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Preface

The International Workshop on Computer Algebra in Scientific Computing (CASC) is
an annual conference that brings together researchers and scientists working in the field
of computer algebra and researchers from various application areas that apply
pioneering methods of computer algebra in sciences such as physics, chemistry, life
sciences, and engineering, to discuss problems and solutions in the area, to identify new
issues, and to shape future directions for research.

This year, the 20th CASC conference was held in Lille (France). The computer
algebra group of Lille is one of the few French computer algebra groups hosted in a
computer science laboratory (initially the LIFL then CRIStAL, since 2015). This
context always pushed the group to develop symbolic methods with a focus on
applications and software development. Control theory has provided a major focus
since the group was founded in the 1980s by Gérard Jacob. The development of
symbolic methods dedicated to biological modeling has been continuously growing
since 2002, when Michel Petitot became group leader. Software development has
always been a major concern for the group, with a particular effort under the leadership
of Frangois Boulier, group leader since 2011. In particular, at CRIStAL foundation, the
computer algebra group merged with a high-performance computing group, yielding
the “algebraic and high-performance computing” (CFHP) team, with the broader
“scientific computing” domain. In 2018, control theory received renewed interest from
the group, with the creation of GAIA (“geometry, algebra, informatics and applica-
tions”), both an Inria team and a subgroup of CFHP, led by Alban Quadrat.

From a computer algebra point of view, the research activity of the group was much
influenced by the works of Michel Fliess in control theory. The initial focus was on the
application of noncommutative algebra to the problem of expanding series from
dynamical systems by means of iterated integrals. Later, the group experience in
noncommutative algebra led to results in the theory of poly-logarithms (Hoang Ngoc
Minh and Joris Van Der Hoeven were group members at that time), which are related to
Riemann zeta function, and the investigation of chemical reaction networks (encoding
biological models) endowed with stochastic determination. In the 1990s, the simpli-
fication theory of systems of differential equations became a major domain, with two
approaches: (1) Ritt and Kolchin differential algebra and its elimination theory;
(2) differential geometry and Cartan’s equivalence method. The group was involved in
research on Ritt’s characteristic sets and made an important contribution to the theory
of regular chains both in the differential and in the polynomial case (Marc Moreno
Maza, now at ORCCA, was a group member for a few years). In terms of software, the
group developed an important relationship with Maplesoft. It released the diffalg (1996)
and the DifferentialAlgebra (2008) packages (itself relying on the open source BLAD
libraries). It contributed to the first version of the RegularChains library. All these
software packages have been shipped with the MAPLE standard library.
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VI Preface

The aforementioned events influenced the choice of Lille as a venue for the CASC
2018 workshop.

This volume contains 24 full papers submitted to the workshop by the participants
and accepted by the Program Committee after a thorough reviewing process with
usually three independent referee reports. Additionally, the volume includes two
contributions corresponding to the invited talks.

Polynomial algebra, which is at the core of computer algebra, is represented by
contributions devoted to the computation of Pommaret bases using syzygies, factor-
ization of multivariate polynomials, tropical Newton—Puiseux polynomials, positive
solutions of systems of signed parametric polynomial inequalities, sparse polynomial
arithmetic with the BPAS library, blackbox polynomial system solver on parallel
shared memory computers, investigation of analytic complexity of a bivariate holo-
morphic function by means of computer algebra tools, localization of polynomial ideals
by a new “local primary algorithm,” computation of the sparse multivariate polynomial
remainder sequence, splitting permutation representations of finite groups by polyno-
mial algebra methods, tropicalization of linear subspaces, and efficient implementation
of the algorithms for the computation of Grobner basis with the aid of the Haskell
compiler.

In his invited talk, Jean-Guillaume Dumas promotes the idea that the proof-of-work
certificates can be efficiently computed in the cloud. When there is such a cloud-based
service, demanding computations are outsourced in order to limit infrastructure costs.
The idea of verifiable computing is to associate a data structure, a proof-of-work
certificate, to the result of the outsourced computation. This allows a verification
algorithm to prove the validity of the result faster than by recomputing it. The
problem-specific procedures in computer algebra are also presented for exact linear
algebra computations that are Prover-optimal, that is, that have much less financial
overhead.

The tutorial of Marc Moreno Maza is devoted to the problem of the symbolic
computation of the limits of multivariate functions. Although the calculation of such
limits is supported, with some limitations, in general-purpose computer algebra systems
such as Maple and Mathematica, Maple is not capable of computing limits of rational
functions in more than two variables. In this tutorial, it was shown how various types of
limits can be computed by means of algebraic calculations. Examples cover the Zariski
closure of a constructible set, the tangent cone of an algebraic set at one of its singular
points, and the limit of a real multivariate rational function at one of its poles.

Four papers deal with applications of symbolic and symbolic-numeric computations
for investigating and solving partial differential equations (PDEs) and ODEs in
mathematical physics and fluid mechanics: a new finite difference strongly consistent
scheme for steady Stokes flow, solution of elliptic boundary-value problems using
multivariate simplex Lagrange elements, and invertibility of difference operators
arising at the approximation of ODEs.

Applications of CASs in mechanics, physics, and biology are represented by the
following themes: satellite dynamics with aerodynamic attitude control systems,
dynamical systems with irrational first integrals, and modeling of the evolution of a
staphylococcus population with the aid of nonlinear integro-differential equations.
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Preface VII

The remaining topics include the application of the Bargmann—Moshinsky basis in
molecular and nuclear physics, the visualization of planar real algebraic curves with
singularities with the aid of a continuation method, signal processing with the aid of
Padé approximants, finding multiple solutions in nonlinear integer programming, and
investigation of noncommutative evolution equations with singularities.

The CASC 2018 workshop was supported financially by the University of Lille, the
Research Center in Computer Science, Signal and Automatics of Lille (CRIStAL -
UMR 9189), the National Center for Scientific Research (CNRS), the Inria Lille-Nord
Europe research center, and the Maplesoft company.

Our particular thanks are due to the members of the CASC 2018 local Organizing
Committee at the University of Lille, i.e., Francois Boulier, Frangois Lemaire, and
Adrien Poteaux, who ably handled all the local arrangements in Lille. In addition, Prof.
F. Boulier provided us with the information about the computer algebra activities at the
University of Lille.

Furthermore, we want to thank all the members of the Program Committee for their
thorough work. We are grateful to Matthias Orth (Universitit Kassel) for his technical
help in the preparation of the camera-ready manuscript for this volume. Finally, we are
grateful to the CASC publicity chair, Andreas Weber (Rheinische
Friedrich-Wilhelms-Universitit Bonn), and his assistant Hassan Errami for the design
of the conference poster and the management of the conference website (http://www.
casc.cs.uni-bonn.de).

July 2018 Vladimir P. Gerdt
Wolfram Koepf

Werner M. Seiler

Evgenii V. Vorozhtsov
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Abstract. In an emerging computing paradigm, computational capa-
bilities, from processing power to storage capacities, are offered to users
over communication networks as a cloud-based service. There, demand-
ing computations are outsourced in order to limit infrastructure costs.

The idea of verifiable computing is to associate a data structure, a
proof-of-work certificate, to the result of the outsourced computation.
This allows a verification algorithm to prove the validity of the result,
faster than by recomputing it. We talk about a Prover (the server per-
forming the computations) and a Verifier.

Goldwasser, Kalai and Rothblum gave in 2008 a generic method to
verify any parallelizable computation, in almost linear time in the size
of the, potentially structured, inputs and the result. However, the extra
cost of the computations for the Prover (and therefore the extra cost
to the customer), although only almost a constant factor of the overall
work, is nonetheless prohibitive in practice.

Differently, we will here present problem-specific procedures in com-
puter algebra, e.g. for exact linear algebra computations, that are Prover-
optimal, that is that have much less financial overhead.

1 Introduction

In an emerging computing paradigm, computational capabilities, from processing
power to storage capacities, are offered to users over communication networks
as a service.

Many such outsourcing platforms are now well established, as Amazon web
services (through the Elastic Compute Cloud), Microsoft Azure, IBM Platform
Computing or Google cloud platform (via Google Compute Engine), as shown in
Fig. 1. None of these platforms, however, offer any guarantee whatsoever on the
calculation: no guarantee that the result is correct, nor even that the computation
has even effectively been done.

1.1 Verifiable Computing

This new paradigm holds enormous promise for increasing the utility of com-
putationally weak devices. A natural approach is for weak devices to delegate

© Springer Nature Switzerland AG 2018
V. P. Gerdt et al. (Eds.): CASC 2018, LNCS 11077, pp. 1-17, 2018.
https://doi.org/10.1007 /978-3-319-99639-4_1
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Fig. 1. Some outsourced computing services

expensive tasks, such as storing a large file or running a complex computation,
to more powerful entities (say servers) connected to the same network. While
the delegation approach seems promising, it raises an immediate concern: when
and how can a weak device verify that a computational task was completed cor-
rectly? This practically motivated question touches on foundational questions in
cryptography, coding theory, complexity theory, proofs, and algorithms.

function F, input x |

| y=F(x), proof ?

Fig. 2. Verifying the computation should take less time than computing it

More generally, the question of verifying a result at a lower cost (time, mem-
ory) than that of recomputing it, as shown on Fig. 2, is of paramount importance.
Another example of application is for the extension of the trust about results
computed via probabilistic or approximate algorithms. There the idea is to gain
confidence into the correctness, but only at a cost negligible when compared to
that of the computation.

1.2 Linear Algebra, Global Optimization

For instance, GL7d19 is an 1911130 x 1955309 matrix whose rank 1033568
was computed once in 2007 with a Monte-Carlo randomized algorithm [19]. This
required 1050 CPU days of computation. We thus need publicly verifiable cer-
tificates to improve our confidence in computational results.

mmonagan@cecm.sfu.ca



Proof-of-Work Certificates that Can Be Efficiently Computed in the Cloud 3

In linear algebra our original motivation is also related to sum-of-squares. By
Artin’s solution to Hilbert 17th Problem, any polynomial inequality V¢y, ..., &, €
R, f(&1,...,&n) > g(&1, ..., &) can be proved by a fraction of sum-of-squares:

m

£
Hui,l}jER[ﬂflp-qIan*g: (Zu$>/ ZUJQ (1)
1=1

j=1

Such proofs can be wused to establish global minimality for g =
infe, er f(&1,...,&n) and constitute certificates in non-linear global optimiza-
tion. A symmetric integer matrix W € SZ"*" is positive semidefinite, denoted
by W = 0, if all its eigenvalues, which then must be real numbers, are non-
negative. Then, a certificate for positive semidefiniteness of rational matrices
constitutes, by its Cholesky factorizability, the final computer algebra step in an
exact rational sum-of-squares proof, namely

Je>0, Wi =0, Wl =0, w20
(f=g)(@1,...,zpn) - (Me(21,. .. ,xn)TW[Q]me(xl, cey Xp)) =

md(wl,...,xn)TW[l]md(xl,...ﬂn), (2)

where the entries in the vectors mg, me are the terms occurring in u;, v; in (1).
In fact, (2) is the semidefinite program that one solves [43]. Then, the client
can verify the positiveness by checking Descartes’ rule of signs on the certified
characteristic polynomial of W and W2, Thus arose the question how to give
possibly probabilistically checkable certificates for linear algebra problems.

1.3 Techniques

The tools used to provide such efficient proof-of-work certificates stem from pro-
grams that check their work [12], to proof of knowledge protocols [7], via error-
correcting codes [35,42] complexity theory [1] or secure multiparty protocols [17],
and the interaction of these different methodologies is crucial.

Here we will thus follow this road map:

— We recalled that global optimization can be reduced to linear algebra. There-
upon we will focus on certificates for linear algebra problems [43] in computer
algebra, which extend the randomized algorithms of Freivalds [32].

— We combine those with probabilistic interactive proofs of Babai [5] and Gold-
wasser et al. [39],

— as well as Fiat-Shamir heuristic [9,29] turning interactive certificates into
non-interactive heuristics subject to computational hardness.

— Overall, we obtain problem-specific efficient certificates for dense, sparse,
structured matrices with coefficients in fields or integral domains.

mmonagan@cecm.sfu.ca



4 J.-G. Dumas

2 Interactive Protocols, the PCP Theorem and
Homomorphic Encryption

2.1 Arthur-Merlin Interactive Proof Systems

A proof system usually has two parts, a theorem T and a proof II, and the
validity of the proof can be checked by a verifier V. Now, an interactive proof, or
a Y -protocol, is a dialogue between a prover P (or Peggy in the following) and
a verifier V' (or Victor in the following), where V' can ask a series of questions,
or challenges, q1, g2, ... and P can respond alternatively, in successive rounds,
with a series of strings 71, 72, . . ., the responses, in order to prove the theorem T'.
The theorem is sometimes decomposed into two parts, the hypothesis, or input,
H, and the commitment, C. Then the verifier can accept or reject the proof:
V(H,C,q1,m1,q2,m2,...) € {accept, reject }.

To be useful, such proof systems should satisfy completeness (the prover
can convince the verifier that a true statement is indeed true) and soundness
(the prover cannot convince the verifier that a false statement is true). More
precisely, the protocol is complete if the probability that a true statement is
rejected by the verifier can be made arbitrarily small. Similarly, the protocol is
sound if the probability that a false statement is accepted by the verifier can be
made arbitrarily small. The completeness (resp. soundness) is perfect if accepted
(resp. rejected) statements are always true (resp. false).

It turns out that interactive proofs with perfect completeness are as powerful
as interactive proofs [33]. Thus in the following, as we want to prove correctness
of a result more than proving knowledge of it, we will mainly show interactive
proofs with perfect completeness.

The class of problems solvable by an interactive proof system (IP) is equal to
the class PSPACE [55] and a probabilistically checkable proof, PCP[r(n), 7(n)],
for an input of length n, is a type of proof that can be checked by a randomized
algorithm using a bounded amount of randomness r(n) and reading a bounded
number of bits of the proof 7(n). For instance, PCP[O(logn), O(1)] = NP [3,6].

In general, interactive protocols encompass many kinds of proofs and Prover
and Verifier settings. One can think of the difficulty of integer factorization ver-
sus that of re-multiplying found factors. Another example could be satisfiability
checking, where the solver has to explore the state space, while verifying a vari-
able assignment or a conflict clause could be much simpler [2]. In computer alge-
bra, the Prover can be a probabilistic algorithm or a symbolic-numeric program,
where the Verifier would perform the checks exactly or symbolically; further,
computer algebra systems could perform complex calculations where an inter-
active theorem prover (or proof assistant like Isabel-HOL or Coq) only has to a
posteriori formally verify the certificate [15,16].

Table 1 gives more examples of such settings.

mmonagan@cecm.sfu.ca



Proof-of-Work Certificates that Can Be Efficiently Computed in the Cloud 5

Table 1. Examples of prover/verifier settings

Prover Verifier

Computer Scientist Mathematician

Computer Algebra system | Formal proof assistant

Cloud User
Server Client
Cellphone Trusted platform module

2.2 Goldwasser et al. Prover Efficient Interactive Certificates

Now, efficient protocols (interactive proofs between a Prover, responsible for the
computation, and a Verifier, to be convinced) can be designed for delegating
computational tasks.

Recently, generic protocols, mixing zero-sum checks [45] and probabilistically
checkable proofs, have been designed by teams around Shafi Goldwasser at the
MIT or Harvard, for circuits with polylogarithmic depth [38,57], namely for
problems that can be efficiently solved on a parallel computer (in the NC or
AC complexity class). These results have also been extended to any structured
inputs (any polynomial-time-uniform polylog-depth Boolean circuits in the sense
of Beame’s et al. [8], division circuits) [23].

