step-polynomial defined on 2.

The next theorem is the main theorem of our work. It states that there exists a
piece-wise periodic step-polynomial representation of £p of a very special structure.
Additionally, it presents an algorithm to compute this representation.

Theorem 3 Let P be a polyhedron, defined by Canon-Form. Assume that P, is
bounded, for at least one y € I1(P). Then, there exists a chamber decomposition
2 of P and a piece-wise periodic step-polynomial f, defined on 2, such that, for any
y € II(P) with bounded P, it holds Ep(y) = f(y).

Additionally, the following propositions hold:

1. For a base B of A, denote Ag = PgSpQp, where Si is the SNF of Ag and
Pp, QB € 7"*"™ are unimodular. Then, for a fixed chamber Q € 2 and y €
rel.int(Q), we have

fo=> D map(PsTsY) - (cs. T, )

BeBases(Q) k=0

where Tg(y): R"™ — R"™ are affine step-functions, cg € Q", and gy : 7" —
Qx¢ are periodic functions with a period-matrix Sg. More precisely, for B €
Bases(Q), the vector cg and the step-function T g(y) are given by the formulas:

(a) cg = Ag—rc, where ¢ € 7" is some fixed integer vector;
(b) Tp(y) = LAB VB(y)J, where V(y) = Agl(bg — Bpy) is the parametric
vertex of P, corresponding to the base IB. Consequently, T g(y) = LbB—BByJ.

2. Assume that ny-dimensional faces and (ny — 1)-dimensional faces of P are given.
Here, we assume that each face F of P is uniquely determined by a set of inequal-
ities, which become equalities on F. Then, the function f can be computed with
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the arithmetic cost

O*((fay=0)™ * fay + (fuy=1)™™ - (fuy—1 + 1% - AD)).

3. The length and degree of the resulting piece-wise periodic step-polynomial is
bounded by 1 - (ny + 1) and ny, respectively. Having such a representation, queries
to [ can be performed with the cost of

0(”y “Jny—1+@ny (log(A) + ny)> operations.

A theorem’s proof is given in Sect. 7. Its important part is a computation of the cor-
responding chamber decomposition of P. As it was already noted, the previous works
only give algorithms to compute full-dimensional chambers, because it is sufficient for
all the applications so far. However, for our needs, we need the full chamber decom-
position of P, according to Definition 9. Since our algorithm is new, and, perhaps, it
has an independent interest, we emphasize it to a separate theorem:

Theorem 4 Let P be a polyhedron, defined by Standard-Form with rank(A) = n, and
dim(P) = ny, +ny. Assume that ny-dimensional faces and (ny — 1)-dimensional faces
of P are given by lists of inequalities, which become equalities on a corresponding
face. Then, the chamber decomposition of P can be computed by an algorithm with
arithmetic complexity bound:

O (Ufnymt)™  foy + Uy 0™ - 0+ fu, 1))

The total number of chambers is bounded by O (( Jny— 1)2”Y), the number of chambers
of the dimension ny is bounded by O((f,,y_l)"y). For a given point y € T1(P), the
corresponding chamber Q with y € rel.int(Q) can be found with

O(ny - fu,—1) operations.

A theorem’s proof is given in Sect. 6.

2.1 Connection with the rational and integer Ehrhart’s quasi-polynomials

In this Subsection, we are going to show that the new piece-wise periodic step-
polynomial and Ehrhart’s piece-wise quasi-polynomial representations are closely
connected. Moreover, the second one can be computed using the first.

Consider the formula (4) for a fixed chamber Q € 2, and denote Y¥p(y) =
<CB, bg — {bp — BBy}>. Clearly, <CB, TB(y)) = yp(y) — <CB, BBy). Substituting
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the last expression to (4), we have

EpM =Y Y mi(PBTBE0))- (wB(y) — (e, BBY))k

BeBases(Q) k=0

ne k L ' i
= Z Zzﬂs,k(PB T()) (l.)l/flkg_l (e, —BpY)

BeBases(Q) k=0 i=0

Ny ; Ny k »
=> > s —Bsy) Y 7si(Ps TB())))(JWZ ‘()
k=i

i=0 BeBases(Q)

=> > 75, - e, —Bpy) o)

i=0 BeBases(Q)

where 7753, (y) = kg 5. (P8 T) () vE" ().

Clearly, the expression (cB, —Bp y)i forms homogeneous polynomials on y. The
next lemma shows that the coefficients 753 ; (y) are periodic functions. Consequently,
the formula (5) forms a quasi-polynomial.

Lemma 1 The following propositions hold:

1. The vectors ch.denz(Q) - 1 and ch.deng(Q) - I could be chosen as period-vectors
Ofﬁ[)’,i;

2. Let y € Q and z € relint(Q). Denote g = lcm(denQ (Py), deng (PZ)). Then,
75i(V) =7Bi(y+4q- (=)

Proof Denote g = ch.deng(Q). Let us prove the first proposition. More precisely, we

claim that any of the vectors g - ¢, for t € Z"v, can be chosen as a period-vector of
both functions. By definition of ch.deng(Q), for any B € Bases(Q), we have

q- AEI (bp — Bpt) € 7Z"s . for any t € 7ny

The last fact is possible if and only if g - Aglbg € 7" and q - Al_nggt € 7. Note,
additionally, that ¢ - Bgt € Z"~. Therefore,

ek (PBTB(y + q1)) = 75« (PBlbB — BRy] — qPBBgI)
= (PBTB(Y) — qPRABAL Bpt)
= npx(PBTB() — Spt'),
where t’ = QQz_glAz_gl Bpt is an integer vector, because ¢ - Algl Bpt € 7" and Qp is
unimodular. Since " - S is a multi-period of 73y, the equality 713 « (PB Tp(y+q-

1)) = ng k(P T B(y)) holds. To finish the proof of the first proposition, we have left
to show that ¥3(y + g - t) = ¥g(y). Definitely, due to the definition of {¥5(y), we
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just need to establish the equality {bg — Bp(y + ¢q - t)} = {bg — Bgy}, which holds
since g - Bpt € Z"~.

Let us prove the second proposition. Since y € Q and z € rel.int(Q), the polyhedra
Py and P have the same set of parametric vertices. Denote 1 = z — y. By definition
of ¢, we have

q- Agl (bB - BBy) e 7",
q- AEI(bB - BBZ) € 7", forany B € Bases(Q).

Consequently,

q-Agz'Bgt € ™,
q - Bpt € Z"'*, forany B € Bases(Q).

Therefore, the same chain of reasoning can be used in a proof of the first proposition:

Pplbg — Bpy| — q PBpt)
PgTR(y) — qPRABA Bpt)
P3T5(y) — Spt’)
PeTR(Y)).

i (PBTB(y + q1)) =

78 (
= mB(
= mg.x(
= m5(

A proof of the equality ¥5(y + g - t) = ¥5(y) is also completely similar. O

Therefore, we have proven the following theorem, which gives a direct generaliza-
tion of Theorem 2, due to Henk & Linke, modulo that we cannot say anything about
the derivatives of aj, because of the discrete nature of 75 1.

Theorem 5 Let P be a polyhedron, defined by Canon-Form. Then, there exists a cham-
ber decomposition 2 of P, such that, for any fixed Q € 2 that corresponds to a
bounded Py and y € relint(Q), the function Ep can be represented by a quasi-
polynomial of degree ny:

Ep = Y G-y

Jjez?,

71 =<nx

Additionally, the following propositions hold:

1. The vector ch.deng(Q) - 1 can be chosen as a period-vector of all aj;
2. Forany y € Q and z € relint(Q), if ¢ = lcm(denQ(Py),denQ(PZ)), then
aj(y) = aj(y + q - (z — y)) is true.
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The formula (5) can be used to establish the exact formula for a;j(y), which can be
used to estimate the computational complexity of a;(y). Definitely, due to (5):

nx
_ k
EpmM =Y > @) (s —Bpsy)
k=0 BeBases(Q)
Ny k
=> > oy ( )~ﬁ3,k<y) - (=i Bp)
k=0 jeZny BeBases(Q) JU - Jny
jl+"'+7ny:k
Therefore, aj(y)
= Y ( )~z‘rs,k(y> (—cgBp), where k=ji+ - + jin,.
BeBases(Q) JU-ee Jny

(6)

In the next theorem, we estimate the computation complexity to evaluate the periodic
coefficients a;j(y).

Theorem 6 Assume that all the conditions of Theorem 5 are satisfied. Then, there
exists a preprocessing algorithm with the arithmetic complexity

O ((fuy=0)" + fay + fay= 0™ - (fym1 + 17 - &),

such that, forany Q € 2, j, and y € rel.int(Q), the value aj(y) can be computed with
O(u N/ (log(A) + ny)) operations.

The corresponding chamber Q can be found with O(ny . fnyq) operations.

Proof To compute the value a;j(y), we will use the formulas (5) and (6). First, we
construct a piece-wise periodic polynomial representation of £ (), using Theorem 3,
with

O*((fay=0)™ * fuy + (fay=1)*"™ + (fuy—1 + 17+ AY)). @)

Additionally, we need to precompute the values ( i j2]i-jn ,)’ (—cg BB)J , where j =

Z;’b, Ji+-Fjn, =k, k €{0,...,n}, B € Bases(Q), and Q € 2. It can be done
with O(N +| 2] u - ny - ny) operations, where N is the total number of j-indices.
Since, due to Theorem 4, | 2| = O((fy,~1)*>) and N = O(nﬁy), the arithmetic
cost of these additional computations is negligible with respect to (7).

For a given point y € Q" and an index j, we first need to find a chamber Q € 2,
such that y € relint(Q). Due to Theorem 4, it can be done with O(n, - Jny—1)
operations. Next, for each B € Bases(Q), we use the following scheme:

1. Compute ¥3(y) = (¢, bg — {bg — Bgy}) with O (n, - n) operations;
2. Fori € {0, ...,ny}, compute (y5(y))" with O(n,) operations;
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3. Compute g = Pg 7 5(y) mod Si - Z"* with O (ny - log(A)) operations;

4. Fori € {0, ..., n}, extract the values 73 ; (g) with O (nx - log(A)) operations;

5. Compute 75 4(y), where k = j; + -+ + j,,, with O(n,) operations, using the
formula (5). “

The total arithmetic complexity of the presented scheme is O (u -ny - (log(A)+n y)).
Now, we can compute the value a;j(y), using the formula (6) with O () operations. O

Due to Clauss and Loechner’s Theorem 1, the function Ep can be represented
by an integer Ehrhart’s piece-wise quasi-polynomial. Due to the periodicity reasons,
its coefficient values can be stored exactly in a hash-table, which will give very fast
evaluation time for the function £p. We can use the previous Theorem 6 to compute
this “complete” representation of £, which is summarized in the following corollary:

Corollary 1 Let f(x) be an integer Ehrhart’s piece-wise quasi-polynomial that rep-
resents Ep, and let 2 be the corresponding chamber decomposition. Denote q =
» 0c2 (ch.denZ(Q))n". Assume additionally that the preprocessing step of Theorem 6
has already been performed.

Then, for all the chambers in 2, we can precompute the values of all the periodic
coefficients with

O(q M - -ny - (log(A) —l—ny))

operations, where M = O (ny") is the maximum number of monomials. After that, for
any y € 2", the value f(y) can be computed with

O (ny - (fu,-1 + M)

operations.

Proof During the preprocessing, for each Q € 2, we precompute values of all the
corresponding coefficients aj, using Theorem 6. We store these values in a hash-table
with O (1) lookup time and linear construction time. Since, for a fixed chamber, there
are M of such coefficients and since there are at most (ch.denZ(Q))ny unique values
of a single coefficient, the total preprocessing cost is the same as it was claimed.
Now, for a given vector y € Z">, we need first to find a chamber Q € 2, such that
y € relint(Q), due to Theorem 4, it can be done with O (ny - fu ,—1) operations. After
that, we look up values of the corresponding coefficients aj(y) and take a resulting
sum with O (n, - M) operations, which gives the desired complexity bound. O

3 Brief review of the obtained results
In the current Section, we review implications of our work from theoretical and com-

putational perspectives.
Theoretical perspective:
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1. We show that the function £p can be represented by a new type of functions, named
periodic piece-wise step-polynomials (see Definition 15 and Theorem 3), which is
a generalization of piece-wise step-polynomials from [35, 36], due to Verdoolaege
et al. Further, we show that the new representation of £p is more efficient than
piece-wise step-polynomials and can be effectively computed in certain situations.

2. We show that the rational piece-wise Ehrhart’s quasi-polynomial representation
of &p is a partial case of our new representation. More precisely, we give an
independent proof of the main results of [33] and [34], due to Linke and Linke
& Henk, for the general non-homogeneous case. Additionally, we give some new
information about multi-periods of the resulting piece-wise polynomials, based on
the new notion of a chamber’s denominator. See Theorem 2, due to Henk & Linke,
our Theorem 5, and Remark 3.

Computational perspective:

1. General computational tool. We give a general computational tool to construct a
piece-wise periodic step-polynomial representation of £p, which uses information
on the face-lattice structure of P. This result is given in Theorem 3, and it is used
to derive all the other consequences of our work. More precisely, assuming that
faces of P of dimensions ny and n, — 1 are given, the arithmetic complexity to
construct the new representation of £p is

O ((fuy=0)"™ + fuy + (fuy=1)*™  (fay—1 + u? - AD),

while the arithmetic complexity to evaluate £p, using our representation, in any
given y € Q" is

0(”1)7 : fn)-—l + Wy - (IOgA +}’ly))

Additionally, we give similar complexity bounds to compute coefficient values of
the rational piece-wise Ehrhart’s quasi-polynomial of P and the complete inte-
ger piece-wise Ehrhart’s quasi-polynomial representation of P. See Theorem 6,
Corollary 1, and Definitions 11, 12.

2. Complexity bounds for polyhedra of bounded co-dimension. Consider the poly-
hedron P, defined by a system

Ax =y
x € RY ®)
y € RE,

where A € ZK*™x and rank(A) = k. This system can be considered as the “worst
case” of the general parametric system in Standard-Form, because it is natural to
assume that n, < k.

The systems of the type (8) with a fixed y € ZF and a fixed co-dimension k
have received a considerable amount of attention in the literature. In his semi-
nal work [50], Papadimitriou shows that ILP problems with systems (8) can be
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solved by poly(ny, || Allmaxs ||V |lco)-time algorithm, for any fixed k. The result of
Papadimitriou was significantly refined by Jansen and Rohwedder [51], where
poly (nx, | Allmax. 1og(llylloc))-time algorithm with a significantly better asymp-
totic behavior on ny, k, and ||A|lmax Was presented. Following to Jansen and
Rohwedder [51] or Eisenbrand and Weismantel [52], in order to solve an ILP
problem, one can reformulate the original system in such a way that the r.h.s. vec-
tor y of the new system will depend only on k and || A|max. Consequently, ILP
problems with systems of the type (8) can be solved in poly(ny, || Allmax)-time, for
any fixed k. Moreover, the final complexity bound is FPT with respect to k and
| Allmax-

Considering the counting problem, for any fixed k, Lasserre and Zeron [26] present
a dual-type algorithm that uses poly(n,, || A|lmax) arithmetic operations with real
numbers. Unfortunately, the complexity analysis of this algorithm is not completely
finished. The first poly(ny, || A||max)-time algorithm with a complete complexity
analysis was presented in [20], see also [24], since the original paper contained an
inaccuracy.

As one of the main results of the current paper, we show that after poly(n,, || A|lmax)-
operations of a preprocessing algorithm, the parametric counting can be performed
by a polynomial-time algorithm:

Proposition 1 Let P be a polyhedron, defined by the system (8). Assume that the co-
dimension k is fixed. Then, there exists an poly(n, ||A||oo)-0perations algorithm that
returns a function f : RF — Z>o U{+00}, such that Ep(y) = f(y), forany y € R¥.
Foranyy € Q, the value of f(y) can be computed by a polynomial-time algorithm.

Similar results can be formulated with respect to the rational piece-wise Ehrhart’s
quasi-polynomial of P.

Proposition 2 Let P be a polyhedron, defined by the system (8). Let f(y) be the
corresponding rational piece-wise Ehrhart’s quasi-polynomial representation of Ep
with its chamber decomposition 2. Assume that the co-dimension k is fixed, then
there exists an poly(n, A ||oo)-0perati0ns preprocessing algorithm, which allows to
compute any of the coefficients aj(y) by a polynomial-time algorithm, for any given
chamber Q € 2 and y € rel.int(Q).

For the problem to compute the complete integer piece-wise Ehrhart’s quasi-
polynomial representation of £p, we use a weaker parameter Ajep = Ajem (A).

Proposition3 Let P be a polyhedron, defined by the system (8), and f(y) be the
corresponding integer piece-wise Ehrhart’s quasi-polynomial representation of Ep.
Assume that the co-dimension k is fixed, then the complete representation of f (y) can
be computed by an poly(Ajcm, ny)-operations algorithm.

All the presented propositions are the straight corollaries of the general The-
orems 7, 8, and 9, which are valid for any systems of the types Canon-Form
and Standard-Form.

3. General A-modular polyhedra of a small co-dimension k. As it was noted
before, the results of the previous item are the partial cases of the more general
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Table 2 Complexity for a fixed ny,

Preprocessing complexity Ep-Evaluation complexity
mO0x) .y (log A)x Innx O* (fay—1 + - (log A)"x 1) see Ref. [35]
mOtx) . 2 A3 O(f,,yq + - ny - log(ny A)) This work

Table 3 complexity form = O(ny)

Preprocessing complexity E-p-Evaluation complexity
n20) (log AyreInns 20(15) . (log At Innx see Ref. [35]
n?(nx) A3 20 (nx) This work

Theorems 7, 8, and 9. More precisely, due to Theorem 7, for any parametric
polyhedron P, defined by a system in the Canon-Form or Standard-Form form,
a piece-wise periodic step-polynomial representation of £p can be constructed
with

O (ny /) A3 - poly(ny, ny, k)
operations. After that, for any y € Q" the value of £p(y) can be computed with
Oy /K - ny - (log(nyA) +ny)

operations. Similar results with respect to integer/rational piece-wise Ehrhart’s
quasi-polynomials are given in Theorems 8 and 9.

4. Polyhedra of a general type with bounded dimension 7, of the parametric
space. Let us assume that the parameter 7, is a fixed constant and consider the
Parametric Counting problem for the general class of polyhedra, defined by sys-
tems in the Canon-Form or Standard-Form forms. In the following Table 2, we
compare our complexity bound (for the precise bound, see Theorem 10) with the
approach from [35] and [36], due to Verdoolaege et al.

Here, in Table 2, we use our Theorem 4 to construct a data structure that stores and
accesses the chambers from the chamber decomposition of P for both approaches.
Due to Theorem 4, assuming n, = O(1), the decomposition can be constructed
with n)?("*') operations, while the access costs is O (f,—1)-

As we can see from Table 2, our approach has a better evaluation complexity, while
the preprocessing step is competitive only for bounded values of A. There are two
interesting scenarios, when the evaluation complexity becomes 29 +):

(a) Polyhedra with linear number of facets, i.e. m = O (n,). In this situation, we
clearly have u, fny_l = 2001) ¢o the bounds of Table 2 become the bounds
in Table 3.
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(b) Elements of (A B)! are bounded, and (A B) is sparse. Denote M = (A B).

Let r and [ denote the maximum number of non-zero elements in rows and
columns of non-degenerate square sub-matrices of M, respectively. It was
shown in [22] that any triangulation of a cone, induced by a sparse matrix,
has a bounded size, see the 3-rd proposition of Lemma 3 of this work.
Therefore, the following inequalities hold: fy < ||M||nm"ajfn'v - min{r, [}
and u < ||A]|max - min{r, {}"*. Moreover, due to the Hadamard’s bound,
A < ||Allmax - min{r, [}"+/%. Therefore, assuming that ||M||max = O(1),
fny_l can be bounded by (n fgl) = min{r, 1}, and the bounds of Table 2
become the bounds of Table 4.
For example, if B is an identity matrix and A is an incidence matrix of some
hypergraph with a fixed maximum vertex degree or with a fixed maximum
edge cardinality, or just an incidence matrix of some simple graph, then the
evaluation complexity can be bounded by 2¢x),

5. Possible applications for the compiler analysis. Finally, let us make some spec-
ulative look of possible applications of our results to the compiler analysis. The
classical work [3], due to Clauss and Loechner, gives several examples, which
illustrate how the parametric counting problem can be used for the compiler anal-
ysis. Let us consider only one of such examples, which is about the problem to
estimate the nested loop execution time. Following to [3], consider the following

loop nest:
for i := 0 to n do
for j := 0 to 1+i + m/2 do
for k := to i -n+p -1 do
Statement

We want to compute the number of flops in order to evaluate the execution time
of this code segment. The loop nest is modeled by the parametric polytope P =
{x € Z3: Ax < By + b}, where

x'=(@,j.k), y'=®mm,p),
-10 0 000 0
1 00 100 0
0 —10 000 0
A=l o2 0| B=lo10] 2512
0 0 —1 000 0

-1 0 1 —101 —1

Therefore, for any given y € Z>, the value of £p(y) gives the exact number of the
statement’s evaluations.