The resulting protocols are interactive and there is a trade-off between the
number of interactive rounds, the volume of communication and the computa-
tional cost [50]; the cost for the verifier being usually only roughly proportional
to the input size.

These protocols can, e.g., certify that two supersparse polynomials are rel-
atively prime in verifier cost which is polylog time (and rounds) in the degree.
The produced certificates, in analogy to processor-efficient parallel algorithms,
are Prover-efficient: if the cost to compute the result by the best known algo-
rithm is T'(n) for a size n problem, then the cost to produce the result together
with the verifiable certificate is 7(n)*+o(),

Those techniques can however produce a non negligible practical overhead
for the Prover and are restricted to certain classes of circuits.

2.3 Parno et al. Homomorphic Solutions

Another approach as been developed by Gentry et al., at Microsoft and IBM
research, it is Pinocchio. It solves a broader range of problems, to the cost of
using relatively inefficient homomorphic routines [48] in an amortized way.

The idea is that the Prover should run the program (or at least part of
the program twice), once normally on the input, and once homomorphically
on an encrypted version of the input. The Verifier will then verify the consis-
tency between the normal output and the encrypted one. Usually the Verifier is
required to run the algorithm at least once for a given size or structure of the
input but can reuse this for multiple inputs.

mmonagan@cecm.sfu.ca
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6 J.-G. Dumas

This generic procedure can be applied on specific linear algebra or polynomial
problems [25,28,31,60], or on generic quadratic arithmetic programs [48]. There,
fully homomorphic encryption can be used [36] or sometimes just pairings [48§]
and/or cryptographic hashes [30].

Here also the Prover can be efficient, but subject in practice to the overhead
of homomorphic computations.

2.4 Public Verification, Delegatability, and Zero-Knowledge

Interactive certificates require some exchanges between the Prover and the Ver-
ifier. With such a protocol, the Verifier can be privately convinced that the
computation of the Prover produced the correct answer. This does not mean
that other people would be convinced by the transcript of their exchange: the
Prover and Verifier could be in cahoots and the supposedly random challenges
carefully crafted.

Fiat-Shamir heuristic [9,29] can thus turn interactive certificates into non-
interactive heuristics subject to computational hardness: the random challenges
are replaced by cryptographic hashes of all previous data and exchanges. Craft-
ing such values would then reduce to being able to forge cryptographic finger-
prints [20, Sect. 4.5].

Further, more properties could be sought for such protocols, such privacy
of data and/or computations. In this setting, a publicly verifiable computation
scheme can also be four algorithms (KeyGen, ProbGen, Compute, Verify), where
KeyGen is some (amortized) preparation of the data, ProbGen is the preparation
of the input, Compute is the work of the Prover and Verify is the work of the
Verifier [49]. Usually the Verifier also executes KeyGen and ProbGen but in a
more general setting these can be performed by different entities (respectively
called a Preparator and a Trustee).

This allows to define several adversary models but usually the protocols are
secure against a malicious Prover only (that is the Client must trust both the
Preparator and the Trustee).

One can also further impose that there is no interaction between the Client
and the Trustee after the Client has sent his input to the Server. Publicly veri-
fiable protocols with this property are said to be publicly delegatable [25,28,60].

Then, some different properties of the protocol could be desirable, such
as not disclosing the result but instead just providing a proof-of-work. This
results in general in zero-knowledge protocols over confidential data, such as
cryptocurrency transactions, as in, e.g., [39], with recent efficient implementa-
tions [10,11,13,14].

2.5 Problem-Specific Efficient Certificates

Differently, dedicated certificates (data structures and algorithms that are verifi-
able a posteriori, without interaction) have also been developed, e.g., in computer
algebra for exact linear algebra [20,22,24,32,43|, even for problems that are not
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structured. There the certificate constitute a proof of correctness of a result, not
of a computation, and can thus also detect bugs in the implementations.

Moreover, problem-specific certificates can gain crucial logarithmic factors
for the verifier and allow for optimal prover computational time, see Fig. 3.

10
o
Ny lo¢
go 10°
28 10
~8
w108
-
5
= 108
10t
0 LT, o o = O
28 f2328 4
d 5N 8 2 = E 3
£ F < =
matrix mult%lication (m=128)
2048 x 2048 Thaler[57]|Ad-hoc [32]
Server time 18.23s 0.65s
Certificate overhead 0.13s 0.00s
Client time 2.89s 0.01s

Fig. 3. Generic protocols [58] versus dedicated protocols for matrix multiplication

For this, the main difficulty is to be able to design verification algorithms
for a problem that are completely orthogonal to the computational algorithms
solving it, while remaining checkable in time and space not much larger than the
input.

3 Prover-Optimal Certificates in Linear Algebra

We show in this section, that such problem-specific certificates are attainable
in linear algebra, where we allow certificates that are validated by Monte Carlo
randomized algorithms.

3.1 Freivalds Zero Equivalence of Matrix Expressions

The seminal certificate in linear algebra is due to Rusins Freivalds [32]: quadratic
time is feasible because a matrix multiplication AB can be certified by the
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resulting product matrix C via the probabilistic projection to matrix-vector
products (see also [44] who reduced the requirements to only O(log(n)) random
bits), shown in Protocol 1.

Prover Communication Verifier

A c mek’ B c Fkxn

Compute C= A -B —Cc riSQF
Form v = [1,7,72,...,
A(Bv)—Cv=0

rn—l]T

Protocol 1. Matrix multiplication certificate [44].

In Protocol 1, we give the variant of [44] that requires log(n) random bits,
but works over sufficiently large coefficient domains, as its soundness is 1 — ‘nﬂ
by the DeMillo-Lipton/Schwartz/Zippel lemma [18,53,61]. Freivalds’ original
version randomly selects a zero-one vector instead. This requires n random bits
instead but applies to any ring and gives a soundness larger than %

In both cases it is sufficient to repeat the test several times to achieve any
desired probability.

3.2 Reductions to Matrix Multiplication

With a certificate for matrix expressions, then one can certify any algorithm
that reduces to matrix multiplication: the Prover records all the inter-
mediate matrix products and sends them to the Verifier who reruns the same
algorithm but checks the matrix products instead of computing them [43], as
shown in Protocol 2.

Prover Communication Verifier

All intermediate Runs the algorithm but
Runs the algorithm  matrix products replace each matrix products
by Freivalds’ checks

Protocol 2. Certificates with reduction to matrix multiplication [43, Sect. 5].

Overall, the communications and Verifier computational cost are given by
taking w = 2 in the Prover’s complexity bounds (with potential additional log-
arithmic factors due to summations). Further, the production of the certificate
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has mo computational overhead for the Prover: it only adds the communication
of the intermediate matrix products.

For instance, Storjohann’s Las Vegas rank algorithm of integer matrices [56]
becomes a non-interactive/non-cryptographic Monte Carlo checkable proof-of-
work certificate that has soft-linear time communication and verifier bit com-
plexity in the number of input bits!

3.3 Sparse or Structured Matrices

When the matrices are sparse or present some structure, quadratic run time
and/or quadratic communications might be overkill for the Verifier. There it is
better if his communications and computational cost is of the form p(A)-+n!+o()
where £4(A) is the number of operations to perform a matrix-vector product. This
scheme is thus also interesting if the considered matrix is only given as a black
box [40].

In that vein, we now have certificates for:

— non-singularity, Protocol 3;

— an upper bound to the rank, Protocol 4 (if elimination on the input
matrix is possible for the Prover then a variant without preconditioners can
be used [24,26]);

— the rank, combining Protocols 3 and 4;

~ the minimal polynomial, using Protocol 5 (where f* is the monic scalar
minimal generating polynomial of the sequence u”v, ..., u” A%v, p2 is such
that pv = f4v.G with G the generating function of the latter sequence, for
random vectors u and v, chosen by the Verifier [41, Theorem 5]);

— the determinant, Protocol 6, which randomness could be reduced from O(n)
to a constant number of field elements [21, Sect. 7].

Additionally, properties of the given matrices can also sometimes be discov-
ered at low cost: whether the blackbox is a band matrix, has a low displace-
ment rank, has a few or many nilpotent blocks or invariant factors [27].
Similarly, the existence of a triangular one sided equivalence, as well as the
rank profiles can also be certified without sending an explicit factorization to
the Verifier [24]. For the latter, the price to pay is to require a linear number of
rounds.

3.4 Integer or Polynomial Matrices

Over an integral domain, the verification procedure can be performed via a ran-
domly chosen modular projection. If there are sufficiently many small maximal
ideals, then one can uniformly choose one at random and then ask for a certifi-
cation of the result in the associated quotient field as shown in Protocol 7.

For instance this gives very efficient certificates for polynomial or integer/ra-
tional matrices, provided that one has a bound on the degree or the magnitude
of the coefficients:

mmonagan@cecm.sfu.ca
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Prover Verifier

Input A e v

1: non-singular

Commitment _—
Challenge A b smcEm
" 3: w ?
Response weF _ Aw=>

Protocol 3. Blackbox interactive certificate of non-singularity [20]

Prover Verifier
A e Fmxn SCF
1:7r [
rank(A) <r _— r < min{m,n}
2: UV
-~ UeBy*™,VeBy"
preconditioners of size n!t°®
r4+1 3: w ?

w e F #0 —_— w # 0

[Ir+1[0] UAV [ITJI] w=0

Protocol 4. Blackbox upper bound to the rank certificate [20]

Prover Communication Verifier
HQ) = [0 (N, oo
h(X) = P " (V). Rt

¢, ¢ € F[A] with
.9 ?
SFL +uplv =1, —5F— deg(9) < deg(h) — 1,
?
deg () < deg(H) — 1.
Random r9 € S C F.
Checks GCD(H (X), h(X)) =1 by ¢(ro)H (ro) + ¥ (ro)h(ro) L.
Computes w such that——1—— Random ri € SCEF.
(r1l, — A)w =v. —W  Checks (111, — A)w Z v and (uTw)H (r1) < h(ry).

Returns f2U(X) = H(N).

Protocol 5. Certificate for f2* [22]
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Prover Communication Verifier

1. Form B = DA with
D e S C _ Diuwv |
and u,v € 5™,
s.t. deg(f27) = n.

Protocol 5
2. M Checks:
—n deg(H) z n,
—_— H= 27 whp.
B,v
5. Returns {iuet (g))) .

Protocol 6. Determinant certificate for a non-singular blackbox [22]

Prover Communication Verifier
Commitment Result r € R -—r
Challenge — I 7.8 maximal ideals
C 7
Response Result z € R/Z with TR/ ¢ =r mod Z and
field certificate Cr/r Cr/1(x) 2 valid

Protocol 7. Certification in a quotient field [20, Sects. 3.2 and 4.4].

— For integral matrices, if the true result v is bounded in magnitude, then
only a finite number of prime numbers will divide the difference between the
commitment r and the result. Therefore the result can be checked over a
small prime field [20, Theorem 5].

— For polynomial matrices, if the true v(X) result’s degree is bounded, then
only a finite number of evaluation points can be roots of the difference poly-
nomial between the committed one 7(X) and the result. Therefore the result
can be checked in the ground field at a small evaluation point [20, Theorem 2|.

The latter results allows, for instance, to certify the global optimization prob-
lems of Sect. 1.2. This is illustrated in Fig. 4, where many of the reductions pre-
sented here are recalled.

3.5 Non-interactive Certificates

The certificates in Sects. 3.1 and 3.2 are non-interactive: all the communications
can be recorded and publicly verified later.

On the contrary the certificates of Sects. 3.3 and 3.4 are interactive: the Ver-
ifier chooses some random bits during the computation of the certificate. Non-
interactivity can be recovered via Fiat-Shamir scheme: any random bits are gen-
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erated by cryptographic hashes of the inputs and all the previous intermediate
commitments. Soundness is then subject to standard cryptographic assumptions.

For sparse or structured problems fewer results exist without this assumption,
or with worse complexity bounds:

— For the minimal polynomial (scalar or matrix) or the determinant, non-
interactive certificates exist, but with communications and computational
cost O(n+/p(A)) instead of u(A) +n'+o) [21].

— Non-interactive certificates can also verify polynomial minimal approximant
bases in O(mD + m®), where D is the sum of the column degrees of the
output [37].

4 Some Open Problems

We conclude this survey with some open problems in the area of problem specific
linear algebra certificates:

— Sparse Smith form: for dense matrices, one can interactively certify any
normal form via a Freivalds certificate on a randomly chosen modular factor-
ization. With sparse matrices, even the modular projection of the change of
base can be too large. In that setting extending protocols for the rank or the
determinant to deal with the Smith form should be possible.

— Non integral domains certificates: more generally, how to efficiently cer-
tify some properties when there is no quotients or if those properties do not
carry over (e.g., Smith form)?

— We have defined certificates resisting a malicious server with unbounded
power. This is error detection with unbounded number of errors. Thus the
question of the complexity of problem specific unbounded error correc-
tion also arises. This path again was first taken for matrix multiplication [35]
and was recently extended to the matrix inverse [51].
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Abstract. We consider matrices L € Mat,, (K[o,0~"]) of scalar differ-
ence operators, where K is a difference field of characteristic 0 with an
automorphism o. We discuss approaches to compute the dimension of the
space of those solutions of the system of equations L(y) = 0 that belong
to an adequate extension of K. On the base of one of those approaches, we
propose a new algorithm for computing L™! € Mat, (K[o,o™']) when-
ever it exists. We investigate the worst-case complexity of the new algo-
rithm, counting both arithmetic operations in K and shifts of elements of
K. This complexity turns out to be smaller than in the earlier proposed
algorithms for inverting matrices of difference operators.

Some experiments with our implementation in Maple of the algorithm
are reported.

1 Introduction

Matrix calculus has wide application in various branches of science. Testing
whether a given matrix over a field or ring is invertible and computing the inverse
matrix are classical mathematical problems. Below, we consider these problems
for matrices whose entries belong to the ring (non-commutative) of scalar linear
difference operators with coefficients from a difference field K of characteristic
0 with an automorphism (shift) 0. We discuss some new algorithms for solving
these problems. These problems can be also solved by well-known algorithms
proposed originally for more general problems. The new algorithms below have
lower complexity.

In the case of matrices of operators, the term “unimodular matrix” is usually
used instead of “invertible matrix”. This term will be used throughout this paper.

In the differential case when the ground field K is a differential field of
characteristic 0 with a derivation § = / and when the matrix entries are scalar
linear differential operators over K, algorithms for the unimodularity testing of
a matrix and computing its inverse were considered in [2]. For a given matrix L,
the algorithms discussed below rely on determining the dimension of the solution
space V, of the corresponding system of equations under the assumption that the
components of solutions belong to the Picard—Vessiot extension of K associated
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with L (see [16]). A matrix L of operators, when L is of full rank (the rows of
L are independent over the ring of scalar linear operators) is unimodular if and
only if dimVy, = 0, i.e., VL, is the zero space (see [4]).

There are two significant dissimilarities between the differential and difference
cases. One of them gives an advantage to the differential case, the other to the
difference case. The differential system 3’ = Ay has the n-dimensional solution
space in the universal differential extension, regardless of the form (singular or
non-singular) of the n x n-matrix A [17]. But in the difference case, the non-
singularity of A is required. However, the difference case has the advantage that
the automorphism o has the inverse in K[o, o], while the differentiation J is
not invertible in Kd].

It is worth noting that some algorithms for solving the “difference prob-
lems” formulated above have been proposed in [3]. The algorithms below have
lower complexity (this is the novelty of the results) due to the usage of the
EG-eliminations algorithm [1,6,7] as an auxiliary tool instead of the algorithm
Row-Reduction [11]. The obstacle for such a replacement in the differential case,
is the absence of the inverse element for § in the ring K[d].