Now, let us make some, for our opinion, natural assumptions on a programmer’s
code:

! We assume here that B is integer.
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(a) The nested loop defines a constant number of i, j, k, . .. -variables per a single
nested level. Definitely, in the most situations, a programmer uses only one
variable (or a constant number of variables) per a single nested level. In terms
of the parametric polyhedron P, it means that m = O (ny);

(b) The coefficients of the i, j, k, . .. -variables in the nested loop are bounded by
some fixed constant. Here, we assume that in a “common” case, the coefficients
of the variables are “small”. With respect to P, it implies that A = n)?("*').

Assuming thatny,i.e., thenumberofn, m, p, ... -variables, is fixed, let us compare

the complexity of our approach with respect to the approach of Verdoolaege et

al. [35]. Due to Table 3, we have the following complexity in the considered case:

Preprocessing complexity &p-Evaluation complexity
0@ n &) see Ref. [35]
n )((?(n,v) 20 (nx) This work

Therefore, in the considered “common” scenario, the theoretical £p-evaluation
complexity is better for our approach (Table 4).

4 The computational complexity for special cases

In this Section, we are going to apply Theorem 3 to estimate the complexity of the
parametric counting problem in two different scenarios. Additionally, we analyze the
complexity to compute Ehrhart’s quasi-polynomials for them. More precisely, we
consider the following classes:

1. Polyhedra, defined by systems of a bounded co-dimension;
2. Polyhedra of the general type with a bounded dimension 7, of the parametric space.

4.1 Polyhedra, defined by systems of a bounded co-dimension

In the following result, we use our main Theorem 3 to construct a complexity bound
for the parametric counting problem with respect to parametric polyhedra of a small
co-dimension. The cases, when Py is unbounded, for some y € Q"», are handled,
using Lemmas 4 and 5.

Table 4 The complexity for sparse A with bounded elements

Preprocessing complexity Ep-Evaluation complexity
mOx) nxom") see Ref. [35]
m9 ) min{r, [}0 () This work
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Theorem7 Let P be a polyhedron, defined by a system in the Standard-Form
or Canon-Form of the co-dimension k. Then, there exists an algorithm with the arith-
metic complexity bound

O (ny /)T A3 - poly(ny, ny, k),

which returns a piece-wise periodic step-polynomial f(y): R" — ZsoU{+oc},
such that Ep(y) = f(y). Forany y € Q", the value of f(y) can be computed with

O(nx/k)k‘H SNy (log(nxA) + ny) operations.

Proof Consider first the case, when P is defined by a Canon-Form-system. Due to
Remark 6, we can assume that rank (B) = n,. Due to Lemmas 4 and 5, we can assume
that Py is bounded, for any y € IT(P). The last property is achieved at the cost of
replacingof m = ny +kbym =n, +k + 1 and A by ny - A.

We are going to use our main Theorem 3. To this end, we need to estimate the
values fny, f,,y,l, w and the complexity to enumerate ny-dimensional and (1, —
1)-dimensional faces of P. For our purposes, it is sufficient to use straightforward
estimates for fny, fny_l and w. It follows that

1. fn(v = ((nx+:;)7ny) = (l’lx];:{(]-f—l) = O(nx/k)k-‘rl;
2 St = (amyyy-n) = () = 0/

3o = ()= (") = ok

We enumerate all the ny-dimensional and (7, — 1)-dimensional faces of P just by
straightforward enumeration of the corresponding sub-systems. Clearly, the complex-
ity of such an enumeration procedure can be estimated by O (n, /k)**!-poly(n,, n y, k).

Consider now the case, when P is defined by a Standard-Form-system. Assume
that » := rank(A) < k and the first » rows of A are linearly independent. Using the
Gaussian elimination, we transform the original system Ax = b+ By to an equivalent
system (A(])*)x = (bg') + (Bé:’) y, where the sub-system A1.,.x = by., + By, represents
the first r lines of the original system. Clearly, the new system is feasible, even in R"*,
only if b+ By = 0. Since, for any y € Q", we can check the equality b+By=0 by
a polynomial-time algorithm, we will continue our work only with the reduced system
Aryx = by + Byyy of rank k.

Assume that rank (A) = k and denote n’, = ny, —k, m’ = n/, + k. Due to Remark I,
any system in Standard-Form can be polynomially transformed to an equivalent system
A’x < b’ + B’y in the Canon-Form with A" € Zmxn: b e Qm, and B’ € Q’”/X”Y,
and with rank(A") = n. and A(A") = A(A). To finish the proof, we just need to use
the former reasoning to the new Canon-Form-system. O

In the next theorems, we present the same complexity analysis with respect to
coefficients of the rational/integer piece-wise quasi-polynomials of P.

Theorem 8 Let P be a polyhedron, defined by a system in Canon-Form or Standard—
Form of the co-dimension k. Let f(y) and 2 be the corresponding rational piece-wise
Ehrhart’s quasi-polynomial representation of Ep and its chamber decomposition.
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Then, there exists a preprocessing algorithm with the arithmetic complexity bound
O (ny /) ™D - A3 poly(ny, ny. k),

which allows to compute any of the coefficients aj(y) by an algorithm with the arith-
metic complexity bound

O(ny /K - ny - (log(neA) +ny),

for any given chamber Q € 2 and y € rel.int(Q).

Theorem 9 Let P be a polyhedron, defined by a system in Canon-Form or Standard-
Form of the co-dimension k. Let f(y) and 2 be the corresponding integer piece-wise
Ehrhart’s quasi-polynomial representation of Ep and its chamber decomposition.
Then, the complete representation of f(y) can be computed by an algorithm with
the complexity bound
Ak

lem

M - O (ny /KTt poly (¢),

where M = O(ny") is the maximum number of monomials and ¢ is the input size.

Proofs can be easily deduced from Theorem 6 and Corollary 1 in the same way as
Theorem 7 has been deduced from Theorem 3.

4.2 Polyhedra, defined by general-type systems

In the following result, we use our main Theorem 3 to construct a complexity bound
for the parametric counting problem with respect to general parametric polyhedra,
assuming that the dimension ny, of the parametric space is fixed. The cases, when P,
is unbounded, for some y € Q", are again handled, using Lemmas 4 and 5.

Theorem 10 Let P be a polyhedron, defined by the Canon-Form. Then, the periodic
piece-wise step-polynomial representation of the function Ep can be computed by an
algorithm with the complexity

nxny

0*(m™2 S(m? +;/.2-A3)).

Forany y € Q", the value of Ep(y) can be found with
O(ny . fn)-—l +u-ny - (log(nxA) + ny)) operations.

Proof Due to Remark 6 and Lemma 4, we can assume that rank(B) = n, and
rank (A) = n,.DuetoLemma 5, we can assume that P, is bounded, forany y € I1(P).
The last property is achieved at the cost of replacing m by m + 1, and A by n, - A,
which can be hided by O*(-) in the resulting complexity bound. Due to Remark 7, we
can assume that d := dim(P) = ny +ny.
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Let u* = p((A B)T). Due to Lemma 3, the value of u* can be estimated by

d+1 nx . .
o(%)* =o0* ((%)T). Hence, due to D. Avis and K. Fukuda [53], all the vertices

of P can be enumerated by an algorithm with the same complexity bound O* ((%) 2 )
Due to Kaibel and Pfetsch [54], all faces of dimension < n, can be enumerated by

an algorithm with the complexity bound O (m - o - p="v) = O* ((%) 7. =" ) , where
¢=" is the number of faces and « is the number of vertex-facet incidences. Due to [55,
Theorem (7.4), p. 273],

/2] . . d . .
i\fm—d+i-—1 iN/fm—i—1
fk(P)zZ()( ' >+ 2 ()( ' )
= \k ! izt d=i

Sinceny isaconstantand k < ny,itcanbe directly checked that fi (P) = O* (m4/?) =
O*(m™/?). Summarizing, we state that all the faces of P of dimension < n y can be
enumerated by an algorithm with the complexity bound O* (m"x).

Now, we can use the complexity bound of Theorem 3. Due to 3, the bound for ¢
and the corresponding complexity bound, the periodic piece-wise step-polynomial
representation of £p can be computed by an algorithm with the complexity bound

<ny
T

nxny

0*(m™7 - (m? +p?- A%).

Finally, due to Theorem 3, for any y € Q"», the value of £p(y) can be evaluated
by an algorithm with the complexity bound O (ny - fu,—1 + - ny - (log(ny A) +ny)),
which completes the proof. O

In the next theorem, we do the same complexity analysis with respect to coefficients
of the rational piece-wise quasi-polynomial of P.

Theorem 11 Let P be a polyhedron, defined by the Canon-Form. Let f(y) and 2 be
the corresponding rational piece-wise Ehrhart’s quasi-polynomial representation of
Ep and its chamber decomposition. Then, there exists a preprocessing algorithm with
the complexity bound

nyny

0*(m 2 ~(mn7x +M2~A3)),

which allows to compute any of the coefficients aj(y) by an algorithm with the arith-
metic complexity bound

O(M “Ny - (log(nxA) + ny)),

forany given Q € 2 and y € rel.int(Q). Given y € Q", the corresponding chamber
Q € 2 with y € rel.int(Q) can be found with O (ny - fy,—1) operations.

A proof can be deduced from Theorem 6 in the same way as Theorem 10 has been
deduced from Theorem 3.
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5 Preliminaries
5.1 Valuations and indicator functions of polyhedra

In this Subsection, we mainly follow to the monographs [12, 13] in the most definitions
and notations. Let V be the Euclidean space and A C V be an integer lattice.

Definition 16 Let. A € Vbeaset. The indicator [ A] of Ais the function [A]: V — R,
defined by

l,ifxe A

(Al = {o, ifx ¢ A

The algebra of polyhedra &2 (V) is the vector space, defined as the span of the indicator
functions of all the polyhedra P C V.

Definition 17 Let P C V be a set. The polar P° of P is defined by
Pe={xeV:(x,y) <1VyeP},

and the dual lattice is defined by
A°={x€V: (x,y)eZVyeA}.

Definition 18 The polyhedron P C Vis called rational if it can be defined by a system
of finitely many inequalities

(ai, x) < b;,

where a; € A° and b; € Z. The algebra of rational polyhedra &7(Q V) is the vector
space, defined as the span of the indicator functions of all the rational polyhedra
PcCV.

Definition 19 A linear transformation 7 : Z(V) — W, where WV is a vector space,
is called a valuation. We consider only L-valuations or lattice valuations that satisfy

T([P +u]) = ’T([P]), for all rational polytopes P and u € L,

see [56, pp. 933-988], [57].

Remark 4 Let us denote g(P) = T([P]), for a lattice valuation 7. The general result
of P. McMullen [58] states that if P C V is a rational polytope, d = dim(P), and
t € N is a number, such that ¢ - P is a lattice polytope, then there exist functions
gi(P,): Zsop — C, such that

d
gla-P)=) g(P.a)-o, foralla €Zs,and
i=0

gi(P,a+1)=g(P,a), foralla € Zsg.
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Theorem 12 (Theorem 2.3 of [12]). Let V and WV be finite-dimensional vector spaces,
andlet T: V — W be an affine transformation. Then

1) For every polyhedron P C V, the image T (P) C W is a polyhedron;
2) There is a unique linear transformation (valuation) T : P (V) — P (W), such
that

T([P]) = [T(P)], for every polyhedron P C V.

For ¢ € V, denote:

fP,c; 1) = Z el

ze€PNA

The first valuation F ([P]), which will be significantly used in our paper, is defined
by the following restatement of the theorem, proved by Lawrence [59], and, inde-
pendently, by Khovanskii and Pukhlikov [60], declared as Theorem 13.8b in [13,
Section 13].

Theorem 13 (Lawrence [59], Khovanskii and Pukhlikov [60]). Let Z (V) be the space
of functions in V), spanned by functions of the type

ele:v)

(1= elemny . (1= elcua)’

where d = dim(V), v € A, and u; € A\{0}, fori € {1, ..., n}. Then, there exists a
linear transformation (valuation)

F: 20QV) - 2%2V),

such that the following properties hold:

(1) Let’P €V be anon-empty rational polyhedron without lines, and let R :== Rp C
V be its recession cone. Then, for all ¢ € int(K °), the series {(P, c; T) converges
absolutely to a function F ([7)]).

(2) If P contains a line, then .7-'([73]) =0.

If P is a rational polyhedron, then F ([P]) is called its short rational generating
function.

5.2 Vertices, edge directions, tangent cones, and triangulations

Definition 20 Let P C V be a non-empty polyhedron, and let v € P be a point. The
tangent cone of P at v is defined as

tcone(P,v) = {v+y: v+ey e P, forsomee > 0}.
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The cone of feasible directions at v is defined as
fcone(P,v) = {y: v+ey € P, forsomee > 0}.

Thus, tcone(P, v) = v + fcone(P, v).

Remark 5 1f an n-dimensional polyhedron P is defined by a system Ax < b, then, for
any v € P, it holds

tcone(P,v) = {x € V: Ag@u)«X < by},
fecone(P,v) = {x € V: Ag@py«x < 0},
fcone(P, v)° = cone(A}(U)*),

where J(v) = {j: Ajxv =b;}.

The famous M. Brion’s theorem [61] connects the indicator function [P] of a
polyhedron with indicator functions of tangent cones, corresponding to its vertices.
We take a formulation of Brion’s theorem, presented in [13, Theorem 6.4].

Theorem 14 ( Brion [61]). Let P C V be a polyhedron without lines. Then,

[Pl = Z [tcone(P, v)] modulo polyhedra with lines .

vevert(P)

Gribanov and Malyshev [20] give an FPT-algorithm to compute F ([73]), when P
is defined by a square system Ax < b with det(A) # 0. We refer to a refined and more
effective algorithm, due to Gribanov et al. [22], presented by the following Lemma.
For completeness, we give its full proof in Appendix Appendix A.

Lemma2 (Gribanov et al. [22]). Let A € Z"*", b € Z", A = |det(A)| > 0. Let
us consider the polyhedron P = {x € R": Ax < b}. Assume that ¢ € 7" is given,

such that (c, h;) > 0, where h; are the columns of A - AL fori e {1,...,n}L
Denote x = Hlax }{l(c, h,-)|}. Let, additionally, S = P AQ be the SNF of A, where
1el,..., n

P, Q € Z"" are unimodular, and put 6 = Sy,.
Then, for any t > 0, the series (P, c; T) converges absolutely to a function of the
Iype

n-o-x
€ - €
i=—n-o-x

(L—efrr)(1—efrm) .. (1 —ePrT)’

QT

where €; € Z>o, Bi € Z<o, and «; € Z. This representation can be found with an
algorithm, having the arithmetic complexity bound

O(Tsne(n) + A -n* o - x),
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where TsyF(n) is the arithmetic complexity of computing the SNF for n X n integer
matrices.

Moreover, each of the coefficients {ei =€ (g)} depends only on g = Pb mod S -
7", so they take at most A possible values, when the vector b varies. All these values
can be computed during the algorithm.

In the following lemma, we summarize known facts that help to make estimates for
the values of v(A) and @ (A), which help to apply Theorem 3 in different scenarios.

Lemma3 Ler A € R"™*" rank(A) = n, and k = m — n. The following relations hold
forv :=v(A) and i := u(A):
n+1

Lovp=00+1)5

2v=0(") n=0(2)";
3. Let r and [ be the numbers of non-zeroes in rows and columns of A, respectively.
Then, v, u < ||A||%.,. - min{r, [}".

n
max

Proof The first bounds for v and p follow from the trivial identities v, u < (’:) =

(D) =01+ l)k. Denote by ¢(d, j) the maximum number of vertices in a polytope
that is dual to the d-dimensional cyclic polytope with j vertices. Due to the seminal
work of McMullen [62], we have v < ¢ (m, n). Similarly, due to the seminal work of
Stanley [63], see also [64, Corollary 2.6.5] and [65], 0 < ¢(m+1,n+ 1) — (n+ 1).
Due to [66, Section 4.7],

L (779, ford =2 N\ d/2
s jy= | T e ) ford =2 (i) .
2(/78 ),ford:Zs—i—l d

n+l
2

Consequently, v = 0(%)% and pu = 0(’::11) . Finally, the last bound for v was

proven in [22, Lemma 4]. The corresponding proof can be straightforwardly applied
to u without any changes. O

5.3 The unbounded case, dimension of P, and rank of matrices

In the current Subsection, we are going to show that the assumptions rank(A) = ny,
rank(B) = ny, and dim(P) = n, + n, (for Canon-Form) can be satisfied without
any loss of generality. Additionally, we are going to show how to handle the case
Ep(y) = +o0 in our computations.

Remark 6 (Rank of the matrix B). Let us first justify the assumption rank(B) = n,,
for P, defined by Canon-Form. Analysis for Standard-Form is then straightforward.
If rank(B) < ny, there_ exists an index j and a nonzero vector ¢ € Q”v"_l, such
that B; = B;t, where j = {1,...,ny}\ {j}. Consequently, assuming that j = 1,

.....

defined by a system Ax + Bjy < b, forx € R™ and y € R™~!. Therefore, we
can work with the function cpr: R™ -1 Z=¢ instead of cp. Eliminating all the
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linear dependencies in B, we can assume that rank(B) = n,, which, together with
rank(A) = ny, is equivalent to the fact that P contains no lines. Clearly, such an
elimination can be performed by a polynomial-time algorithm.

Remark 7 (The Dimension of P in Canon-Form). Let P be a polyhedron, defined
by Canon-Form. Assume that dim(P) < n, + n,. Then, there exists an index j €
{L,...,m},suchthat Ajx + B;y = b, for any ()V‘) € P. We replace the j-th inequality
by the inequality A;jx + Bjy < b + ¢, for a sufficiently small ¢ > 0. Clearly, if
the value of ¢ is small enough, this transformation does not change the set of integer
solutions and the new inequality can not hold as equality, for all (X ) € P, because the
new polyhedron contains the old one. Note that the index j with the appropriate value
of ¢ can be found by a polynomial-time algorithm. After eliminating all such j, we
finally achieve a polyhedron of dimension ny + n,.

The next lemma shows how to satisfy the condition rank(A) = n,.

Lemma 4 Let P be a polyhedron, defined by Canon-Form. Assume thatrank(A) < ny,
or equivalently, Py contain a line, for any y € I1(P). Then, there exist a set of
ny — rank(A) indices T C {1, ..., ny} and a set of values o; € {—1, 1}, fori € Z,
such that the polyhedron P’, defined by

P ={xeP:ax; >0, fori €I},

has the following properties:

1. The set T and values {a;};c1 can be found by a polynomial-time algorithm;

The equality TI(P) = I1(P’) is true;

For any y € T1(P), the polyhedron P’y contains no lines;

Forany y € TI(P), PyNZ"™ # @ if and only if P\, NZ"* # ;

Let A’ be the matrix, constructed by appending the rows —a,-e;r, fori €1, to A.

In other words, the system
A'x + By < (P
0)”=\o

defines P’. Then n(A") = w(A) and A(A") = A(A).