The problems of unimodularity testing and inverse matrix construction can
be solved by applying various other algorithms. For example, the Jacobson and
Hermite forms of the given operator matrix can be constructed; their definitions
can be found in [13,15]. The complexity of the algorithms is greater than the
complexity of the algorithms in this paper and in [3]. Of course, the algorithms
in [13,15] are intended for more general problems, and the algorithms in this
paper and in [3] have advantages only for unimodularity recognition and the
construction of an inverse operator matrix.

We use the following notation. The ring of n x n-matrices (n is a positive
integer) with elements from a ring or field R is denoted by Mat ,(R). If M is an
n x n-matrix, then M; , with 1 <1 < n is the 1 X n-matrix equal to the ith row
of M. The diagonal n x n-matrix with diagonal elements r1,...,r, is denoted
by diag(ri,...,r,), and I, is the n x n identity matrix.

The proposed algorithms are presented in Sect.3. Their implementation in
Maple and some experiments are described in Sect. 5.

2 Preliminaries

2.1 Adequate Difference Extensions

As usual, a difference ring K is a commutative ring with identity and an auto-
morphism o (which will frequently be referred to as a shift). If K is additionally
a field, then it is called a difference field. We will assume that the considered
difference fields are of characteristic 0. The ring of constants of a difference ring
K is Const (K) = {c € K | oc = c}. If K is a difference field, then Const (K) is
a subfield of K. Let K be a difference field with an automorphism o, and let A
be a difference ring extension of K (on K, the corresponding automorphism of
A coincides with o; for this automorphism of A, we use the same notation o).
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Definition 1. The ring A which is a difference ring extension of a field K is an
adequate difference extension of K if Const (A) is a field and an arbitrary system

oy=Ay, y= W1, yn)" (1)

with a nonsingular A € Mat,(K) has in A™ the linear solution space over
Const (A) of dimension n.

The non singularity of A in this definition is essential: e.g., if the first row of
A is zero, then the entry y; in any solution of the system (1) is zero as well.

Note that the g-difference case [10] is covered by the general difference case.

If Const (K) is algebraically closed, then there exists a unique (up to a differ-
ence isomorphism, i.e., an isomorphism commuting with ¢) adequate extension
£2 such that Const (§2) = Const (K), which is called the universal difference
(Picard-Vessiot) ring extension of K. The complete proof of its existence is not
easy (see [16, Sect. 1.4]), while the existence of an adequate difference extension
for an arbitrary difference field can be rather easily proved (see [5, Sect. 5.1]).
However, it should be emphasized that, for an adequate extension, the equal-
ity Const (A) = Const (K) is not guaranteed; in the general case, Const (K) is
a proper subfield of Const (A). The assertion that a universal difference exten-
sion exists for an arbitrary difference field of characteristic 0 is not true if the
extension is understood as a field. Franke’s well-known example [12] is the scalar
equation over a field with an algebraically closed field of constants. This equation
has no nontrivial solutions in any difference extension having an algebraically
closed field of constants.

In the sequel, A denotes a fixed adequate difference extension of a difference
field with an automorphism o.

2.2 Orders of Difference Operators

A scalar difference operator is an element of the ring K[o,o0~!]. Given a nonzero
scalar operator f =" a;0, its leading and trailing orders are defined as

ord f = max{i | a; # 0}, ord f = min{i | a; # 0},
and the order of f is defined as
ord f = ord f — ord f.

Set ord 0 = —o0, ord 0 = oo, and ord 0 = —oo.

For a finite set F of scalar operators (a vector, matrix, matrix row etc), ord F
is defined as the maximum of the leading orders of its elements; ord F' is defined
as the minimum of the trailing orders of its elements; finally, ord F' is defined as
ord F—ord F. A matrix of difference operators is a matrix from Mat ,,(K[o, 0~ 1]).
In the sequel, such a matrix of difference operators is associated with some
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matrices belonging to Mat ,,(K). To avoid confusion of terminology, matrices of
difference operators will be briefly referred to as operators. The case of scalar
operators will be considered separately. An operator is of full rank (or is a full
rank operator) if its rows are linearly independent over Ko, o~1]. Same-length
TOWS U1, . . . , Us With components belonging to K [0, 0 1] are called linearly depen-
dent (over K|o,o~1]) if there exist f1,..., fs € K[o,071] not all zero such that
fiur+- -+ fsus = 0; otherwise, these rows are called linearly independent (over
Klo,o071)). If

L € Mat,,(K[o,07']), l=o0rdL, t =ord L,
and L is nonzero, then it can be represented in the expanded form as
L=A0" + A 107+ 4 Aot (2)

where A, Aj_1, ..., A; € Mat ,(K), and A;, Ay (the leading and trailing matrices
of the original operator) are nonzero.

Let the leading and trailing row orders of an operator L be aq,...,a, and
B1, ..., 0n, respectively. The frontal matrix of L is the leading matrix of the
operator PL, where

P = diag(c'=,...,0!7%), | =ord L.

Accordingly, the rear matrix of L is the trailing matrix of the operator QL,
where
Q = diag(c*="1,..., 0t P"), t =ord L.

If a; = —o0 (resp. B; = 00) then the i-th row of P (resp. Q) is zero.
We say that L is strongly reduced if its frontal and rear matrices are both
nonsingular.

Definition 2. An operator L € Mat ,,(K[o,07t]) is unimodular or invertible if
there exists an inverse L~! € Mat ,,(K[o,07!]): LL™! = L'L = I,,. The group
of unimodular n x n-operators is denoted by 71,,. Two operators are said to be
equivalent if L1 = ULy for some U € 1,,.

If L has a zero row (in such a case, its frontal and rear matrices have also
zero rows) then L is not of full rank, and is not unimodular: suppose, e.g., that
the first row of L is zero, then for any M € Mat ,,(K[o, 0~ 1]), the first row of the
product LM is also zero, thus, the equality LM = I,, is impossible. Similarly, if
U €7, and UL has a zero row then L ¢ 7,,.

Let Vi, denote the space of the solutions of the system L(y) = 0 that belong
to A™ (see Sect. 2.1). For brevity, V, is sometimes called the solution space of L.
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For the difference case, Theorem 1 from [2] can be reformulated as follows.

Theorem 1. Let L € Mat,,(K[o,07]) be of full rank. Then

(i) If L is strongly reduced, then dimVy =%  ord L; .
(i) L €T, iff Vi, = 0.

The proof is based on [4,5].

2.3 Complexity

Besides the complexity as the number of arithmetic operations (the arithmetic
complexity) one can consider the number of shifts in the worst case (the shift
complezity).

Thus, we will consider two complexities. This is similar to the situation with
sorting algorithms, when we consider separately the complexity as the number
of comparisons and, resp. the number of swaps in the worst case.

We can also consider the full algebraic complexity as the total number of all
operations in the worst case.

Supposing that L € Mat,(K[o,07]),ord L = d, each of the mentioned
complexities is a function of n and d.

In asymptotic complexity estimates, along with the O notation we use the ©
notation (see [14]): the relation f(n,d) = ©(g(n,d)) is equivalent to

f(n,d) = O(g(n,d)) and g(n,d) = O(f(n, d)).

Note that the full complexity of an algorithm counting operations of two
different types in the worst case is not, in general, equal to the sum of two com-
plexities, counting operations of the first and, resp. second type. We can claim
only that the full complexity does not exceed that sum. If for the first and second
complexities we have asymptotic estimates ©(f(n,d)) and ©(g(n,d)) then for
the full complexity we have the estimate O(f(n, d)+ g(n,d)). To this we can add
that if for the first and second complexities we have estimates O(f(n,d)) and
O(g(n,d)) then we have the estimate O(f(n,d)+ g(n, d)) for the full complexity.

2.4 EG-Eliminations (Family of EG-Algorithms)

Definition 3. Let the ith row of the frontal matrix of L € Mat ,,(K|[o,071]) be
non-zero and have the form

0 <k <n,a#0. In this case, k is the indent of the ith row of L.

The algorithm EG, (the version published in [1]) is as follows:
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Algorithm: EG,

Input: An operator L € Mat ,(K[o,o~!]) whose leading matrix has no zero row.
Output: An equivalent operator having an upper triangle leading matrix (that
operator is also denoted by L) or the message “is not of full rank”.

while L has rows with equal indents do

(Reduction) Let some rows ri, 7y of L have the same indent k. Then compute
v € K such that the indent of the row

=171 — Ury (3)
is greater than k or ordr < ord L (the computation of v uses one arithmetic oper-
ation); if r is zero row of L then STOP with the message “is not of full rank”fi;
The row from ry, ro which has the smaller trailing order, must be replaced by r (if
ordr; = ord o then any of 1,75 can biakenifor the replacement);

(Shift) If ordr < ord L then apply gordL—ordr 4o 4 i I,
od;
Return L. O
Thus, each step of the algorithm EG, is a combination “reduction + shift”.
All the steps are unimodular since the operator ¢~! is the inverse for o.

Example 1.
1
L =30 0—3 10
L= = o+ 2 . (4)
2 z z 1
T —50+1 0-3% 2

By applying the algorithm EG,, the operator L is transformed as follows:

_1 _1
0 T 1 0 1 0 T 10 2
otz ) 7o)

0- 2 00

2
0-1 10 00 10 10 00
o+ 2, o+ = o+
01 00 01 00 01 00
Here
—x2
1. LQ’* = TLL* +L2’*,
2. LQ,* = O’LQ’*7
X (5)
3. Ll,* = Ll,* + 7L27*,
x
4. le* = O'LL*.
10
As the result of this transformation, we obtain the operator o, i.e.,
01
a0
(6)
0o
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By analogy with EG, we can propose an algorithm EG,-1 in which the trailing
matrix of the operator is considered instead of its leading matrix.

Proposition 1. The arithmetic complexity of the algorithms EG,, EG,-1 is

6(n*d?), (7)
the shift complexity is

6(n*d?). (8)
Correspondingly, the full algebraic complezity is

O(n*d?). (9)

See [3, Sect. 5.4] for the proof.

3 Unimodularity Testing, Computing Inverse Operator

3.1 Unimodularity Testing

Proposition 2. Let the rear matriz of an operator L € Mat,(K|o,071]) be
non-singular. Then applying EG, to L gives an operator having a non-singular
rear matrix.

Proof. Let us prove that one step of EG, does not change the determinant of
the rear matrix of L. Indeed, let the reduction stage of this step change a row ry
of L and before this step, we have ordr; = 3. The row r; is replaced by a sum
of r1 and another row ry, multiplied by v € K: r; := r; 4+ vry. The inequality
ordry > [ holds. If ord s > 3 then the rear matrix gets no change. If ord ro = 3
then the determinant of the rear matrix gets no change since the shift stage does
not change the rear matrix.

The following algorithm can be verified by means of Theorem 1 and Propo-
sition 2:

Algorithm: Unimodularity testing (this algorithm has been described in [3] )
Input: An operator L € Mat ,(K).

Output: “is unimodular” or “is not unimodular” depending on whether L is uni-
modular or not.

if EG,-: did not find that L is not of full rank and ordr = ordr for each row r of
EG,(EG,-1(L)) then Return “is unimodular” otherwise Return “is not unimodular”
fi. O

Example 2. Let L be again as in Example 1, i.e., of the form (4). The rear
matrix coincides with the trailing one, and is nonsingular. By applying the
algorithm EG,, the operator L is transformed to L of the form (6). We have
dim V; = 0. Thus, the original operator L is unimodular.

Proposition 3. The arithmetic, shift and full algebraic complezities of the algo-
rithm Unimodularity testing are, resp. (7), (8), and (9).

Proof. This follows from Proposition1 and the fact that the values of n,d are
not increased after applying EG,-1.
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3.2 Inverse Operator

Algorithm: ExtEG,

Input: Operators J, L € Mat ,(K).

Output: The operator M = U.J, where U is such that EG, (L) = UL.

Apply EG, to L, and repeat in parallel the application of all the operations to J.O

Note that in the case when we use I,, as J, we obtain M which is equal to U.
By analogy with ExtEG, we can propose an algorithm ExtEG,-: in which the
trailing matrix of the operator is considered instead of its leading matrix.

Proposition 4. We have ordU < nd on each step of applying of ExtEG, to
L € Mat,(K[o,071]), ord L = d.

Proof. If in a step of the algorithm the shift ¢* of a row r was performed, then
the order of U will be increased by no more than |k|, while the order of the
shifted row is decreased by |k|. This implies that ord U after any step of ExtEG,
does not exceed the sum of the orders of all rows of L. The order of each row
does not exceed d and the sum of the orders of all rows of L does not exceed nd.

Proposition 5. Both arithmetic and shift complexities of each of the algorithms
ExtEG,, ExtEG, 1 can be estimated by O(n*d?). The full complexity is O(n*d?)
as well.

Proof. When one applies EG, or EG,-1 to L € Mat ,,(K[o,07]), ord L = d, then
the operation (3) is performed at most n - nd times. By Proposition 4, when we
compute U, each operation (3) uses at most O(n-nd) arithmetic operations, i.e.,
O(n?d) arithmetic operations. Totally, the number of arithmetic operations is
O(n?d - n?d), i.e. O(n*d?).

The shift complexity of each of EG,, EG,-1 is O(n?d?). When we substitute
nd for d (by Proposition4) we obtain O(n*d?).

The estimate O(n*d?) for the full complexity follows from the obtained esti-
mates for the arithmetic and shift complexities.

Algorithm: Inverse operator
Input: An operator L € Mat ,(K).
Output: The inverse of L or the message “is not unimodular”.
U:=1,; (UL):=ExtEG,-: (U, L); (U, L) := ExtEG, (U, L);
if ordr # ordr for at least one row r of L then STOP with the message “is not
unimodular”
fi;
Let (31, ..., B, be the trailing orders of rows of L,
thus L = M D with M € Mat,,(K), D = diag(c™,...,o%);
L~! :=diag(c™™,...,07 )M ~U. O
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Example 3. Consider again operator (4). To find L~! after getting the operator

L (as it was shown in Example 2), we first apply (5) to I5. We get

10\ 1 1 0\ 2 12 0\ 3
— 2 —_— —_—
01 -2 1 SCASY

+1)% 1 (z4+2)® 2 1 2
1— (sz) x 4 o— 2(I+1)U erla
—_—
2 2
—@a o _(wzl) o o
We get
(242?92 1 2 (z+1)% 1
L' = diag(c™t, 071 I;* 27 w17 =503
=diag(c™", 0 9 =
2 2
_(-"H;l) o p - 1

Proposition 6. The estimate O(n*d?) holds for all of the arithmetic, shift, and
full complexities of the algorithm Inverse operator.

Proof. The statement follows from Proposition 5.

4 Other Versions of EG and Inverse Operator

The algorithm Inverse operator proposed in this paper is based on the ver-
sion [1] of the EG-eliminations algorithm as an auxiliary tool. Another variant
of the algorithm for constructing the inverse operator has been proposed in [3],
it is based on a version (named RR in [3]) of the Row-Reduction algorithm [11] as
an auxiliary tool. For a given operator, the algorithm RR, constructs an equiv-
alent operator that has a nonsingular frontal matrix. Similarly, the algorithm
RR, -1 constructs an equivalent operator that has a nonsingular rear matrix. The
arithmetic complexity of the algorithms presented in this paper and, resp. in
[3], is the same, however, the shift complexity (and, hence, the full algebraic
complexity) of the new algorithm is lower: O(n%d?) instead of ©(n*d?).