SN

Proof The setZ is defined in the following way: 7 is a minimal set, such that the vectors
{ei}ic7 together with the column-vectors from AT form a basis of R, Clearly, such
a set can be found by a polynomial-time minimal basis extension algorithm. Since
r < ny, we have that Z # (. Now, let us show how to construct the values {«;};c7.
Denote £ := {x € R™: Ax = 0} and r := rank(A) < n,. It follows that £
is exactly the lines-space of Py, i.e. Py +L = Py, forany y € II(P). Let V €
71> =1) be g matrix, composed of basis vectors of L. Clearly, the matrix V can
be constructed by a polynomial-time algorithm. We claim that, for any i € Z, there
exists j € {1,...,ny —r}, such that V;; # 0. Definitely, if V;; = 0, for all j €
{1,...,ny —r}, and some i € Z, it follows that ¢; € span(AT) that contradicts to
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construction of Z. Now, taking a sum, with sufficiently big coefficients, of columns of
V that correspond to such j, we can construct a vector v € L, such that v; # 0, for
any i € Z. W.l.o.g, we can assume that v is integer. Fori € Z, we set

1, ifv; > 0;
aj = .
—1, ifv; <O.
Denote S := {x € R™: a;x; > 0, fori € Z}. Clearly, the set LN S contains the
nonzero integer vector v and P’ = PNS.
Now, the properties 1 and 3 are straightforward to see. Let us prove the 2-nd
property. Since P’ C P, clearly T1(P") C IT1(P). Let us prove the opposite inclusion
[1(P) C I1(P’). The following sequence of implications holds:

yell(P) = EIonR”X:(x())EP = VIG]R:(XO_{_T.U)EP
y y

— are&o:(’“’”'”)epms —  ye (P,
y

which proves the inclusion.

Let us prove the property 4, and fix y € T1(P). Trivially, if x € P’y NZ", then
x € Py,NZ". Let us prove the opposite implication. The following sequence of
implications holds:

dxo e PyNZ"™ = VreZ:xg+tveP,NL" =
= At e€Z-g:xg+TvEPNZ*NS = P NZ™ £0,

which proves the implication.

Finally, let us prove the property 5. Let C = cone(A') and C’ = cone(A'T).
Note that dim(C) = r < n = dim(C’). Following to Definition 5, let .7 be any
triangulation of C. The corresponding triangulation .7’ of A’ can be constructed in
the following way: for any simple cone 7 € .7, we construct 7’ € .7’ by adding the
rays {a;e; };c7 to the set of generating rays of 7. The dimension of the new simple
conses 7' € 7' will be equal to ny, and they will form a triangulation of C’. Since
each n,-dimensional simple cone, whose rows are composed of the columns of A’ T,
must contain {a;e;};<7 as the generating rays, it follows that each triangulation .7 of
C’ can be constructed by the presented algorithm. So, there is a bijection between the
triangulations of C and C’, which have the same sizes. Consequently, pt(A) = u(A").
The equality A(A") = A(A) is trivial. O

In the assumption that rank(A) = n, the next lemma gives a way to handle the
counting problem in an unbounded polyhedron.

Lemma5 Let P be a polyhedron, defined by Canon-Form, andrank (A) = ny. Assume
that Py, is unbounded, for some y € T1(P). Then, there exists a function g: Q" — Q,
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computing in polynomial time, and a polyhedron P', defined by a system

Ax+By<b
x e R™, y e RV

with A € Z0TDxnx gl e zm+Dxt+D - gng b e Q™) such that the following
properties hold:

1. The polyhedron P' and the function g can be constructed by a polynomial-time
algorithm;

2. The inequality A(A") < ny - A(A) is true;

3. Foranyy € II(P'), P is bounded;

4. Forany y € I1(P), we have

Ep(y) #0 < Ep(y) #0,

where y' = (g(yy))

Proof Due to [67], if an arbitrary system Mx < h, where M € Z"*"~ and h € Z™, has
an integer solution, then there exists an integer solution z, such that ||z || o < A((M h)),
where (M h) is the system extended matrix. Denote by = |b — By]. Therefore, if
PyNZ' # (, then there exists z € Py NZ", such that [z]lec < A((A by)) <
()" - max{|| A || max. 1Dy lloo}*. Since, for some y € IT(P), Py is unbounded, the
cone C = {x € R": Ax < 0} is non-zero and, consequently, for any y € T1(P),
P, is unbounded. Since rank(A) = n, P, contains no lines, so C is pointed. Let
Ap be some basis sub-matrix of A and ¢ be the sum of columns of —Ag. Clearly,
CNfx e R™: ¢Tx < ¢p} = {0}, for any co € Rxy.

Now, we define the polyhedron P’, appending the inequality ¢ ' x < Y, +1 to the
system Ax 4+ By < b, where y, 41 € R is a new parametric variable. Clearly, the
properties 2 and 3 are satisfied for P’ and A’. Finally, define g(y) := (n)"™"2 el -
max{||Allmax, |byllco}"*. Due to the proposed reasoning, the properties 1 and 4 are
also satisfied. O

6 Construction of the chamber decomposition and a proof of
Theorem 4

In this Section, we give the proof of Theorem 4 and develop an algorithm to construct
a chamber decomposition of P. The paper [3, Sect. 3] of Clauss & Loechner gives an
algorithm to construct a collection Z of full-dimensional chambers, such that

1. The equality [T(P) = [ J D is true;

Deo
2. The inequality dim(D1 NDy) < ny is true, for any Dy, Dy € 4, with Dy # Ds;

3. ForanyD € Zand y € D, the polytopes {P,} have a fixed collection of parametric
vertices, given by affine transformations of y.
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Note that, for y in a boundary of some full-dimensional chamber D € 2, the cor-
responding parametric vertices may stick together to a single point in R™*. So, the
polyhedron P, may not have the same combinatorial type for different points y € D.
Following the proof of [35, Lemma 3], let us consider hyperplanes in the paramet-
ric space R", formed by the affine hulls of (n, — 1)-dimensional faces (facets) of
full-dimensional chambers D € Z. Let .77 be the set of all such hyperplanes.

Due to [68] (see also [36, Lemma 3.5]), the hyperplanes from 27 divide the param-
eter space into at most O (| H |”>‘) cells. Due to construction of the full-dimensional
chambers (see [3, Sect. 3] or the proof of [35, Lemma 3]), these hyperplanes correspond
to the projections of the generic (n, — 1)-dimensional faces of P into the parametric
space R, Since a part of the cells forms a subdivision of the chambers and since
| 7| < f,,y_l, the total number of full-dimensional chambers can be bounded by
O((fay-1)™).

Clauss and Loechner [3] give an algorithm that computes the collection &, which,
for each D € 2, also computes a finite set .7 p of affine functions 7 € Jp,
7T : R"™ — R"™, such that all the parametric vertices of P, are given by {T (y): T e
T D}- The complexity of Clauss & Loechner’s algorithm is bounded by the number
of chambers times the total number of parametric vertices. Due to [1], the parametric
vertices correspond to the n,-dimensional faces of P, so their number is bounded by
O( fu,)- Therefore, Clauss and Loechner’s algorithm needs

(fuy—1)" + fu, - poly(ny,ny, m)  operations.

For any fixed D € 2 and y € int(D), the vertices 7 (y): 7 € 7 p are unique.
But, for y € D1 ND,, where D1 # D,, some vertices can coincide. Due to [35, 36],
this problem can be resolved by working with a wider class of chambers that consists
of 2 and all the faces of chambers from Z. This new collection of chambers is exactly
given by Definition 9, which is denoted by 2.

Our goal is to find the collection 2 with the corresponding lists of the unique
parametric vertices. Very briefly, we enumerate all the possible affine sub-spaces,
induced by all the possible intersections of the hyperplanes from 5#. For any such
an affine subspace £ C R" and a full-dimensional chamber D € &2, we consider
the intersection £ND. If this intersection forms a non-empty face of D, then we
can declare that we have found some low-dimensional chamber from 2. Note that
this check can be performed by a polynomial-time algorithm. There are three main
difficulties:

1) Two different full-dimensional chambers D and D, can have the same intersection
withL: D1NL=DryNL;

2) If £’ C L is an affine subspace of £, then it is possible that DN L = DN L', for
some full-dimensional chamber D € Z. In other words, the dimension of £LND
is strictly less than dim(L);

3) As it was already noted, if y € Dj N D;, then some vertices, given by differ-
ent affine functions from .7 p,, can coincide. In other words, 71(y) = 72(y),
for different 71,72 € I p, and y € D1 ND,. How we are able to find such
duplicates?
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Let us first deal with the difficulties 1) and 3). Let us fix £, a full-dimensional
chamber D € 2, and the collection of parametric vertices .7 p and consider the
lower-dimensional chamber @ = L£ND. Assume that dim(£) = dim(Q), we will
break this assumption later. There exists a matrix B € Z"* *xde where d = dim(L),
such that £ = span(B). Suppose that 7 (y) € Jp is givenby 7 (y) = Ty + ¢, where
T € Q"™ is a rational transformation matrix and ¢ € Q™ is a rational translation
vector. Let us show, how to find duplicates in the list .7 p of parametric vertices, for
y € rel.int(Q). If 7| and 7, form a duplicate, then

Tiy+1t; =Ty +t, foranyy € relint(Q),
that is equivalent to
(T — Th)y =t —t;, foranyy € aff .hull(Q).
Due to the assumption dim(£) = dim(£ N D) = dim(Q), we have
(T) — T»)Bx =1, —t;, foranyx € R/ .

Since the solutions set of the last system is d-dimensional, we have rank((Tz —
Tl)B) = 0. Consequently, 71 B = T> B and #; = 1, so the matrices {7 B} and vectors
{t} must serve as a unique representation of affine functions 7 € 7 p, for a fixed
subspace L. Consequently, we need to compute the basis B of £, compute the pairs
{(T B, 1)}, sort the resulted list, and delete all the duplicates. Since | 7 p| < v, this
work can be done with

v - log(v) - poly(ny, ny, m)
operations. Since | 7 | = O((fs,~1)™) and, due to Lemma3, log(v) = O (poly(n, m)),

together with enumerating of all the full-dimensional chambers D € & (L is fixed),
it gives the arithmetic complexity bound:

(fny—l)ny Ve pOIy(n)h Ny, m)

Now, let us show how to resolve the difficulty number 1) for the low-dimensional
chambers Q@ = DN L with dim(Q) = dim(L£). Any such a chamber is uniquely
represented by the list of unique pairs

{(TB,t): T)=Ty+1, T € Tp}.
So, we can consider this list as a unique identifier of Q@ € 2 and all the duplicated
chambers can be eliminated just by sorting. Since the length of each list is bounded
byvand |Z| = O(( fn},_l)".“), the total arithmetic complexity of this procedure is
again

(fnyfl)n’v ‘v pOIy(nX7 nyv m)
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Let us simultaneously discuss, how to resolve the difficulty number 2) and how to
break the assumption dim(£) = dim(LN D), for D € Z. To do that, we need first
to sketch the full algorithm that constructs the chamber decomposition 2. First, we
use P. Clauss & V. Loechner’s algorithm to construct the full-dimensional chambers
2 together with the corresponding parametric vertices. Next, we enumerate all the
affine sub-spaces, induced by intersections of hyperplanes from .77. The enumeration
follows to the following partial order: if £ and L are affine sub-spaces, such that
L' C L, then L' will be processed first. So, we start from 0-dimensional sub-spaces,
corresponding to intersections of ny linearly independent hyperplanes from 7, and,
using the induction principle, move forward from (k — 1)-dimensional chambers to
k-dimensional chambers. For a 0-dimensional affine subspace £ (which is a point) and
a full-dimensional chamber D € 2, the assumption dim(£) = dim(£ N D) naturally
holds. Since the considered assumption holds for O-dimensional £, we can find all the
0-dimensional chambers from the collection 2 with the sets of their unique parametric
vertices, using the method, discussed earlier.