Some other versions of the algorithms belonging to the EG-eliminations fam-
ily [6,7], whose full complexity does not differ much from the full complexity of
the above considered version, can be to some extent more convenient for imple-
mentation. This question has been discussed in [8]. In our Maple-implementation
of the Inverse operator algorithm represented below, we use elements of var-
ious variants of EG-eliminations. (It is well known that an algorithm that looks
the best in terms of complexity theory is not necessarily the best in computa-
tional practice.)
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5 Implementation and Experiments

The implementation® is performed in Maple [18]. The existing implementation
of the algorithm EG described in [9] is taken as a starting point. The procedure
is adjusted to the difference case and to provide extended versions, both ExtEG,
and ExtEG,-1. On top of the procedure for ExtEG, and ExtEG,-1, the procedure
IsUnimodular to test the unimodularity of an operator and to compute its
inverse is implemented.
An operator L = Ajot + A1o'~ + .- 4+ A,o? is specified at the input of
the procedures as the list
[A,1,¢], (10)

where A is an explicit matriz
A= (A|Ai—1] ... |As) (11)

of size n X n(l —t+1). The explicit matrix A is defined by means of the standard
Maple object Matrix. The entries of the explicit matrix are rational functions
of one variable, which are also specified in a standard way accepted in Maple. If
t = 0 then the input may be given alternatively just by the explicit matrix A.
The procedure IsUnimodular returns true or false as the result of check-
ing the unimodularity of the given operator, its inverse operator is returned
additionally being assigned to a given variable name (an optional input param-
eter of the procedure). The inverse operator is also represented by the list of its
explicit matrix and its leading and trailing orders. If the optional variable name is
not given, then the procedure uses the algorithm Unimodularity Testing from
Sect. 3.1, otherwise the algorithm Inverse Operator from Sect. 3.2 is used.

Example 4. We apply the procedure IsUnimodular to the operator matrix (4)
considered in Examples 1-3. The explicit matrix for the operator is

(0 -11 0)
z ?
0-3%

with [ = 1 and ¢ = 0. The procedure is applied twice: first time just for checking
the unimodularity, and the second time, for computing the inverse operator as
well. One can see that the result of the application coincides with the result
presented in Example 3 (the computation time is also presented):

! Available at http://www.ccas.ru/ca/egrrext.
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> L := Matrix([[0, -1/x, 1, 0], [0, -x/2, x"2/2, 111);

0 —% 1 0
L=
0 -5 % 1

> st:=time(): IsUnimodular(L, x); time()-st;

true
0.032

> st:=time(): IsUnimodular(L, x, ’InvL’); time()-st;

true

0.063

_(@t)? 1
2x x 120’1’0
0 0-21

Example 5. Consider the operator

> InvL;

with [ = 1 and t = —1. The procedure IsUnimodular is applied twice again: first
time just for checking the unimodularity, and the second time, for computing
the inverse operator as well. The computation time is also presented.
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> L:= Matrix([[0, O, 0,-1/(x-1), 1, 0], [0, -x/2, x"2/2, 1, 0, 011);

00 0 —-—-L 10

r—1

L :=

z 1 00

N

0 -

2

> st:=time(): IsUnimodular([L, 1, -1], x); time()-st;
true
0.078

> st:=time(): IsUnimodular([L, 1, -1], x, ’InvL’); time()-st;
> InvL;

It means that

_ —1 2
() (e
= 2 .
o io1 2o 1

In addition, a series of experiments has been executed.

Example 6. Consider the following n x n-operator with n = 2k:

M= (g'; i) , (12)

where 0y, is the zero k x k-matrix, A € Mat j(K[o,07!]) is an arbitrary operator.
The operator (12) is unimodular for any A, its inverse operator is

M1t = <é’; _1,14> . (13)

For each experiment, we have generated an operator A whose entries are
scalar difference operators having random rational function coeflicients with the
numerators and denominators of the degree up to 2. We compute the inverse
for M of the form (12). The order of A, and hence, the order of M varies as
d=1,2,4,6,8,10 and the number of rows of M varies as n = 4,6,8,10 (hence,
the number of rows of A varies as k = 2,3,4,5). The inverse of M is calculated
in each experiment by IsUnimodular. The results are presented in Table 1.

The table shows that the computation time in general corresponds to the
complexity estimates (it should not be exact since the estimates are for the worst
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Table 1. Results of the experiments, in seconds

d=1|d=2|d=4 d=6 d=28 d=10

0.125|0.188 | 0.500 0.969 2.078 2.906
0.282]0.593 1.734 6.563 | 79.375 92.562
0.516 | 1.500 | 37.938 | 94.813| 427.375| 1836.547
0]0.703 | 5.562 | 910.218 | 1006.797 | 7576.063 | 13372.172

sB|lB|B B
I
= 00| O |

case and asymptotical). However, the computing time starts to increase faster
than expected with the growth of n and d. It is again caused by the significant
growth of the size of the elements of the matrix in the course of the computation.
The size of the elements in M ! is equal to the size of the elements in M in
these experiments, so the coefficients of the elements are rational functions with
the numerators and denominators of the degree up to 2. But in the course of the
computation, the elements of the matrix have coefficients with the numerators
and denominators of the degree up to several dozens for the smaller n and d,
and up to several hundreds and even more than a thousand for the greater n
and d.

6 Conclusion

In this paper, we have presented some new algorithms for solving problems
for matrices whose entries belong to the non-commutative ring of scalar linear
difference operators with coefficients from a difference field K of characteristic
0 with an automorphism ¢. Some algorithms for solving the difference problems
formulated in the paper had been proposed in [3]. The algorithms in the present
paper have lower complexity due to the usage of the EG-eliminations algorithm
as an auxiliary tool instead of Row-Reduction algorithm. The implementation
of the algorithm in Maple was done and some experiments were reported. The
experimental results show that the computation time corresponds in general to
the complexity estimates from the proposed theory.

From our work, new questions arise (they were earlier formulated in [3]). For
example, it is not clear, whether the problem of inverting can be reduced to the
matrix multiplication problem (similarly to the “commutative” case)?

One more question: whether there exists an algorithm for such n x n-matrices
inverting with the full complexity O(n®d®), with a < 3? It is possible to prove
by the usual way that the matrix multiplication can be reduced to the problem
of the matrix inverting (we have in mind the difference matrices). However, it is
not so easy to prove that the problem of the matrix inverting can be reduced to
the problem of the matrix multiplication.

We will continue to investigate this line of enquiry.
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Abstract. We discuss algorithms for pseudo-division and division with
remainder of multivariate polynomials with sparse representation. This
work is motivated by the computations of normal forms and pseudo-
remainders with respect to regular chains. We report on the implemen-
tation of those algorithms with the BPAS library.

1 Introduction

General-purpose polynomial system solvers, like MAPLE’s solve command, com-
bine different algorithms using various polynomial data-types. Consider, as input
for such a solver, a polynomial system coming from a real life application, typi-
cally consisting of sparse multivariate polynomials with rational number coeffi-
cients. A pre-processing phase, using sparse polynomial data-types, attempts to
reduce the number of equations, variables or the total degree, say by exploiting
properties like symmetries. Then a core engine, say based on Grébner bases, a
homotopy method, or triangular decompositions, determines a representation of
the real or complex solutions of the input system; this step generally requires
a change of polynomial representation (e.g. dense data-types) together with a
change of coefficient type (e.g. to finite fields when modular methods are used).
Finally, the representation computed by the core engine is converted to one
which is more “explicit” or convenient to an end-user; in fact, a return to the
original sparse polynomial data-type is likely to take place.

Core engines of polynomial systems solvers have driven a large body of work
in the computer algebra community. In particular, algorithms and implemen-
tation techniques supporting the polynomial and matrix data-types used by
those core engines have received great attention. In contrast, until a decade ago,
the implementation of sparse polynomial arithmetic, which is the default data-
type for general-purpose computer algebra systems, like MAPLE, MATHEMATICA,
SAGE, and SINGULAR, was often less optimized. Nevertheless, we should mention
pioneer works like the seminal article of Johnson [11] in 1974.

Research works conducted in the last decade on sparse polynomial arithmetic
operations! and data-types can essentially be categorized into two streams. The

! Polynomial arithmetic operations refers here to addition, multiplication, division and
pseudo-division.
© Springer Nature Switzerland AG 2018
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first one deals primarily with algebraic complexity, see the works of van der
Hoeven and Lecerf [10] and those of Arnold and Roch [1]. The latter focuses on
implementation techniques, see the works of Monagan and Pearce [15,19], and
those of Gastineau and Laskar [5,6]. The present work subscribes to this second
stream. We are motivated by obtaining efficient implementation of triangular
decomposition algorithms based on the theory of regular chains [4]. To be precise,
we aim at adapting the algorithms of the RegularChains library [13] to the Basic
Polynomial Algebra Subprograms (BPAS). This latter library is written mainly
in C language, for high performance, wrapped in a C++ interface to make use of
object-oriented programming and for end-user usability. The Cilk extension [12]
is used for multi-threading, targeting multi-core processors. BPAS is already
equipped with parallel dense polynomial arithmetic over finite fields [20] and the
integers [3]. BPAS is publicly available in source at www.bpaslib.org.

We report in this paper on the implementation with the BPAS library of
elementary arithmetic operations for multivariate polynomials represented with
sparse data-types. In Sect. 2, we start by discussing multiplication and division
with remainder, following the papers [11,15,19]. Then, we propose an algorithm
for pseudo-division using similar principles. Our presentation of both division
with remainder and pseudo-division has two levels: one abstract level indepen-
dent of the supporting data-structures (see Algorithms1 and 3) and one level
taking advantage of heap data-structures (see Algorithms 2 and 4). This presen-
tation allows us to formally prove those algorithms.

In Sect.3, we discuss the implementation of the algorithms presented in
Sect. 2 within the BPAS library; we highlight the differences between our imple-
mentation and that realized in MAPLE by Monagan and Pearce. Note that,
currently, all the BPAS code for sparse polynomial arithmetic is entirely serial C
code, that is, multi-threading is not used yet. We stress the fact that, while algo-
rithms for division with remainder (Algorithms 1 and 2) may look similar to their
counterparts for pseudo-division (Algorithms 3 and 4), implementation of the lat-
ter is by far more challenging than that of the former. Indeed, pseudo-division is
essentially a univariate operation. Thus, when used in the context of multivariate
polynomials, careful data-structure manipulations are needed to optimize both
memory usage and access time to terms of polynomials, see Sect. 3.5. Section 4
gathers our experimental results. For multivariate polynomials over the inte-
gers (for which both BPAS and MAPLE have optimized implementation), BPAS
is usually faster with a speedup factor typically between 2 to 3, see Figs.5, 6
and 8. For multivariate polynomials over the rational numbers (for which only
BPAS has an optimized implementation), BPAS is faster than MAPLE by 2 to
3 orders of magnitude, see Figs.3, 4 and 7. This is particularly true for the
computation of normal forms, see Fig. 9.

2 Sparse Polynomial Arithmetic

For the treatment of sparse polynomial arithmetic we require both a distributed
and recursive view of polynomials, depending on the operation. For a distributed
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polynomial a € D[xy,..., 2], for an integral domain D and variable ordering
Ty < @3 < -+ < Ty, we use the notation a = Y 1 A; = Y0 a; X, where
n, is the number of (non-zero) terms, 0 # a; € D, «; is an exponent vector
for the variables X = (z1,...,2,). A term of a is represented by A; = a; X%.
We assume that the terms are ordered (decreasing) lexicographically, so that
le(a) = ay is the leading coefficient of a, Im(a) = X* is the leading monomial
of a, and lt(a) = a1 X** is the leading term of a. If a is not constant, the greatest
variable appearing in a is the main variable of a (denoted mvar(a)). Given a term
A; of a, coef(A;) = a; is the coeflicient, expn(A;) = «; is the exponent vector,
and deg(A;, x;) is the component of «; corresponding to x;. Then, deg(a,z;) is
the maximum value of deg(4;, z;) among all terms A; of a.

For a recursive view of a non-constant polynomial a € D[zy,...,%n],
again with 7 < =9 < -+ < x,,, we view a as a univariate polynomial in
Rlz;], with z; = mvar(a) is the largest variable occurring in a, and where
R = Dixz1,...,xj_1]. Viewed in R[z;], the leading coefficient of a is the initial
of a (denoted init(a)). Given a term A; of a € R[x;], coef(A;) € D[z1,...,z;-1]
and expn(4;) = deg(4;, x;).

Addition (or subtraction) of two polynomials requires joining the terms of
the two summands, combining terms with identical exponents (with possible
cancellation) and then sorting the terms of the sum. A naive approach is to
compute the sum a + b term-by-term, adding a term of the addend (b) to the
augend (a), sorting at each step, in a manner similar to insertion sort. An efficient
algorithm instead uses merge sort, taking advantage of the fact that the terms
of a and b are already ordered. For details of the algorithm see [11, p. 65].

Multiplication of two polynomials requires generating the terms of the prod-
uct, combining terms with equal exponents and sorting the product terms. A
naive approach is to compute the product a - b (where a has n, terms and b has
ny terms) by distributing each term of the multiplier (a) over the multiplicand
(b) and combining like terms: ¢ = a - b = (a3 X** - b) + (a2 X*? - b) + ---. This is
inefficient because all n,n; terms are generated, whether or not they have equal
exponents, and the n,n; terms must be sorted. Again, following Johnson [11],
we can obtain more efficient algorithms by generating terms in sorted order.

We make good use of the sparse data structure for a = ¢, a; X%, and b =
Z?gl b;XPi, by observing that for given «; and 3;, we always have that
X1t and X*+Bi+1 are less than X7 in the term order. Given that
Xthi > X*+Bi+1 we can generate terms of the product in order by merging n,
“streams” of terms obtained by multiplying a single term of a distributed over b,

(a1 -b1) XU 4 (@ - bo) X2 4 (ag - by) XS 4L

(CLQ . bl) Xa2+51 + (a2 . bQ)Xa2+B2 + (a2 . bg)XC!2+ﬂ3 4.,
a-b=

(ana . bl) X %na tP1 4 (ana ,bQ)Xana+[32 + (ana ~b3) X Onath3 N

and then selecting the maximum term from the heads of the streams. The new
head of the stream where a term is removed is then the term to its right in that
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stream. We can efficiently handle this sub-problem of selecting the maximum
term by storing the heads of the streams in a priority queue, which we imple-
ment using a binary max-heap. We minimize the size of the heap by choosing
the order of multiplicative factors such that n, < ny, which we are free to do
since multiplication is commutative. Because the heap multiplication algorithm
was specified completely by Johnson, we refer the reader to [11], which discusses
the algorithm and provides pseudo-code.

2.1 Division

We now consider the problem of multivariate division, where the input polyno-
mials a,b € D[x1,...,zy], with b € D being the divisor and a the dividend. We
assume that D is a field. Hence {b} is a Grobner basis of the ideal it generates.
Thus, we can specify the output as ¢,r € D[z1,...,z,] satisfying a = ¢gb + r,
such that r is reduced with respect to b treated as a Grobner basis.

Division presents a more tricky problem in terms of heap-optimization. We
must compute terms of the quotient and remainder in order, and produce terms
of the product ¢b in order, as terms of ¢ are generated in the execution of the
algorithm. To see how this can be done without a heap, consider Algorithm 1,
which computes ¢ and r term by term by computing 7 = lt(a — gb — r) at each
step. This works for multivariate division because introducing a new quotient
term whenever 1t(b) | 7 ensures that any subsequent terms of a — gb — r that do
not satisfy this condition will be remainder terms. This allows terms of both ¢
and r to be computed in order.

Proposition 1. Algorithm 1 terminates and is correct.