Let k > 1 and suppose inductively that we want process k-dimensional subspace
L, when the sub-spaces £ C £, with dim(£’) = k — 1, are already processed. When
we say “processed”, we mean that all the unique low-dimensional chambers £' N D,
for D € 2, with dim(£ ' ND) = k — 1 are already constructed. We recall all the
full-dimensional chambers D € 2, such that DN L forms a (k — 1)-dimensional
face of D that were computed previously. If dim(DN L) = k — 1, then we dismiss
the chamber D N L, because it just coincides with some D N £'. In the opposite case,
whendim(D N L) = k = dim(£) and D N L forms a face of D that was not considered
before, we can use the approach presented earlier to construct the unique set of the
parametric vertices for DN L and put the resulting chamber into the collection 2.
So, we need to learn how to distinguish between the cases dim(DN L) = k and
dim(DNL)=k— 1.

Let B € Z"™** and B’ € Z"**=D pe bases of £ and £, chosen, such that
B = (B’ h), for h € Z"v. The equality dim(D N L) = k holds if and only if there
exists affine functions 71(y) = Ty + t; and 75(y) = Try + t; from the set T p,
such that

VyeDNL': Ti(y)=T>(y)and
IyeDNL: Ti(y) #T2ay),

which is equivalent to

Vy e aff hull(DNL): Ti(y) =72(y)and
Ay e aff. hull(DNL): T1(y) #7T2(y).

The last is equivalent to

Vx € R (I — T»)B'x =1, — 1) and
3x € RF: (T] — Tz)(B/ h)x #th—1.
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By the same reasoning, rank((7; — 73)B’) = 0, T\B’ = T» B’ and 1, = 1. Hence,
the second property can be satisfied only if 71k # T>h. So, we have the following
criterion:

dm(DPNL) =k <= 3T, Tre Tp: Ti(h) #T2(h). ©)

Let us summarize the whole algorithm:

1. Construction of full-dimensional chambers. Using P. Clauss & V. Loechner’s
algorithm, we construct the collection & of full-dimensional chambers together
with the sets of affine functions 7 p, for each D € 2. It takes (f,,—1)" - fu
poly(ny, ny, m) arithmetic operations. '

2. Construction of lower-dimensional chambers. To construct the collection 2,

we consider affine sub-spaces £, induced by all the possible intersections of hyper-
planes .7 with full-dimensional chambers from Z.
Assume that all the unique (k — 1)-dimensional chambers of the type D N L', where
L' is the (k — 1)-dimensional intersection of hyperplanes from 5# and D € 9,
have already been constructed with their unique sets of parametric vertices. For all
the k-dimensional intersections £ and for all D € &, we perform the following
operations:

3. Dimension check. Let Q = D N L. Using the criteria (9), we check that dim(Q) =
k. If it does not hold, then we skip Q;

4. O-face check. We check that Q is a face of D, which can be done by a polynomial-
time algorithm. If it does not hold, then we skip Q;

5. Erase duplicated parametric vertices. Using the algorithm, presented earlier, we
erase all the duplicated parametric vertices of Q and append Q to the collection 2.

6. Erase duplicated chambers. After all D € Z (for a fixed £) are processed, we
remove the duplicated chambers @ = D N L from 2 by the algorithm, mentioned
earlier.

)‘.

For any fixed £, the complexity of the steps 3—6 is bounded by

(fny—l)n‘v V- POly(”x, Ny, m)

Since |77] < f,,y_l, the number of different affine sub-spaces £, induced by inter-
sections of hyperplanes from J#, is bounded by

ny

)3 (f";ll) = O((fu-1)™).

i=0

Clearly, they can be enumerated with (f,,—1)"> - n ;? M operations. Consequently, the

chamber decomposition can be constructed with

(U=t fy + Caym)™™ <) - poly (. 1y m)
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operations. The total number of chambers in the decomposition 2 can be bounded by
the number of ways to intersect any of the full-dimensional chambers with different
affine sub-spaces £. Therefore, [2| = O((fu,—1)*").

Let us estimate the complexity of a query to find Q € 2 with y € rel.int(Q), for
a given y € Q™. Note that each chamber Q naturally corresponds to a vector from
{—1,0, 1}|L%& | To support our queries, we construct a hash-table that maps vectors
from {—1, 0, 1}|jf | to 2. The expected complexity to construct such a hash-table
is bounded by the number of chambers timed the size of the vector that represents a
chamber, whichis O (Io@l . IHI) =0 ((fny—l )2”-V+1). Consequently, to perform a query
we substitute an input vector y to the inequalities corresponding to the hyperplanes 7,
andmap yto {—1, 0, 1}|‘%ﬂ I Using the hash-table, we find the corresponding chamber
Q with y € rel.int(Q). Therefore, each query costs of O (ny, - |H#|) = O(ny - fn,~1)
operations. The total arithmetic complexity together with a construction of the hash-
table is O*((fu,—1)™ * fu, + (fa,—)*™ - (v + fa,—1)). which finishes the proof.

7 Proof of the main theorem

First, let us make some basic preliminary analysis of degenerate situations. Since, for
some y € R", P, is bounded, it contains no lines. Consequently, rank (A) = n,. Due
to Remark 6, w.L.o.g. we can assume that rank(B) = ny. Due to Remark 7, we can
assume that dim(P) = n, + ny. Summarizing the preliminary analysis, we have the
following:

1. dim(P) = n, + ny and dim(l'[(P)) = ny;
2. rank(A) = ny, rank(B) = ny, and P contains no lines.

As the first step of the preprocessing algorithm, we construct a chamber decompo-
sition 2 of P, using Theorem 4. In the next stage of the preprocessing algorithm, we
deal independently with each chamber Q € 2.

7.1 Dealing with a fixed chamber Q € 2

Let us fix a chamber Q, chosen from the collection .2, which was constructed in the
previous stage. As it was noted before, for any y € rel.int(Q), polytopes {P,} have
a fixed combinatorial type and a fixed set of unique parametric vertices pvert(Q) =
{Vp: B € Bases(Q)}. For the sake of simplicity, denote n := ny.

Consider first the case, when dim(P,) < n, for all y € rel.int(Q). Choose a point
y' € rel.int(Q), it can be done by a polynomial number of operations, and consider
P,r. The polytope P, is defined by a system Ax < b’, where b' = b + By'. Since
dim(P,/) < n, there exists an index j € {1,...,m}, such that A;jx = b;., for any
x € Py. Note that such j could be found by a polynomial number of operations.
W.lo.g., assume that j = 1 and gcd(A|) = 1. Let A| = HQ, where H € Z!*" is the
Hermite Normal Form (HNF) of A| and Q € Z"*" is unimodular. Since gcd(A;) = 1,
we have H = (1 0,,_1). After the unimodular map x’ = Qx, the system Ax < b’
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transforms to the integrally equivalent system

<}11 0';‘71> x <V,

where h € Z" ! and A’ € Z™~D*#=D Note that A(A') = A(A) = A. Since the
first inequality always holds as an equality on the solutions set, we can just substitute
x1 = D). As the result, we achieve a new integrally equivalent system with n — 1
of y € rel.int(Q), we can think & as a function &’ (v). Consequently, we can replace
the polytope Py by a new polytope

A'x < bly () = Di(y) -k
)Y b2y —h - (Bry +by)
= (Bp,...my —hB1) -y + (bp2,...my — b1h) (10

with only n — 1 variables. The set of parametric vertices of the new polytope can be
constructed by the following way (noting that the all of them are unique). Let V(y)
be some parametric vertex of Py, it corresponds to some base B of A. In other words,
ApV(y) = b/'(y), forany y € rel.int(Q). Clearly, the related parametric vertex V' (y)
of the new polytope corresponds to the base B = B\{1}. Hence, it can be found by
the formula

V() = (Ag) - (bl (1) — bl (3) - h),

due to (10), it is an affine map R"> — R
Now, due to the proposed reasoning, we can assume that dim(Py) = n, for any
y € rel.int(Q). Due to M. Brion’s Theorem 14, we have

[Pyl = Z [tcone(Py, V()]
Vepvert(Q)

Z [V(y) + fcone('Py, V(y))] modulo polyhedra with lines .
Vepvert(Q)

Let us fix a vertex V(y) and consider the cone C = fcone(Py, V(y)). Denote
J = J(V(y)) ={j: A; V(y) = bj}. Clearly, C = P(AJ, 0), and, consequently,
C° = cone(A}). We apply the triangulation of C° into simple cones formed by some
sub-set of bases of A (see Definition 5). Let ¢y, be the total number of simple cones
in the triangulation, and let %y, with | #y, | = ¢y, be the corresponding sub-set of
bases. In other words, we have

[C°]= U [cone(Ag)] modulo lower-dimensional rational cones .
BE%V
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Remark 8 1t is clear that constructing a triangulation for a pointed cone in R" is equiv-
alent to constructing a triangulation for a point configuration in R"~!. Therefore,
due to [64, Lemma 8.2.2] (see also [69], where another algorithm is proposed), the
triangulation can be computed with O (g7 - n°) operations.

Next, we use the duality trick, see [12, Remark 4.3]. Due to [13, Theorem 5.3] (see
also [13, Theorem 2.7]), there is a unique linear transformation © : Z(V) — Z(V),
for which ©([P]) = [P°]. Consequently, due to Remark 5, we have

[C]= U [cone(A;)o] = U [P(AB, 0)] modulo polyhedra with lines,
BeAy Be#y

and, due to Theorem 12, we have

DV +cl= | Vo) +PAg, 0)]
BE@V
= |J [P(A. A V(y))] modulo polyhedrawith lines .
BE«%V

The triangulation of all the cones cone(A}) induces the triangulation of the whole

normal fun cone(A ). Hence, 2 Vepvert(Q) 4V = i Consequently, combining Zy,
for different V € pvert(Q), in one big set %, we have

[Pyl= Z [P(AB, Ap Vg(y))] modulo polyhedra with lines,
Be%

where | #| < u and some Vg can be equivalent, for different B € Z. Note that, since
Zv epvert(Q) 4V = M and, due to Remark 8, this decomposition can be computed with
O(u-n) operations.

Define a set £ of edge-directions in the following way. For any element cone(M) of
the resultant triangulation of cone(A "), we put all the columns of det(M) - M~! into
E.If apair of elements in £ differs only by a sign, we remove some element of the pair.
Note that elements of the resulting set £ correspond exactly to the direction-vectors
of the edges of P, assuming that the directions do not matter.

Let us assume that a vector ¢ € Z" is chosen, such that ¢ & # 0, foreachh € &,
and denote x = rl?agx{ |cTh|}. Assume additionally that y = Q(n). Denote f(P; 1) =

€

F ([P])(rc), for any rational polyhedra P, where F is the evaluation, considered in
Theorem 13. Note that, for any B € £,

f(P(As. AsVEW): ) = £(P(AB. TEO): 7).
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where 7p(y) = [AgVp(y)] is an affine step-function. Denote fp(y;t) =
f(P(AB, TB(y)); ‘L’). Due to Theorem 13, we can write

f(Pyit) =) fa(y:i1).
BeA

Letus fix B € £ and denote f(y; t) := fg(y; 1), 7 := TR, 8 :=|det(Ap)|, and
let (hy, ..., h;) be the columns of § - (AB)’]. Let, additionally, S = PAgQ be the
SNF of Ap, for unimodular matrices P, Q € Z"*", and o := §,,,,. Denote the orders
of (hy, ..., h,) modulo SZ" by (r1, ..., ry). Due to the assumption on the vector c,
it satisfies the conditions of Lemma 2, applied to the polyhedron P(A B TR (y)). Due
to Lemma 2,

n-o-x

Y ei(g(n) e

i=—n-o-x

Cy — AR TN
fir) =e' s (—eh). (1—eh)

(11)

where ; = (¢, %h;), g(y) = PT(y) mod S - Z", and €; : SZ" — 7.
Now, we are interested in the constant term in the Tailor’s decomposition of f (y; 7).
We have,

+00 k
_i (—i)
e st = Zrk ,
= Skk!
n-o-x ; +00 no-x (—i)k
Z ei(g(y))-e_szsz Z Ei(g(J’))'W ,
i=—no-x k=0 i=—n-o-x :

1 1 .
= .d LI e (V)
(1= hr) .. (1—e ) T”51-~-ﬂn,§>f e (Br, -, Bu)

where the last formula could be taken, for example, from [13, Chapter 14], and
td;(B1, ..., Bu) is a homogeneous polynomial of degree j, called the j-th Todd’s
polynomial on By, ..., B,. Consequently,

n-o-x

Y alg) et

i=—no-x

(1 — e‘ﬂl'f) - (1 — e‘ﬁﬂ'f)

n-o-x

= T”,Bl ,BI ZT Z Z g(Y) 5] )' tdg— ](ﬁ]""’ﬂn)

! j=0i=—n-o-x

1 R . .
T ;O % 7 (3(y).  denoting
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k no-x
1 .
nk(g) = E tdi— ;i (B, ..., Bn) - 51 E € (g)(—i)’
j=0 Ci=—n-o-x

Therefore, due to the formula (11), the constant term in f(y; t) can be expressed by
the formula

1 & Agum)
*Tln— . 12
ﬁl...ﬁng I nk(3()) (12)
Let us define
! T ds.-z"
ﬂk(X):m~ﬂn_k(xm0 S . )

Clearly, my: Z" — Q5 is a periodic function with a period-matrix S, in other
words 7x(x + 1-S) = mi(x), for any x € Z". Denoting cg = AE,TC, and since
(c, Ag,l T(y)) = <AETC, ’T(y)), the formula (12) can be rewritten in the following
way:

S m(PT) - (es. T (13)

k=0

which is a periodic step-polynomial of degree n and length n + 1.

Due to [13, Chapter 14], £p(y) is equal to the constant term in the Taylor’s expan-
sion of f (Py; r). Clearly, it can be represented as the sum of constant terms of the
Tailor’s expansions of fg(y; t),for B € Z.Consequently, for a fixed chamber Q € 2,
the resulting function £p(y) could be represented as a periodic step-polynomial of
degree n and length (n 4 1) - . The exact form is the same as it was proposed in the
formula (4).

Let us again fix B € £ and discuss the arithmetic cost to compute f(y; 1) :=
fB(y; 7). Dueto Lemma 2, the coefficients {8; }, fori € {1, ..., n}, and the coefficients
{ei(g)}, foranyi € {—-n-0-x,...,n-0-x}tand g € Z" /SZ", can be computed
with O(Tsyr(n) + A - n?.o- x) operations. Since o < A, x = Q(n), and, due to
Storjohann [70], Tsy r(n) = O (n3), the last bound becomes O (A2 - n? . X)-

Due to [16, Theorem 7.2.8, p. 137], the values of tdx(B1, ..., B,), for any k €
{1, ..., n}, can be computed with an algorithm that is polynomial in n and the bit-
encoding length of By, ..., B,. Moreover, it follows from the theorem’s proof that the
arithmetic complexity can be bounded by O (n3).

Consider now the values of {74 (g)}, forany k € {1,...,n}and g € Z" /SZ". Due
to the definition of 77, for a fixed g, the sequence {frk (2) } kelo....n) €0 be interpreted as
aconvolution of two sequences. The first sequence is already computed as the values of
Todd’s polynomials. Clearly, the second sequence can be computed with O (n%-o - x)
operations. Now, using the fast convolution algorithms, the sequence {ﬁk (2) } kel0....n)
can be computed with O (n-log(n)) operations. So, the total arithmetic cost to compute
(7x(g)}), forallk € {1,...,n}and g € Z" /SZ",is O(n* - A% - x).
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Summarizing the analysis, the generating function fg(y; 7), for a fixed B € 4,
can be computed with O (n* - A2 - x) operations. Since | Z | < 1, we need

O(Ttrng +u n?- AT X)

operations to compute f(Py; t), where T, is the total arithmetic complexity of all
the triangulations, performed during our algorithm. As it was already discussed, we
have Tjrpg = O (e - n3). So, the last bound becomes O (i - n?. A%. X)-

Previously, we made the assumption that the vector ¢ € Z" is chosen, such that
c'h # 0, for any h € &. Let us present an algorithm that generates a vector ¢
with a respectively small value of the parameter xy = r}{lag{ |cTh ] } The main idea is

€

concentrated in the following Theorem 15, due to [24] (see also [22]).

Theorem 15 (Theorem 2 of [24]). Let A be a set composed of N non-zero vectors in
Q". Then, there exists a randomized algorithm with the expected arithmetic complexity
O(n - N), which finds a vector z € 7", such that:

1. a"z#0, foranya € A;
2. llzllc = N.

Any element of the triangulation of cone(A ") generates at most n edges of Py.
Consequently, |£] < w - n. Choose some base B of A. Note that Agh # 0 and
(Agh); e {—A, ..., A}, foranyh € £andi € {1, ..., n}. Next, we use Theorem 15
to the set A - £, which produces a vector z, such that

1. z"Agh # 0, foreach h € &;
2. lzlloc < p - 1.

Now, we assign ¢ = Agz. By the construction, we have ch # 0 and |cTh| =
|ZTABh| <n?. w - A, foreach h € £. Consequently, x < n?. i - A. Therefore, we
can conclude that, for a fixed @ € 2 and any y € rel.int(Q), the representation of
f(Py; 1), as an n-degree periodic step-polynomial of degree n and length (n + 1) - u,
can be found by an algorithm with the arithmetic complexity

o n*- A3,

7.2 How to store the data, and what is the final preprocessing time?

Due to Theorem 4, the arithmetic complexity to construct the collection of chambers 2
together with their parametric vertices is O* (( f, —1)™ - fu, +(fr, - D2 ( Fay—14)).
For a fixed chamber Q € 2 and y € rel.int(Q), the counting function Ep(y) is
represented as the periodic step-polynomial, given by the formula (4). Its length is
O(u - ny), its degree is ny, and it can be computed with 0(;L2 . ni . A3) operations.
To store such a representation, for each B € %, we need to store Ag = PS0p,
¢B, and the O (ny - A) values of the periodic coefficients 73 ¢ (g), fork € {0, ..., ny}
and g € Z" mod Sp - Z""*. For a fixed k, the values of {73 ;(g)} can be stored in a
hash-table of the size | det(S)| < A, where the keys are vectors from Z"*, whose i-th
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component is from {0, ..., S;; — 1}. Since, due to Theorem 4, | 2 | = 0((f,,y_1)2”Y)
and since v < u, the total preprocessing arithmetic complexity can be estimated by

O ((fay—0)"™ + fuy + (fuy D)™™ - (fuy—1 + p? - A?)).
7.3 What is the query time?

Let us estimate the complexity of an £p(y)-query, for a given vector y € Q™. First,
we need to find a chamber @ € 2, such that y € rel.int(D). Due to Theorem 4, it can
be done with O(ny - f,,—1) operations.

As it was shown before, for a fixed Q € 2 and any y € rel.int(D), there exists
a set of bases A, such that Ep(y) equals to the sum of constant terms in Taylor’s
decompositions of fg(y; ), for B € . Recalling that, for B € 4, the objects
Ap = PpSp0s, cB, and 3 are already pre-computed, let us show how to compute
the corresponding constant term:

1. Compute 7 5(y) = ng — BByJ with O (ny - ny) operations;

2. Compute ¢ = P 7 g(y) mod Si - Z"* with O (ny - log(A)) operations;

3. Fork € {0, ..., n.},access the coefficients 3 4 (g), using the corresponding hash-
table. It takes O (ny - log(A)) operations;

4. Compute <CB, TB(y)) with O (n,) operations;

9,1

. Foreach k € {0, ..., ny}, compute <CB, Tg(y))k with O (n,) operations;
6. Compute the formula (13) with O (n,) operations.