Proof. Tt is enough to show that for each iteration of the loop, the term 7
decreases strictly. It follows from the axioms of a term order that 7 becomes
zero after finitely many iterations. We denote the values of the variables of Algo-
rithm 1 on the i-th iteration by superscripts. For each ¢, depending on whether
or not 1t(b) | #(*) holds, we have two possibilities:

- Qr= F(i)/Bl, where @)y is a new quotient term;
—or R = f(’), where Ry is a new remainder term.

We provide the proof for the first case. The second case is similar but essentially
trivial. Since 7 = Q,B; holds by assumption, we have

The remainder r is reduced with respect to {b} because all terms Ry, of r satisfy
1t(b) ¥ Ry, by construction. O
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Heap-optimization can then be applied to Algorithm 1 by using a heap to
keep track of the computation of the product gb. This is a special case of heap
multiplication. The major difference from multiplication, where all terms of both
factors are known at the outset, is that ¢ is computed as the algorithm proceeds,
which forces g to be the multiplier and b the multiplicand. Thus, each stream
consists of a term @, of ¢ distributed over b. Another difference from multipli-
cation is that each stream is initiated with the term Q,Bs, because QB need
not be computed because it is canceled out by construction.

The management of the heap to compute a product ab requires a num-
ber of specialized functions. We provide here a simplified interface consisting
of three functions. heapInsert(A;, B;) adds the product of A; and B; to the
heap?. heapPeek() gets the exponent vector € of the top element in the heap.
heapExtract() removes the top element of the heap and inserts the next ele-
ment of the stream from which the top element came from. That is, if there are
any elements remaining in that stream. The key modification of Algorithm 1 to
reach Algorithm 2 is to use terms of ¢gb from the heap to compute 7 = lt(a—gb—r).
This requires tracking three cases: (1) 7 is an uncanceled term of a; (2) 7 is a
term of the difference (a — r) — (¢b); and (3) 7 is a term of —gb such that all
remaining terms of a — r are smaller in the term order.

Let € be the exponent vector of the top term of the heap computation of
gb. If the heap is empty, we let ¢ = (—1,0,...,0), which will be less than any
exponent of any polynomial term on account of the first element being —1. We
therefore abuse notation and write € = —1 for an empty heap. Let Ay be the
greatest uncanceled term of a. Then, the three cases correspond to conditions on
the ordering of € and expn(Ay). The term 7 is an uncanceled term of a (case 1)
either if the heap is empty (indicating that no terms of ¢ have yet been computed
or all terms of gb have been extracted) or if € > —1 but & < expn(Ag). In either
of these two situations € < expn(Ay) holds. The term 7 is a term of the difference
(a—1) —(gb) (case 2) if both Ay and € have the same exponent (¢ = expn(Ay)).
And 7 is a term of —¢gb (case 3) whenever € > expn(Ay) holds.

Algorithm 2 uses this observation to compute 7 by adding a conditional to
compare the ranks of ¢ and expn(Ay). Terms are only extracted from the heap
when € > deg(Ay) holds; and when a term is extracted the next term from
the given stream, if there is one, is added to the heap (defined behaviour of
heapExtract()). The adding of new terms to ¢ and r is almost identical to
Algorithm 1, except that for quotient terms we initiate a new stream starting
with QB (because QB is canceled by construction). Together with Proposi-
tion 1, then, we have established the following proposition.

Proposition 2. Algorithm 2 terminates and is correct. g

2 Note that the heap need not actually store product terms but can simply store the
indices of the two factors, with the product only computed when elements of the heap
are removed. This strategy is needed for pseudodivision, discussed below, where the
quotient terms are updated in the course of the algorithm.
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Algorithm 1. pivipe(a,b)

a,b € D[z1,...,Tm], mdeg(b) > 0, return g, r €
D[z1,...,Zm] such that a = gb + r where r is
reduced with respect to the Grobner basis {b}.

Algorithm 3. rscuboDivipe(a,b,x)

a,b € D[z], deg(b,z) > 0, returns ¢, € D[z] and
£ € N such that hfa = gb + r, with deg(r,z) <
deg(b, ).

end while
return (g, )

1: ¢g:=0;7r:=0

2: while 7 :=1lt(a — ¢b — r) # 0 do
3: if 1t(b) | 7 then

4: q:=q+ 7/1t(b)

5: else

6: ri=r+7

7 end if

8:

9:

1: ¢:=0; r:=0; h:=lc(b); £:=0; v = deg(b.x)
2: while 7 := lt(ha — qb — r) # 0 do

3: if 7 | ¥ then

4. qg:=hqg+7/z7;L:=0+1
5: else

6: ri=r+7

7:  endif

8: end while

9: return (q,7,0)

Algorithm 2. DIVIDE(a,b)

a,b € D[zy,...,Tm], mdeg(b) > 0, return q,r €
D[z1,...,Tm] such that a = gb + r where 7 is
reduced with respect to the Grobner basis {b}.

1: qg:=0;r:=0
2 k= 1; ¢ :=
3: while ¢ := heapPeek() > —1 or k < n, do
4 if ¢ < expn(Ay) then

5: 7= Ay

6: n:=expn(Ag); k:i=k+1

7 else if ¢ = expn(Ag) then

8 7 := Ap — heapExtract()

9: ni=e; k:=k+1

10: else

11: 7 := —heapExtract()

12: ni=¢

13: end if

14: if expn(B1) | n then

15: L:=L+1; Qp:=7/B1;q:=q+ Qp
16: heapInsert(Qy, Ba)

17: else

18: ri=r+7r

19:  endif
20: end while
21: return (g, 7)

Algorithm 4. PSEUDODIVIDE(a,b,z)
a,b € D[z], deg(b) > 0, returns g, r € D[z] and £ € N
such that hfa = gb + r, with deg(r, z) < deg(b, x).

P g:=0;7:=0; h:=1c(db)

1

2 e:= —1;s:=0

3: k= 1; £ := 0; v := deg(b, )

4: while ¢ := heapPeek() > —1 or k < n, do
5: if € < deg(Ay, z) then

6: 7i:=htAy

7 n:=deg(Ag,z); k:=k+1

8 else if ¢ = deg(Ag, =) then

9: 7:= h*A; — heapExtract()

10: n:=e; k:=k+1

11: else

12: 7 := —heapExtract()

13: n:i=¢€

14:  endif

15: if deg(b, z) < n then

16: qg:=hqg; L:=0+1; Qp:=7/x7
17: heaplInsert(Qy, B2); g := ¢+ Qp
18: else

19: ri=r4+7

20:  endif
21: end while
22: return (g,7, %)

2.2 Pseudo-Division

The pseudo-division algorithm is essentially univariate, and terms here are ele-
ments of D[z] for an arbitrary integral domain D. Pseudo-division is essentially
a fraction-free division: rather than dividing a by h = lc(b) for each term of the
quotient g, it multiplies a by h. If the quotient ends up with ¢ terms, then the

result must satisfy hfa = ¢b+ 7.

An important consequence of pseudo-division being univariate is that all
of the quotient terms are computed first and then all of the remainder terms
are computed. This is because we can always carry out a pseudo-division step
provided that deg(b, z) < deg(lt(h‘a—qb), x), where lt(hfa—qb) is the equivalent
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of 7 from Algorithm1 when r = 0. Thus, we adopt the same symbol for it
in Algorithm 3, which is the extension of Algorithm 1 to pseudo-division. The
only difference in these algorithms is that each time we compute a new pseudo-
quotient term we do so as 7/z7, where v = deg(b,z) (fraction free division),
rather than 7/B; = 7/(ha”) as before, and because we add a factor of h to a,
we must also multiply the previous value of the quotient by h.

Proposition 3. Algorithm 3 terminates and is correct.

Proof. Similar to Proposition 1. The two cases here are Q; = #() /27 and Ry, =
7). We consider the first case (the second case is similar and essentially trivial).
In the first case r(Y) = 0, since quotient terms are still being computed, so that
7 = 1t(hfa — ¢Wb). Since #) = Q27 by assumption, h#() = Q,B;, and we
have

FOD) _ lt(hHla _ q(i+1)b _ T(H—l)) _ lt(h“la _ ([hq(i) + Qb))
=16(h" " a — (hgb+ (B — hi™) + Qub))
=1t6(h[(h‘a — ¢"b) = 7] — [Qe(b — B1)))
<1(7?) = 7@

The condition deg(r,z) < deg(b,x) is ensured because quotient terms are com-
puted until 7 { 7 holds, that is, until deg(h‘a — gb, z) < deg(b, ) holds. O

Heap-optimization of Algorithm 3 proceeds in much the same way as for divi-
sion. The only additional consideration required for Algorithm 4 is the accounting
for factors of h in the computation of 1t(h‘a—qgb—7). This only requires adding as
many factors of h to Ay that have been added to the quotient up to the current
iteration. Since ¢ terms have been added to g, we multiply Ay by k¢ each time
we use one of the terms. Additional factors of h are added when the previous
quotient is multiplied by A prior to the computation of the next quotient term.
Other than this, the shift from Algorithm 3 to Algorithm 4 follows the analogous
shift between Algorithms1 and 2 exactly. We therefore have the following.

Proposition 4. Algorithm 4 terminates and is correct.

Proof. The proof is a straightforward adaptation of the preceding observations
and the proofs for Propositions2 and 3. The key observation is the first main
conditional statement in the while loop computes # = lt(ha — gb — 1), where
7 = 0 until ¢ has been computed, and the second main conditional computes a
term of g or r from 7 accordingly, following the structure of Algorithm 3. O

2.3 Multi-Divisor (Pseudo-)Division

One natural application of division with remainder of multivariate polynomials
is the computation of normal forms with respect to Grobner bases. Moreover,
the computation of pseudo-quotient and pseudo-remainder of a polynomial with
respect to multiple polynomials (or a triangular set) is also natural. Normal forms
can be computed by Algorithms5 and 7 in Appendix A while pseudo-division
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by a triangular set can be computed by Algorithms6 and 8. Section 4 includes
benchmarks of those four algorithms implemented with the BPAS library.

3 Implementation and Optimizations

With the ever-increasing gap between processor speeds and memory-access time,
our implementation techniques focus on memory usage and management. Our
implementations effectively traverse memory while making use of memory-effi-
cient data structures with good data locality. In this section we consider polyno-
mial representations and corresponding data structures (Sect. 3.1), addition and
multiplication (Sect. 3.2), heap-optimizations (Sect. 3.3), division (Sect. 3.4), and
lastly, pseudo-division (Sect. 3.5).

3.1 Polynomial Representations

The simplest scheme to represent a polynomial sparsely would be a linked list
where each node in the list is a single term of that polynomial. This represen-
tation makes handling and manipulating terms very easy with simple pointer
manipulation. However, the indirection created by pointers and (possibly) poor
locality of successive nodes in the list makes this scheme inefficient for memory
usage. Rather, packing the polynomial terms into an array removes the overhead
of linked list pointers and improves locality. We call this array-based representa-
tion of a polynomial an alternating array following the terminology introduced
in 1997 in the BasicMath library, part of the European Project FRISCO https://
cordis.europa.eu/project /ren /31471 _en.html; see also [2].

The alternating array representation packs terms side-by-side in an array,
effectively alternating between coefficients and monomials. A coefficient and its
corresponding monomial are thus optimally local in memory with respect to each
other. Similar schemes have been used in MAPLE [18,19]. In the case of MAPLE,
their scheme uses pointers into a parallel array to store the multi-precision inte-
ger coefficient, whereas we store the multi-precision coefficients directly in the
array. Moreover, for this efficient data structure MAPLE is limited to integer
polynomials while all other polynomials use an old sum-of-products form [18].
In contrast, our alternating array representation in the BPAS library supports
both integer and rational number coefficients.

Coefficients are represented easily using GMP multi-precision numbers [7].
As for monomials, we use exponent packing. Using bit-masks and shifts, multiple
integers, each of small absolute value, can effectively be stored in a single 64-bit
machine word. The idea of exponent packing has been employed at least since
ALTRAN in the late 60s [8] and more recently in [10,16]. Some systems, such
as MAPLE, also encode the total degree of the monomial in the single 64-bit
word. This scheme wastes bits which could be used for additional variables or
higher degrees. In particular, monomials are limited to 21 variables each with
a maximum degree of 3 [18]. Our representation does not encode total degree,
therefore we can encode up to 32 variables, each of maximum degree 3. Moreover,
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in polynomial system solving, degrees of lower ordered variables often increase
much quicker than those of high ordered variables. Thus, in our implementation,
we pack exponents disproportionately within the machine word, giving more bits
to lower ordered variables, ensuring all 64 bits are made useful.

It is worth noting that our sparse representations are used for all of our algo-
rithms, including division and pseudo-division, where (pseudo-)quotients and
(pseudo-)remainders are often much more dense than the divisor and dividend.
However, since we are working with multivariate polynomials, a dense represen-
tation would grow exponentially with the number of variables and, therefore,
our sparse representation is still worthwhile and efficient.

3.2 Addition and Multiplication

For these two simple operations, we just point out a few implementation tricks.
An “in-place” addition (subtraction) can be implemented with our alternating
array representation. This is not strictly in-place, as that would involve far too
much memory movement and swapping of elements, resulting in poor locality and
poor performance. Instead, we can pre-allocate a destination array as with an
“out-of-place” addition algorithm, but, rather than copying coefficients, we reuse
the underlying GMP data. With modestly-sized coefficients, less than 192 bits
each, the savings can reach 20% compared to the out of place implementation.
As for multiplication, we pre-allocate the maximum possible space for the
product (ng -np). Assuming that a has fewer terms than b, we pre-allocate space
in the heap for exactly n, elements as that will be the exact number of streams to
consider. This minimizes memory movement and reallocation required through-
out the computation of appending product terms to the product polynomial. If
the product terms were to out-grow some initial conservative pre-allocation the
reallocation and memory movement could result in a large overhead.

3.3 Heap-Optimizations

The performance of our code is very dependent on the implementation of its
data-structures, and in particular, heaps. Aside from coefficient arithmetic, all
of the work for multiplying terms comes from obtaining the ordering of product
terms. Hence, the heap, whose purpose is to produce terms in the required order,
takes the majority of the effort of our algorithm. Our implementation of heaps
includes all the techniques reported in [16], including the technique of chaining.
We mention an additional trick used in our code. With chaining, the coefficients
of the product terms are already not stored directly in the heap, but they still
play a role in overall auxiliary memory needed for the algorithm. With our alter-
nating array representation of polynomials it is very easy to directly index the
operand polynomials to access the appropriate coefficient. Thus, our heap only
stores the indices of the operand coefficients which together form the coefficient
of the particular product term (Fig.1). This reduces the memory required for
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each coefficient from 32 bytes, in the case of rational number coefficients, down
to 8 bytes. Similar schemes using pointers to coefficients have been examined in
[16,19] but indices are even more succinct than pointers.

Heap Elements Element Chains
N

a; + By { i J . J

Qi1 + B {i+1 J 1 J

. [Z 12| J

J

Fig. 1. A heap of product terms, showing element chaining and index-based storing of
coefficients. In this case, terms A;+1 - B; and A;—1 - Bj12 have equal monomials and
are chained together.

3.4 Division

Division is essentially a direct application of multiplication. We again use heaps,
with all of its optimizations, using the production of product terms in-order
to produce the terms of the quotient and remainder in-order. Division varies
from multiplication as instead of producing the product terms of the two input
operands, we must produce product terms between the divisor and the continu-
ally updating quotient. This poses problems for memory management as we do
not know ahead of time the sizes of the quotient or remainder. In multiplication
we are able to pre-allocate n, - n, space for the product as that is the known
maximum number of product terms. The indeterminate number of quotient and
remainder terms does not allow for such one-time allocation and we must con-
tinually check for producing more terms than the number for which we have
allocated space. We begin by allocating n, space for the quotient and remain-
der, as generally the dividend is larger than the divisor. Then, if more terms are
produced than we have currently allocated for, we double the current allocation.

Whenever we reallocate space for the quotient we also reallocate space for
the same number of terms in the heap. Recall the maximum number of terms
in the heap is equal to the number of quotient terms (as we distribute terms of
the quotient over the divisor in the multiplication). So, we are safe in doing this
memory allocation for the heap even if it does not make use of it all. This has
benefits for performance as we do not need to check for overflow on each insert
into the heap; it is guaranteed to have enough space.

3.5 Pseudo-Division

As seen in Sect. 2 the algorithm for division can easily be adapted for pseudo-
division. With only the modification of multiplying the dividend and quotient by
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the divisor’s initial, we obtained an algorithm for pseudo-division that efficiently
produces terms in order. However, the implementation between these two algo-
rithms is very different. In essence, pseudo-division is a univariate operation,
viewing the input multivariate polynomials recursively. That is, the dividend
and divisor are seen as univariate polynomials over some arbitrary (polynomial)
integral domain. Therefore, coefficients can be, and indeed are, entire polyno-
mials themselves. Coefficient arithmetic becomes non-trivial. Our distributed
multivariate polynomial representation, as seen in Sect. 3.1 would be inefficient
to traverse and manipulate in this recursive way. We introduce a new polyno-
mial representation to easily view polynomials in this univariate, recursive way
in order to efficiently operate on them within the semantics of pseudo-division.

This recursive polynomial representation uses an in-place, very fast conver-
sion between the normal distributed representation and the recursive one. This
amounts to minimal overhead and allows the same polynomials to be easily used
as operands to pseudo-division or any other arithmetic operation. Of course,
an in-place conversion is beneficial to avoid memory movement and reduce the
working memory required for the algorithm.

To view the polynomial recursively, we begin by blocking the alternating
array representation of the distributed polynomial based on degrees of the main
variable. Each block groups together terms which have equal degree with respect
to the main variable. As our polynomials are ordered lexicographically, then all
terms are already in order with respect to the degree of the main variable, and,
moreover, within a block, all terms are also sorted lexicographically with respect
to all of the remaining variables. Because of this, we can create these blocks
in-place, without any memory movement, simply by maintaining the offset into
the array for the beginning of each block.

Next, we create a secondary alternating array to store these offsets. This array
alternates between an exponent of the main variable and a pointer to the original
array which is offset to point to the beginning of the block that corresponds to the
preceding main variable exponent. Note that we also store the size of each block.
This is convenient when we need to do coefficient arithmetic as those coefficients
are themselves polynomials that must know their size to perform arithmetic.
In addition, as we traverse the array to determine the blocks, we zero out the
degree of the main variable for every monomial. This ensures that the degree of
the main variable does not pollute the polynomial coefficient arithmetic. Figure 2
shows this secondary array structure along with the original array, highlighting
the conversion process.

These two alternating arrays together exactly and efficiently represent the
recursive view of a polynomial, having coefficients from an arbitrary polynomial
ring and univariate monomials. The secondary alternating array requires little
additional memory. It will have size equal to the number of unique values of
degree of the main variable in the distributed polynomial. In practice, with sparse
polynomials, this number is quite small. In the absolute worst case, for integer
polynomials that are fully dense with respect to the main variable, this secondary

array requires O(2n) additional space. With multi-precision coefficients and/or
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rational number coefficients, this fraction becomes much smaller. This additional
space becomes increasingly insignificant as the integers (rational numbers) grow
in size, as they always do in pseudo-division calculations.

Distributed {‘ 3 ‘ L‘ngLg ‘ 6 ‘ .Li.L;.Lg ‘ 4 ‘ ;cf;cg;cg ‘ 7 ‘ z3 ‘

‘ 3 ‘ :1:3:1:3 ‘ 6 ‘ Igl’g ‘ 4 ‘ T2T3 ‘ 7 ‘ x3 ‘

S~ A
HERBEBNDED

Recursive

Fig. 2. A distributed polynomial representation converted to the recursive polynomial
representation, showing the additional secondary array. The secondary array alternates
between: (1) exponent of the main variable, (2) size of the coefficient polynomial, and
(3) a pointer to the coefficient polynomial which is simply an offset into the original
distributed polynomial.

With the recursive view of a polynomial efficiently implemented, it is then
important to consider efficiency of coefficient arithmetic. As coefficients are now
full polynomials there is more overhead in manipulating them and performing
arithmetic. One important implementation detail is to perform the addition (and
subtraction) of like-terms in-place. Such combinations occur when computing the
leading term of hfa — gb and when combining like-terms in the quotient-divisor
product. In-place addition, as described in the previous sub-section, allows for
the re-use of underlying GMP data. Therefore, performance of in-place addi-
tion compared to out-of-place becomes increasingly better as coefficients grow
throughout the pseudo-division algorithm.

Similarly, the update of the quotient by multiplying by the initial of the divi-
sor, requires a multiplication of full polynomials. If we wish to save on memory
movement we should perform this multiplication in place. However, notice that,
in our recursive representation, coefficient polynomials are tightly packed in a
continuous array. To modify them in place would require shifting all following
coefficients down the array to make room for the strictly large product poly-
nomial. To avoid this unnecessary memory movement, we modify the recursive
data structure exclusively for the quotient polynomial. We break the continu-
ous array of coefficients into many arrays, one for each coefficient. This allows
them to grow without displacing the following coefficients. At the end of the
algorithm, once the quotient has finished being produced, we collect and com-
pact all of these disjoint polynomials into a single, packed array. In contrast, the
remainder is never updated once its terms are produced. Moreover, we do not
require any recursively viewed operations on the remainder. Hence, as terms of
the remainder are produced, we store them directly in the normal, distributed
representation, avoiding conversion out of the recursive representation and any
memory overhead of the additional recursive array.
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Lastly, our final optimization is common among other sparse pseudo-division
algorithms. We perform a divisibility test between a newly produced quotient
term and the initial of the divisor. If division is exact, we avoid one multiplication
of the quotient with the divisor’s initial, and the newly produced quotient term
is replaced by its quotient calculated by the exact division. This divisibility
test is little overhead as the test usually fails very early. Often, this divisibility
test is instead performed by a GCD calculation in order to always multiply the
quotient by the smallest possible polynomial instead of the full initial of the
divisor. However, efficient GCD calculation for multivariate polynomials is not
trivial. A simple divisibility is often sufficient in practice.

4 Experimentation

For univariate polynomials sparsity is easily defined as the maximum degree
difference between successive polynomial terms. Though sparsity is not so easily
defined for multivariate polynomials, we propose the following adaptation of the
univariate case to the multivariate one, inspired by Kronecker substitution. Let
f € D[z, ..., 2] be non-zero and define r = max(deg(f,x;),1 < i < m)+ 1.
Then, every exponent vector e = (eq,...,e,) of a term of f can be identified
with the radix 7 representation of the integer z(e) = e; +ear—+---+e,r™ L. We
call sparsity of f the smallest integer s which is greater or equal to z(e) — z(¢’),
where e, e’ are any two consecutive exponent vectors of f. If f has n terms
then we have r™ < n s. For our experiments, sparse polynomials were randomly
generated using the following parameters: number of variables m, number of
terms n, sparsity s, and maximum number of bits in any coefficient. Then,
exponent vectors are generated as radix r representations with m digits and
r computed as | {/s-m].

We compare our implementation against MAPLE for both integer polynomi-
als and rational number polynomials. Over the past 10 years or so, MAPLE has
become the leader in integer polynomial arithmetic thanks to the extensive work
of Monagan and Pearce [15-17,19]. Benchmarks there provide clear indication
that their implementation outperforms many other computer algebra systems
including: TRIP, MAGMA, SINGULAR, and PARI. Moreover, other common sys-
tems like FLINT [9] and NTL [21] provide only univariate polynomial imple-
mentations, meaning the comparison against our multivariate implementation
would be unfair. Therefore, we compare our implementations against the lead-
ing high-performance implementation that is provided by MAPLE in particular,
MAPLE 2017.

We consider multiplication and division over Q (Figs.3 and 4), multiplica-
tion and division over Z (Figs.5 and 6), pseudo-division over Q and Z (Figs.7
and 8), and multi-divisor normal form and pseudo-division computation over Q
(Fig.9 and 10). In all cases (except dense integer multiplication) BPAS performs
favourably over MAPLE. We note that random instances of division do not pro-
vide smooth results due to varying sizes of resulting quotients and remainders.
Our benchmarks were collected using an Intel Xeon X560 processor at 2.67 GHz,
32 KB L1 data cache, 256 KB L2 cache, 12288 KB L3 cache, and 48 GB of RAM.

mmonagan@cecm.sfu.ca



Sparse Polynomial Arithmetic with the BPAS Library 45
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Fig.3. Q multiplication. Sparsity Fig. 4. Q division. Sparsity varies as
varies as noted in the legend, # noted in the legend, # of divisor terms
coefficient bits is 128. is n/2, # coefficient bits is 128.
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Fig.5. 7Z multiplication. Sparsity Fig. 6. Z division. Sparsity varies as
varies as noted in the legend, # noted in the legend, # divisor terms
coefficient bits is 128. is n/2, # coefficient bits is 128.

It is clear from these benchmarks that having optimized data structures and
fundamental algorithms is important. For polynomials over the rational numbers,
where MAPLE lacks an optimized implementation, our code performs orders of
magnitude better. Even for MAPLE’s optimized implementation of polynomials
over the integers, our code still performs at a fraction of the time. This perfor-
mance savings is substantial and is very apparent when comparing normal forms
(see Fig.9). With the repeated division required for normal forms, an optimized
division algorithm results in extensive performance gains.
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Fig. 9. The divisor set is a random nor- Fig.10. The divisor set is a ran-
malized triangular set of Q[z1, xg,ac:),] dom triangular set of Q[z1,z2,x3]
and deg(a,z1) — deg(ts,z1) = &3, with non-constant initials, sparsity
deg(a,xz) - deg(tz,xg) = 1 (5) 2 and deg(a,z1) — deg(ts,z1) = 53,
deg(a,x3) — deg(t1,x3) = 1g(9)® and deg(a, z2)—deg(t2, w2) = 1g(5)°, deg(a, z3)—
sparsity 2. BPAS implements Algo- deg(t1,x3) = lg(8)>. BPAS uses Algo-
rithms 5 and 7, see Appendix A. rithms 6 and 8.

5 Conclusion

The open-source library Basic Polynomial Algebra Subprograms (BPAS) pro-
vides high performance implementations of sparse multivariate polynomial arith-
metic, over Z and Q, including addition, multiplication, division, and pseudo-
division, using highly efficient data structures and algorithms. These fundamen-
tal operations were extended to the mid-level algorithms of multi-divisor division
(normal form) and multi-divisor pseudo-division. Their performance against the
leader in polynomial arithmetic, MAPLE, was shown to be a 2-3 times (or order
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of magnitude for Q) better. The optimization of these fundamental operations
will become the basis for efficient computations with regular chains.

Acknowledgments. The authors would like to thank IBM Canada Ltd (CAS project
880) and NSERC of Canada (CRD grant CRDPJ500717-16).

A Appendix

Let K be a field. If B is a Grobner basis of K[z, ..., 2,] Algorithm5 com-
putes the normal form of a polynomial a € K[z1,...,z,,] (together with the
quotients) w.r.t. B; the principle is direct (or naive). Alternatively, when B is a
zero-dimensional normalized (thus so-called Lazard) triangular set, one can use
Algorithm 7, the recursive principle of which is taken from [14]. Some details are
given here. For computing the normal form of polynomial a € K[z, ..., x,,] with
respect to a Lazard triangular set T = {t1,...,tm} C Klz1,. .., 2y], Algorithm 7
uses the recursive representation of polynomials. If m = 1, the result is obtained
by applying Algorithm 2. Otherwise, the coefficients of a with respect to z,, are
reduced w.r.t. to {t1,...,t;m—1} by means of a recursive call (Lines 4-11 of the
pseudo-code), yielding a polynomial r. Then, r is divided by t,, by applying
Algorithm 2, see Line 12, yielding a new polynomial r. Finally, the coefficients
w.r.t. Z, of this new polynomial r are reduced w.r.t. to {¢1,...,tn—1}, by means
of a second recursive call, see Lines 13-16.

Algorithm 5. NormaLForM (a,B)

Given a,b1,....bx € K[z1,...,zm], Algorithm 6. xaiveTSPD (a,T)
B = {b1,...,bn} a Grobner basis, returns Given a,t1,...,ty € Kz1,...,2,], T =
q1,---,qn,7 € Klz1,...,zm,m] such that {t;,...,tx}, with mvar(t1) < --- < mvar(tn),
a=qib1 +---+qnbn + 7 where r is reduced returns q1,...,qn,7, h € K[z1,...,Zm] such that
with respect to B. ha = qi1t1+---+qntn +7 where r is reduced with
1: hi=a;r:=0 respect to the triangular set T' (in the sense that
2: while h # 0 do = 0 or deg(r, mvar(t;)) < deg(tj,mvar(tji))., 1<
. i=1: j < N) and h is a product of powers of the initials
4 whilé i < N do of the polynomials of T'.
5 if Im(b;) | Im(h) then 1:ri=a; h:i=1
6: qi = q; + 11:((}2)) % for 1 : 1,...,N do
7. B o 100 ¢ vi=mvar(Tv—it1)
; Te(b,;) 4 4: (Q,r,e) := PSEUDODIVIDE(r, TN —i41, V)
8 ii=1 5: H :=init(Ty—it1)°
9: else 6: h:=Hh
10: =41 7 for j =1,...,N do
11: end if 8: qj = q; H
12: end while 9: end for
13: ri=r+41t(h) 10: qii=qi+Q;
14: h:=h —lt(h) 11: end for
15: end while 12: return (q1,...,qn,7,h)
16: return (q1,...,qn,7)
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Algorithm 7. TSNF (a,T)

Given a € K[z1,...,zm], T = {t1,...,tm} C Klz1,...,2m], with mvar(t1) = z1 < -+ <
mvar(ty,) = T, and init(t1),...,init(¢,) € K, returns qi,...,qm,r € Klz1,...,zm] such that
a = qit1 + -+ 4 gmtm + 7 where r is reduced (in the sense of Grobner bases) with respect to the

Lazard triangular set T'.

1: if m =1 then

2: (q1,7) := DIVIDE(a, t1)

3: else

4: for i =0,...,deg(a,z,,) do

5: ({Qj[z']}J"_gl,R[ i]) := TSNF(coef(a, Tm, 1), {t;} 5"
6: end for

7: q1:=0;...5qm =0

8: ri=> Rli]lxm"’

9: forj=1,...,m—1do )

10: g = q; + 22 Qjlil(zm)*

11: end for

12: (@, ) := DIVIDE(T, tm); @m = qm + 4

13: for i =0,... deg(r T ) do

14: {Q; [i]}]71 , R[i]) := TSNF (coef(r, Tm, i), {t; }]71 )
15: end for

16: execute Lines 8-11

17: end if

18: return (q1,...,qm,7)

Algorithm 8. recTSPD (a,T)
Same input and output specifications as Algorithm 6.