After that, we just need to take the sum along all the constant terms, corresponding
to B € 4. As it was noted before, there are at most u terms. The total arithmetic cost
is

0(”,\7 “Jny—1 1 ny- (10g(A) + n))>

Appendix A Proof o Lemma 2

Proof After the unimodular map x = Qx’ and introducing slack variables y, the
system {x € Z": Ax < b} transforms to

Sx + Py =Pb
xeZ"
yeZl,.

Due to unimodularity of P, the last system is equivalent to

{Py:Pb (mod S -Z") (AD)

yE€ZL,.
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Denoting G = 7" /S - 7", go = Pbmod S -Z", g = P,; mod S - Z", we rewrite the
last system (A1):

n

i; Vi&i = &0 A2)

yEZLy.

The points x € P NZ" and the solutions y of the system (A2) are connected by the
bijective map x = A~ Nb — y). Let r; = |{(gi)|, fori € {1,...,n}, and rmax =
max;e1,.. a7} Clearly, |G| = |det(S)| = A and rpax < 0. Fork € {1,...,n} and
g € G, let My (g’) be the solutions set of the auxiliary system

k
vigi=g
i=1
yeZk,,
and denote
k
—<c,. hl'y,'>r
(g 7) = Z e \ =l .
yeM(g")

It follows that

(Pery= Y edt= 3 eleaT oo

zePNZ! yeMu(go)

_ * — T
— oAb Z e R(GATT _ e AT by g, (go; Z)‘
yEMn(gO)
(A3)

The recurrent formulae for g, (g’; v) were formally proven in [20, see its formulae
Egs. (10), (11), and (12)], we cite them using the following separate Lemma 6. The
self-contaned proof of the Lemma is given in Sect. Appendix B.

Lemma 6 The following formulae hold:

, e—(c,shl)r ) ,
g1(gh )= T o enhne’ where s = min{y; € Z=p: y1-81 =8}, (A4)
re—1
/. _ 1 \ —(c,ihg)T / . . A5
08 D) = Ty 2 ¢ (¢ i, (AS)
i=0
k-o-yr )
Y ek, g)-e'T
’. N i=—k-o-y
(g ) = (1 — e~ tenmr)(1 — e-lerhar) (1 — ¢~ lerhr)’ (A6)
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where €;(k,g') € Zso are coefficients, depending on k and g'. If the set {y| €
Z>o: y181 = &'} is empty, we put g\(g’; T) = 0. If the vector c is chosen such
that (c,h;) > O, foralli € {1,...,n}, then, foranyt > 0, k € {1,...,n}, and
g € G, the series g (g'; T) converges absolutely to the corresponding r.h.s. functions.

Let us estimate the number of operations to compute the representation (A6) of
gr(g/st), forallk € {l,...,n} and g’ € G, using the recurrence (A5). Consider a
quotient group Zx = G /{(gx) and fix Q € 2. Clearly, Q = q + (gk), where g € G
is a member of Q, and ry = |Q|. For j € {0, ..., ry — 1}, define

(s T) = (1 —e enmmy (1 —e @ty g (g +j-gis ). (AT)

For the sake of simplicity, denote x ©; y = (x — y) mod rg, then the formulas (A4),
(A5) and (A6) become

h1(j; ) = e ““MIT where s = min{y; € Zo: yig1 =q +j-g1}, (A8)

rg—1

be(iiT) =Y e M p (jerisT), (A9)
i=0
k.o '

heGiit)= > akg+ij-g)-e " (A10)
i=—k-o-y

First, assume that k = 1. Then, clearly, all the values

hi(0;7), b (L; 1), ..., 0101 — 15 7)

can be computed with O (ry) operations. Assume now that k > 2 and that (k — 1)-th
level has already been computed. By the k-th level, we mean all the functions h, (j; t),
for j € {0,...,rx — 1}. Due to the formula (A10), h,(j; t) contains O(k - o - )
monomials. Thus, the function b, (0; t) can be computed directly using the formula
(A9) with O(r¢ - k - o - ) operations. For j > 1, we have

rr—1

he(js ) Ze (T by (J Ok T)

rk2

=) e IT (e i+ 1):7)

i=—1
= e {CMIT L GO (i) —e CT Ly (ks T 7)
= e T g - L)+ (L= e T g (i 7). (A1)
Consequently, due to the assumption that the (k — 1)-th level has already been com-
puted and that /4 (0; 7) is known, all the functions h(1; 7), ..., hx(ry — 1; T) can be
computed with O(r¢ - k - o - ) operations, using this formula (A11).
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In turn, when the functions b (j; 7),for j € {0, ..., ry—1}, are already constructed,
we can return to the functions g, (g’; 7), for g’ = g + j - gk, using the formula (A7).
It will consume additional O (r) group operations to compute g’ = g + j - gx. By the
definition of G, the arithmetic cost of a single group operation in G can be estimated
by the number of elements on the diagonal of the matrix S that are not equal to 1,
which is bounded by min{n, log, (A)}. Therefore, the arithmetic cost of the last step is
O (ry - n), which is negligible in comparison with the computational cost of b (j; 7).

Summarizing, we need O (r¢ - k - o - {) arithmetic operations to compute g, (g’; ),
forall g =g+ j-grand j € {0,...,rr}. Consequently, since | 2| = A/ry, the
arithmetic cost to compute k-th level of gy (-) is

OA-k-0-v),
and the total cost to compute all the levels is
O(A-n*-o-y).

Finally, using the formula (A3), we construct the desired function

- T
f(P,c;T) = el 07 g (g Z)

ko
iw ¢ - er(lean)=i)r
i=—k-o-y

(1— e%a%hl)r)(l _ e*(c‘%hz)f) (= e%c%hn)r)’

where €; 1= €;(n, go). Since, for all T > 0, the series g, (go; T) converges absolutely,
the same is true for (P, c; t). The number of operations to make the last transformation
is proportional to the nominator length of g, (go; v), whichis O(n - o - ¥). O

Appendix B Proof of Lemma 6
B.1 Arecurrent formula for the generating function of a group polyhedron

Let G be an arbitrary finite Abelian group and gy, ..., g, € G. Let additionally r; =

|{gi)| be the order of g;, fori € {1,...,n}, and rpux = max;{r;}. For g’ € G and
kefl,...,n},let M(k, g) be the solutions set of the following system:
k !/
iglmgi — 8 (B12)
X € Zkzo .
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Consider the formal series f,(g’; x) = > x? . For k = 1, we have
zeM(k,g"NZF

xS
f1(g"s %) = ﬁ where s = min{x; € Z=o: x181 = g'}. (B13)
-

If such s does not exist, we set f;(g’; x) := 0. Clearly, the series f;(g’; x) absolutely
converges for any x; € C with |le | < 1. For any fixed x; € Z>0, the system (B12)
can be rewritten as

k-1
D xi& =8 — Xkgk
i=1
k-1
X € Zzo .
Thus, for any k > 1,
fr(g's %)
-1
Rk (@0 xR (@ g0+ T (¢ gk e = 1)5%)
- 1 —x*
k
1 rkfl
=T 2N e =g, (B14)
B
ri—1 rr—1 ; ;
. Z [STR ikx]l .. .ka
i1=0 ir=0

Consequently, f,(g’; x) = (B15)

(I—xHA=x?) ... = x5

where the numerator is a polynomial with coefficients €;, . ; € {0, 1} of a degree at
most (r;1 — 1) ... (rx — 1). Since a sum of absolutely convergent series is absolutely
convergent, it follows from the induction principle that the series f; (g’; x) absolutely
converges when |x;'| < 1, foreachi € {1, ..., k}.

B.2 The group G, induced by the SNF, of A

Recall that A € Z"*", 0 < A = |det(A)|, and hy, ..., h, are the columns of A* :=
A - A=, The vector ¢ € Z" is chosen, such that (c, hi) > 0, foreachi € {l,...,n},
and ¢ = max; |{c, h;)|. Additionally, S = P AQ is the SNF of A, where P, Q € Z"*"
are unimodular, and o = S,,,.

Consider the sets M (k, g), induced by the group system (B12) withG = Z" /S-Z"
and g; = P,; mod S - Z". Note that r; < o, foreachi € {1, ..., n}. Additionally,
consider a new formal series

k
A, —.Z hizi
fgio= Y x =

zeM(k,g"NZK
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which can be derived from the series §; (g’; X) by the monomial substitution x; — x "

For fk(g’; x), the formulae (B13), (B14) and (B15) become:

R X—sh1 )
fl(g/§ X) = m, where s = min{y| € Z>¢: y181 = g/}, (B16)

re—1

fr(g'sx) = [ —xhr 2(; x Mk S (g’ —i - gk;x) and (B17)
1=

ri—1 rp—1

.....

=G hy i)
iy X
i1=0 ir=0

(1 —xhy(1 — x—72h2) . (1 — x—"khe)”

fe(g'ix) = (B18)

Here the absolute convergence takes place for the values of x with x| < 1, for

eachi € {1, ..., k}. Let us consider now the formal series
G =Y e TeXiahin,
yeMi(g")

which can be derived from fk (g’; x) substituting x; — e*“i. For g, (g’; 7), the formulae
(B16), (B17), and (B18) become:

e—(c,shl)»r
g1(gi1) = m, (B19)
re—1
Blgi ) = Ze T g (¢ —i g ), (B20)

ri—1 rk,] ) )
. Z €, ,'ke_<c’”h1+'“+’khk)'f

/. _ i1=0 =0
985 7) = (1 — e*(c,ruhw'r)(] — e*(c,rzhz)-r) L (1 — e*(cvrkhk>'f).

(B21)

Since the series %k (g’; x) absolutely converges, when ’x_’ ihi | < 1, and since (c, h;) €
Z10, for each i €{l,...,k}, the new series converges for any t > 0. The number of
terms e ‘)7 is bounded by 2-k-o -+ 1. Combining similar terms, the numerator’s
length becomes O (k - o - ). In other words, there exist coefficients ¢; € Zx¢, such
that

k-o-yr )
Y gt
i=—k-o-y

/. —
g (g 7) = (1 — e—fleri-hi)T )(1 — e (o r2h2)~r) o (1 _ e—(c,rkhk)-r) ' (B22)

The formulae (B19), (B20), and (B22) coincide with the desired formulae (A4), (AS),
and (A6). Therefore, the proof of Lemma 6 is finished.
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