1: if N =1 then

2: (g1, 7, €) := PSEUDODIVIDE(a, t1, mvar(t1)); h = init(¢1)¢
3: else

4: v = mvar(ty)

5: for : = 0,...,deg(a,v) do

6: (@ [Z]} :11, R[i], H[i]) := RECTSPD (coef(a, v, ), {t;};,")
7 end for

8: q1:=0;..5qn:=0

9: H,y :=lem(H[i], O<z<dcg(a v))

10 r:= z iy Rlilv!

11: for]:L...7 —1ldo

12: a = + 2 %Qj i]v*

13: end for B -

14: (g, 7, &) := PSEUDODIVIDE(r, t N, v); h = init(tx)®

15: for j=1,...,N—-1do

16: qj = q;h

17: end for

18: qN :=qN +§

19: for i =0,. deg(r v) do

20: ({Qj[i]}771 , R[4, H[i]) := RECTSPD(coef(r, v, 1), {t; }7,1 )
21: end for

22: Hs :=lem(H[i],0 < i < deg(r,v))

23: for j=1,...,N do

24: qj = quQ

25: end for

26: execute Lines 10-13 with Hs replacing H;
27: h:= HihHo

28: end if

29: return (q1,...,9n,7,h)

Algorithm 6 is a direct (or naive) procedure for computing the pseudo-
remainder and the pseudo-quotients of a polynomial a € Klxy,...,2,] by a
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triangular set T' = {¢1,...,tn}. Note that T" may not be zero-dimensional, that
is, N < m may hold. Moreover, T" may not be normalized; in particular its
initials may not be constant. Algorithm & is a recursive version of Algorithm 6
following the same principles as Algorithm 7 and calling Algorithm 4 at Line 14.
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Abstract. We investigate the application of syzygies for efficiently com-
puting (finite) Pommaret bases. For this purpose, we first describe a non-
trivial variant of Gerdt’s algorithm [10] to construct an involutive basis
for the input ideal as well as an involutive basis for the syzygy module
of the output basis. Then we apply this new algorithm in the context of
Seiler’s method to transform a given ideal into quasi stable position to
ensure the existence of a finite Pommaret basis [19]. This new approach
allows us to avoid superfluous reductions in the iterative computation of
Janet bases required by this method. We conclude the paper by propos-
ing an involutive variant of the signature based algorithm of Gao et al.
[8] to compute simultaneously a Grobner basis for a given ideal and for
the syzygy module of the input basis. All the presented algorithms have
been implemented in MAPLE and their performance is evaluated via a
set of benchmark ideals.

1 Introduction

Grobner bases provide a powerful computational tool for a wide variety of prob-
lems connected to multivariate polynomial ideals. Together with the first algo-
rithm to compute them, they were introduced by Buchberger in his PhD thesis
[3]. Later on, he discovered two criteria to improve his algorithm [2] by omit-
ting superfluous reductions. In 1983, Lazard [15] developed a new approach by
using linear algebra techniques to compute Grébner bases. In 1988, Gebauer
and Moller [9], by interpreting Buchberger’s criteria in terms of syzygies, pre-
sented an efficient way to improve Buchberger’s algorithm. Furthermore, Méller
et al. [16] extended this idea and described the first signature-based algorithm
to compute Grobner bases. In 1999, Faugere [6], by applying fast linear algebra
on sparse matrices, found his F, algorithm to compute Grobner bases. Then, he
introduced the well-known F5 algorithm [7] that uses two new criteria (F5 and
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V. P. Gerdt et al. (Eds.): CASC 2018, LNCS 11077, pp. 51-66, 2018.
https://doi.org/10.1007/978-3-319-99639-4_4

mmonagan@cecm.sfu.ca


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99639-4_4&domain=pdf
http://orcid.org/0000-0002-0565-1334

52 B. Binaei et al.

IsRewritten) based on the idea of signatures and that performs no useless reduc-
tion as long as the input polynomials define a (semi-)regular sequence. Finally,
Gao et al. [8] presented a new approach to compute simultaneously Grébner
bases for an ideal and its syzygy module.

Involutive bases may be considered as a special kind of non-reduced Grobner
bases with additional combinatorial properties. They originate from the works
of Janet [14] on the analysis of partial differential equations. By evolving related
methods used by Pommaret [17], the notion of involutive polynomial bases was
introduced by Zharkov and Blinkov [22]. Later, Gerdt and Blinkov [11] gener-
alised these ideas to the concepts of involutive divisions and involutive bases for
polynomial ideals to produce an effective alternative approach to Buchberger’s
algorithm (for the efficiency analysis of an implementation of Gerdt’s algorithm
[10], we refer to the web pages http://invo.jinr.ru). Recently, Gerdt et al. [12]
proposed a signature-based approach to compute involutive bases.

In this article we discuss effective approaches to compute involutive bases
and in particular Pommaret bases. These bases are a special kind of involutive
bases introduced by Zharkov and Blinkov [22]. While finite Pommaret bases do
not always exist, every ideal in a sufficiently generic position has one (see [13]
for an extensive discussion of this topic). A finite Pommaret basis reflects many
(homological) properties of the ideal it generates. For example, many invariants
like dimension, depth and Castelnuovo-Mumford regularity can be easily read
off from it. We note that all these invariants remain unchanged under coordinate
transformations. We refer to [20] for a comprehensive overview of the theory and
applications of Pommaret bases.

We first propose a variant of Gerdt’s algorithm to compute an involutive basis
which simultaneously determines an involutive basis for the syzygy module of
the output basis. Based on it, we improve Seiler’s method [19] to compute a
linear change of coordinates which brings the input ideal into a generic position
so that the new ideal has a finite Pommaret basis. Then, as a related work,
we describe an involutive version of the approach by Gao et al. [8] to compute
simultaneously Grébner bases of a given ideal and of the syzygy module of the
input basis. All the algorithms described in this paper have been implemented
in MAPLE and their efficiency is illustrated via a set of benchmark ideals.

This paper is organized as follows. In Sect. 2, we review basic definitions and
notations related to involutive bases. Section 3 is devoted to a variant of Gerdt’s
algorithm which also computes an involutive basis for the syzygy module of the
output basis. In Sect. 4, we show how to apply it in the computation of Pommaret
bases. Finally in Sect. 5, we conclude by presenting an involutive variant of the
algorithm of Gao et al. by combining it with Gerdt’s algorithm.

2 Preliminaries
In this section, we review basic notations and preliminaries needed in the subse-

quent sections. Throughout this paper, we assume that P = k[z1,...,x,] is the
polynomial ring over an infinite field k. We consider polynomials f,..., fx € P
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and the ideal Z = (f1,..., fx) generated by them. The total degree and the
degree w.r.t. a variable x; of a polynomial in f € P are denoted by deg(f)
and deg;(f), respectively. In addition, M = {z{' - 22" | a; > 0,1 <4 < n}
stands for the monoid of all monomials in P. We use throughout the reverse
degree lexicographic ordering with xz,, < --- < z1. The leading monomial of a
given polynomial f € P w.r.t. < is denoted by LM(f). If FF C P is a finite set
of polynomials, LM(F) denotes the set {LM(f) | f € F}. The leading coeffi-
cient of f, denoted by LC(f), is the coefficient of LM(f). The leading term of
f is defined to be LT(f) = LM(f)LC(f). A finite set G = {g1,...,9:} C P
is called a Grobner basis of T w.r.t < if LM(Z) = (LM(¢1),...,LM(g:)) where
LM(Z) = (LM(f) | f € ). We refer e.g. to the book of Cox et al. [4] for further
details on Grobner bases.

An analogous notion of Grobner bases may be defined for sub-modules of
Pt for some t, see [5]. In this direction, let us recall some basic notations and
results. Let {eq,...,e;} be the standard basis of P!. A module monomial in P?
is an element of the form x“e; for some 7, where £ is a monomial in P. So, each
f € P! can be written as a k-linear combination of module monomials in P?.
A total ordering < on the set of monomials of P? is called a module monomial
ordering if the following conditions are satisfied:

— if m and n are two module monomials such that n < m and z* € P is a
monomial then z%n < z%m,
— < is a well-ordering.

In addition, we say that z%e; divides xﬁej if i = j and z® divides 2”. Based
on these definitions, one is able to extend the theory of Grobner bases to sub-
modules of the P-modules of finite rank. Some well-known examples of module
monomial orderings are term over position (TOP), position over term (POT)
and the Schreyer ordering.

Definition 1. Let {g1,...,9:} C P and < a monomial ordering on P. We
define the Schreyer module ordering on P! as follows: We write x%¢; < xﬁej
if either LM(2%g;) < LM(2Pg;), or LM(2%g;) = LM(2”g;) and j < i.

Schreyer proposed in his master thesis [18] a slight modification of Buchberger’s
algorithm to compute a Grébner basis for the syzygy module of a Grébner basis.

Definition 2. Let us consider G = (g1,...,g:) € Pt. The (first) syzygy module
of G is defined to be Syz(G) = {(h1,...,h) | hi € P,Y'_, higi = 0}.

Let G ={g1,...,9:} be a Grobner basis. By Buchberger’s criterion, each S-
polynomial has a standard representation: SPoly(g;, g;) = ajim;ig; —aijmi;g; =
hijlgl =+ +hijtgt where Ajiy Ajj S E(, hijl € P and mj;, M;; are monomials. Let
Sij = ajimj;e; — a;;mi;e; — hijjier — -+ - — hyrer be the corresponding syzygy.

Theorem 1 (Schreyer’s Theorem). With the above introduced notations, the
set {S;; | 1 <i < j <t} is a Grobner basis for Syz(gi, ..., g:) w.r.t. <s.
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Example 1. Let F = {xy — x,22 — y} C k[x,y]. The Grébner basis of F w.r.t.
T <dlex ¥ is G = {g1 = vy — 1,92 = 22 — y, g3 = y*> — y} and the Grobner basis
of Syz(91792>g3) is {(l’, —y+ ]-7 71)7 (7xay2 - ]-, 71’2 +y+ ]-)7 (ya 07 71’)}

IfF ={f1,..., fx} is not a Grobner basis, Wall [21] proposed an effective method
to compute Syz(F'). If the extended set G = f1,..., fk, fe+1,- .-, [t is a Grobner
basis of (F), then Syz(F') = {As | s € Syz(G)} where A is a matrix such that
G = FA.

We conclude this section by recalling some definitions and results from the
theory of involutive bases (see [10,20] for more details). Given a set of polyno-
mials, an involutive division partitions the variables into two disjoint subsets of
multiplicative and non-multiplicative variables.

Definition 3. An involutive division £ is given on M if for any finite set
U C M and any u € U, the set of variables is partitioned into the subsets of mul-
tiplicative variables M (u,U) and non-multiplicative variables N My (u,U) such
that the following conditions hold where L(u,U) denotes the monoid generated
by Mg (u,U):

1. v,ueU, ul(u,U)NvL(v,U) #0 = uevl(v,U) orveul(u,U),
2.veU,veul(u,U)= L(v,U)C L(u,U),
3. VcUandueV = L(u,U) C L(u,V).

We shall write u |z w if w € uL(u,U). In this case, u is called an L-involutive
divisor of w and w an L-involutive multiple of u.

We recall the definitions of the Janet and Pommaret division, respectively.

Ezample 2. Let U C P be a finite set of monomials. For each sequence dy,...,d,
of non-negative integers and for each 1 <17 < n we define

[di,...,di] ={u €U | dj = deg;(u), 1 <j<i}.

The variable x; is Janet multiplicative (denoted by J-multiplicative) for u € U
if degy(u) = max{deg,(v) | v € U}. For i > 1 the variable x; is Janet multi-
plicative for u € [dy,...,d;—1] if deg;(u) = max{deg;(v) | v € [d1,...,d;—1]}.

Ezample 3. For u = z{* - - xz’“ with dj > 0 the variables {zy,...,z,} are con-

sidered as Pommaret multiplicative (denoted by P-multiplicative) and the other
variables as Pommaret non-multiplicative. For u = 1 all the variables are multi-
plicative. The integer k is called the class of u and is denoted by cls(u).

Definition 4. The set F' C P is called involutively head autoreduced if for each
f € F thereis no h € F\ {f} with LM(h) |z LM(f).

Definition 5. Let I C P be an ideal and L an involutive division. An involu-
tively head autoreduced subset H C T is an involutive basis for T if for all f € T
there exists h € H so that LM(h) |z LM(f).
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Example 4. For the ideal Z = (xy,y?,z) C k[x,y, 2] the set {xy,y?, 2,22, yz}
is a Janet basis, but there exists only an infinite Pommaret basis of the form
{2y, v%, 2,22, yz, 2%y, 2%2,. .., 2%y, 2%z, ...}. One can show that every ideal has
a finite Janet basis, i.e. the Janet division is Noetherian.

Gerdt [10] proposed an efficient algorithm to construct involutive bases using
a completion process where prolongations of given elements by non-multiplicative
variables are reduced. This process terminates in finitely many steps for any
Noetherian division. In addition, Seiler [19] characterized the ideals having finite
Pommaret bases by relating them to the notion of quasi stability. More precisely,
a given ideal has a finite Pommaret basis iff it is in quasi stable position (or
equivalently if the coordinates are d-regular) see [19, proposition 4.4].

Definition 6. A monomial ideal T is called quasi stable if for any monomial
m € T and all integers i,j,s with 1 < j <i<mn and s >0, if x5 | m there exists
an integer t > 0 such that xﬁm/xf € Z. A homogeneous ideal T is in quasi stable
position if LM(Z) is quasi stable.

3 Computation of Involutive Basis for Syzygy Module

We present now an effective approach to compute, for a given ideal, simul-
taneously involutive bases of the ideal and of its syzygy module. We first
recall some related concepts and facts from [19]. In loc. cit., an involutive ver-
sion of Schreyer’s theorem is stated where S-polynomials are replaced by non-
multiplicative prolongations and an involutive normal form algorithm is used.

More precisely, let H C P! be a finite set for some ¢t € N, <, the corresponding
Schreyer ordering and £ an involutive division. We divide H into ¢ disjoint
subsets H; = {h € H | LM(h) = 2%e;,z“ € M}. In addition, for each i, let
B; = {z* ¢ M | z%¢; € LM(H;)}. We assign to each h € H; the multiplicative
variables M g <(h) = {x; | ; € Mz p,(z*) with LM(h) = z%e;}. Then, the
definition of involutive bases for sub-modules proceeds as for ideals.

Let H = {hy,...,h} C P be an involutive basis. Let h; € H be an arbitrary
element and x; a non-multiplicative variable of it. From the definition of invo-
lutive bases, there exists a unique j such that LM(h;)|z, LM(h;). We order the
elements of H in such a way that ¢ < j (which is always possible for a continuous
division [19, Lemma 5.5]). Then we find a unique involutive standard represen-
tation zih; = 2221 pgl’k)hj where pgl’k) € k[M¢ p,<(h;)] and the corresponding

Syzygy Six = Tipe; — 23:1 pg-i’k)ej € Pt. We denote the set of all thus obtained

syzygies by Hsy, = {Sir | 1 <i <t;xp € NMg g,<(hi)}. An involutive division
L is of Schreyer type if all sets NM, g <(h) with h € H are again involutive
bases for the ideals defined by them. Both the Janet and the Pommaret divisions
are of Schreyer type.

Theorem 2. ([/19, Theorem 5.10]) With the above notations, let L be a con-
tinuous involutive division of Schreyer type w.r.t. < and H an involutive basis.
Then Hgy, is an L-involutive basis for Syz(H) w.r.t. <.
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We now present a non-trivial variant of Gerdt’s algorithm [10] computing
simultaneously a minimal involutive basis for the input ideal and an involutive
basis for the syzygy module of this basis. It uses an analogous idea as the algo-
rithm given in [1]. However, since we aim at determining also a syzygy module,
we must save the traces of all reductions and for this reason we cannot use the
syzygies to remove useless reductions.

Algorithm 1. INVBASIS
Input: A finite set F' C P; an involutive division £; a monomial ordering <

Output: A minimal £-basis for (F) and an L-basis for syzygy module of this basis.
1: F :=sort(F, <)

2: T :={(F[1], F[1],0,e1, false)}

3: Q= {(F[i], F[i],0,e;, false) | i =2,...,|F|}

4: S:={} and j := |F|

5: while Q # 0 do

6: Q :=sort(Q, <)

T select and remove p := Q[1] from Q

8: h := INVNORMALFORM(p, T, L, <)

9: if h[1] =0 then

10: S :=Su{n2]}

11: end if

12: if h[1] =0 and LM(Poly(p)) = LM(Anc(p)) then

13: Q = {q € Q| Anc(q) # Poly(p) or q[5] = true}

14: end if

15: if p[5] = true then

16: q :=UPDATE(q, p) for each g € T

17: end if

18: if h[1] # 0 and LM(Poly(p)) # LM(h) then

19: for ¢ € T with proper conventional division LM(Ak[1]) | LM(Poly(q)) do
20: Q = QU {lal1], a[2], q[3], al4], true]}
21: T:=T\{q}
22: end for
23: j:=j+1and T :=TU{(h[1],R[1],0,e;, false)}
24: else
25: T := T U{(h[1], Anc(p), NM(p), h[2], false)}
26: end if
27: for ¢ € T and z € NM,(LM(Poly(q)), LM(Poly(T)) \ NM(q)) do
28: Q := QU {(z. Poly(q), Anc(q), 0, z. Rep(q), false)}
29: NM(q) := NM(q) U NM(LM(Poly(q)), LM(Poly(T))) U {z}
30: end for

31: end while
32: return (Poly(T), {Rep(p) — €index(p) | P € TTUS)

The algorithm INVBAS relies on the following data structure for polynomials.
To each polynomial f, we associate a quintuple p = (f,g,V,q, flag). The first
entry f = Poly(p) is the polynomial itself, g = Anc(p) is the ancestor of f
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(realised as a pointer to the quintuple associated with the ancestor) and V =
NM(p) is its list of already processed non-multiplicative variables. The fourth
entry g = Rep(p) denotes the representation of f in our current basis, i.e. if q =
> reruQ Preindex(r) then f = 37 7 o hy Poly(r) where h, € P and index(r)
gives the position of r in the current list T'U @. The final entry is a boolean
flag. If flag = true then at some stage of the algorithm p has been moved from
T to Q, otherwise flag = false. We denote by Sig(p) = LM<_(Rep(p)) the
signature of p. By an abuse of notation, Sig(f) also denotes Sig(p). The same
holds for the Rep function. If P is a set of quintuples, we denote by Poly(P)
the set {Poly(p) | p € P}. In addition, the functions sort(X, <) and sort(X, <)
sort X in increasing order according to LM(X) w.r.t. < and {Sig(p) | p € X}
w.r.t. <, respectively. We remark that in the original form of Gerdt’s algorithm
[10] the function sort(@, <) was applied to sort the set of all non-multiplicative
prolongations, however, in our experiments we observed that using sort(Q, <s)
increased the performance of the algorithm.

Obviously, the representation of each polynomial must be updated whenever
the set T'U @ changes in a non-trivial way. We remark that elements of @ can
appear non-trivially in the representations of polynomials only if they have been
elements of T at an earlier stage of the algorithm (recall that such a move is
noted in the flag of each quintuple), as all reductions are performed w.r.t. T only.
If updates are necessary, then they are performed by the function UPDATE. Invo-
lutive normal forms are computed with the help of the following subalgorithm
taking care of the representations.

Algorithm 2. INVNORMALFORM
Input: A quintuple p; a set of quintuples T’; a division £; a monomial ordering <
Output: A normal form of p w.r.t. T and its new representation.
h :=Poly(p) and G := Poly(T) and q := Rep(p)
while h contains a monomial m which is £-divisible by g € G do
if m = LM(Poly(p)) and C1(h,g) then
return ([0, Anc(p) Rep(Anc(g)) — Anc(g) Rep(Anc(p))])
end if
h:=h — (ecm/LT(g)).g where c is the coefficient of m in h
q:=q — (cm/LT(g)) Rep(g)
end while
return ([h, q])

Here we apply the involutive form of Buchberger’s first criterion [10]. We say
that C1(p, g) is true if LM(Anc(p)) LM(Anc(g)) = LM(Poly(p)).

Theorem 3. If £ is a Noetherian continuous involutive division of Schreyer
type then INVBASIS terminates in finitely many steps and returns a minimal
involutive basis for its input ideal and also an involutive basis for the syzygy
module of the constructed basis.
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Proof. The termination of the algorithm is ensured by the termination of Gerdt’s
algorithm, see [10]. Let us now deal with its correctness. We first note that if
an element p is removed by Buchberger’s criteria, then it is superfluous and by
[10, Theorem 2] the set Poly(7') forms a minimal involutive basis for (F'). Thus,
it remains to show that R = {Rep(p) — €index(p) | » € T} U S is an involutive
basis for Poly(T) = {h1,...,ht} w.r.t. <. Using Theorem 2, we must show
that the representation of each non-multiplicative prolongation of the elements
of Poly(T) appears in R. Let us consider h; € Poly(T') and a non-multiplicative
variable xzj for it. Then, due to the structure of the algorithm, xh; is created
and studied in the course of the algorithm.

Now, four cases can occur. If xph; reduces to zero then we can write
xrh; = Z;zlpy’k)hj where pgl’k) € k[Mg m,«(h;)]. Therefore the representa-

tion zre; — 23:1 pgi’k)ej € Pt is added to S and consequently it appears in

R. If the involutive normal form of x;h; is non-zero then we can write zih; =
23‘:1 p(”k)hj + hg where pg.z’k) € k[M¢ pg,<(hj)]. In this case, we add h, into T'

t (k)

and the representation component of xph; is updated to xpe; — ijl p; ey

Then, as we can see in the output of the algorithm, xzxe; — Z;le(-i’k)ej — e

appears in R as the syzygy corresponding to xh;.

The third case that may occur is that xih; is removed by Buchberger’s first
criterion. Assume that p is the quintuple associated to xih; and ¢ is another
quintuple so that C1(p,g) is true. It follows that LM(Anc(p)) LM(Anc(g)) =
LM(Poly(p)) holds. We may let xxh; = wAnc(p), Poly(g) = vAnc(g) and
LM(zh;) = mLM(g) for some monomials v and v and term m (assume that
the polynomials are monic). Thus,

xph; —mPoly(g) = uAnc(p) — mv Anc(g).

As LM(Anc(p)) LM(Anc(g)) = LCM(LM(Anc(p)),LM(Anc(g))), Buchberger’s
first criterion applied to Anc(p) and Anc(g) yields that Anc(p) Rep(Anc(g)) —
Anc(g) Rep(Anc(p)) is the corresponding syzygy which is added to S.

The last case to be considered is that xh; is removed by the second if-loop
in the main algorithm. In this case, we conclude that Anc(p) is reduced to zero
and in consequence h; is reduced to zero. So, h; is a useless polynomial and we
do not need to keep xph; which ends the proof. a

Remark 1. There also exists an involutive version of Buchberger’s second cri-
terion [10]: C2(p, g) is true if LCM(LM(Anc(p)), LM(Anc(g))) properly divides
LM(Poly(p)). We cannot use this criterion in the INVNORMALFORM algorithm.
A non-multiplicative prolongation x;h; removed by it is surely useless in the
sense that it is not needed for determining the involutive basis of Z, but it can
nevertheless be necessary for the construction of its syzygy module.
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Example 5. Let us consider the ideal Z generated by F' = {f; = 22, fo = 2y, f3 =
2z —y, f1 =% fs =ay — vy, fo = 2> — 2+ 2z} C klz,y,2] from [19, Example
5.6]. Then, F is a Janet basis w.r.t. z < y < z. Since z,y are non-multiplicative
variables for fi, fo, f3 and z is non-multiplicative variable for f4, f5 then the
following set is a Janet basis for the syzygy module of F: {ye; — zeq, ve1 — ze3 —
€9, Y€y — 2€4,T€y — 2Z€5 — €2,Ye3 — 2€5 + €4 — €2, T€3 — 2€ + €5 — €3 + €1, rey —
yes — €4, Tres5 — Yeq + 82}.

4 Application to Pommaret Basis Computation

In this section we show how to apply the approach presented in the preceding
section in the computation of Pommaret bases. The Pommaret division is not
Noetherian and thus a given ideal may not have a finite Pommaret basis. How-
ever, a generic linear change of variables transforms the ideal into quasi stable
position where a finite Pommaret basis exists. Seiler [19] proposed a determin-
istic algorithm to compute such a linear change by performing repeatedly an
elementary linear change and then a test on the Janet basis of the transformed
ideal. Now, to apply the method presented in this paper, we use the INVBASIS
algorithm to compute a minimal Janet basis H for the input ideal and at the
same time a Janet basis for Syz(H). Then, for each h € H we check whether
there exists a variable which is Janet but not Pommaret multiplicative. If not,
H is a Pommaret basis and we are done. Otherwise, we make an elementary
linear change of variables, say ¢. Then, we apply the following algorithm, NEX-
TINVBASIS, to compute a minimal Janet basis for the ideal generated by ¢(H)
by applying ¢(Syz(H)) to remove superfluous reductions. We describe first the
main procedure.

Algorithm 3. QUASISTABLE
Input: A finite set F' C P of homogeneous polynomials and a monomial ordering <
Output: A linear change @ so that (#(F)) has a finite Pommaret basis
@ :=the identity map
J, S :=INVBASIS(F, J, <) and A :=TEST(LM(J))
while A # true do
¢ := A[3] — A[3] + cA[2] for a random choice of ¢ € k
Temp :=NEXTINVBASIS(® o ¢(J), D o ¢(S), T, <)
B :=TEeST(LM(Temp))

if B # A then
d:=Pogpand A:=B
end if
end while
return ()

mmonagan@cecm.sfu.ca



60 B. Binaei et al.

The function TEST receives a set of monomials forming a minimal Janet
basis and returns true if it is a Pommaret basis, too. Otherwise, by [19, Propo-
sition 2.10], there exists a monomial m in the set for which a Janet multiplica-
tive variable (say x,) is not Pommaret multiplicative. In this case, the function
returns (false, zy,cls(m)). Using these variables, we construct an elementary
linear change of variables.

The NEXTINVBASIS algorithm is similar to the INVBASIS algorithm given
above. However, the new algorithm computes only the involutive basis of the
input ideal generated by a set H. In addition, in the new algorithm, we use
Syz(H) to remove useless reductions. Below, only the differences between the
two algorithms are exhibited.

Algorithm 4. NEXTINVBASIS

Input: A finite set F' C P; a generating set S for Syz(F); an involutive division £; a
monomial ordering <

Output: A minimal involutive basis for (F)

{Lines 1-6 of INVBAsIS}
select and remove p := Q[1] from Q
if #s € S s.t LM<, (s) | Sig(p) then

{Lines 8-30 of INVBAsIS}
end if
: {Lines 31/32 of INVBAsIS}

Lemma 1. Let H C P and S be a generating set for Syz(H). For any invertible
linear change of variables ¢, ¢(S) generates Syz(¢(H)).

Proof. Suppose that H = {hy,...,h;} and S = {s1,...,8¢} C P’ Let s; =
(pi1, - - -, pit). Since pj1hy + -+ + pithy = 0 and ¢ is a ring homomorphism then
H(p1)b(h1) ++ -+ 6(pir)d(he) = 0 and therefore o(s1) € Sya(¢(H)). Conversely,
assume that s = (p1,...,pt) € Syz(¢(H)). This shows that p1p(hy) + -+ +
pep(hy) = 0. By invertibility of ¢ we have (¢~ 1(p1),...,¢ 1 (p1)) € Syz(H).
From assumptions, we conclude that (¢=1(p1),...,¢ 1 (p¢)) = g151 + -+ + gese
for some ¢g; € P. By applying ¢ on both sides of this equality, we can deduce
that s is generated by ¢(S) and the proof is complete. O

Theorem 4. The algorithm QUASISTABLE terminates in finitely many steps
and returns for a given homogeneous ideal a linear change of variables s.t. the
transformed ideal possesses a finite Pommaret basis.

Proof. Seiler [19, Proposition 2.9] proved that for a generic linear change of vari-
ables ¢, the ideal (¢(F)) has a finite Pommaret basis. He also showed that the
process of finding such a linear change, by applying elementary linear changes,
terminates in finitely many steps, see [19, Remark 9.11] (or [13]). These argu-
ments establish the finite termination of the algorithm. To prove the correctness,
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using Theorem 3, we must only show that if p € @ is removed by s € S then it is
superfluous. To this end, assume that F' = {fi,..., fx} and s = (p1,...,pk)-
Thus, we have p1fi + -+ + prfr = 0. On the other hand, we know that
LM (s) | Sig(p). W.Lo.g., we may assume that LM._(s) = LM(p;)e1. There-
fore, Poly(p) can be written as a combination g f1 +- - -+ g fx such that LM(g1)
divides LM(p1). Let t = LM(p1)/LM(g1). We can write LM(g1)f1 as a linear
combination of some multiplications m f; where m is a monomial such that me;
is strictly smaller than LM(g;)e. It follows that p has an involutive representa-
tion provided that we study tm f; for each m and i. Since the signature of tmf; is
strictly smaller than ¢t LM(g1)e; = Sig(p), we are sure that no loop is performed
and therefore p can be omitted. a

We have implemented the algorithm QUASISTABLE in MAPLE 17! and com-
pared its performance with our implementation of the HDQUASISTABLE algo-
rithm presented in [1] (it is a similar procedure applying a Hilbert driven tech-
nique). For this, we used some well-known examples from computer algebra
literature. All computations were done over Q using the degree reverse lexico-
graphical monomial ordering. The results are represented in the following tables
where the time and memory columns indicate the consumed CPU time in sec-
onds and amount of megabytes of used memory, respectively. The dim column
refers to the dimension of the corresponding ideal. The columns corresponding to
C and Cs show, respectively, the number of polynomials removed by the C; and
Csy criteria. The seventh column denotes the number of polynomials eliminated
by the criterion related to signature applied in the NEXTINVBASIS algorithm
(see [1] for more details). The eighth column shows the number of polynomials
eliminated by the Hilbert driven technique which may be applied in the NEX-
TINVBASIS algorithm to remove useless reductions, (see [1] for more details).
The ninth column shows the number of polynomials eliminated by the syzygy
criterion described in the NEXTINVBASIS algorithm. The last three columns rep-
resent, respectively, the number of reductions to zero, the number of performed
elementary linear changes and the maximum degree attained in the computa-
tions. The computations in this paper are performed on a personal computer
with 2.60 GHz Pentium(R) Core(TM) Dual-Core CPU, 2 GB of RAM, 32 bits
under the Windows 7 operating system.

! The MAPLE code of the implementations of our algorithms and examples are avail-
able at http://amirhashemi.iut.ac.ir/softwares.
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Weispfenning94 || time |memory [dim| C; | C2 | SC |[HD |Syz|redz|lin|deg
QUASISTABLE 4.5 | 255.5 2| 0|0|0[34]10] 41 |[1]14
HDQUASISTABLE|| 5.3 | 261.4 20| 1]9]46] - |29 |1]14
Liu time |[memory [dim| Cy | C2 | SC [HD|Syz|redz|lin|deg
(QUASISTABLE 6.1 246.7 2 | 8]0 [10|71[47| 44 ]|4| 6
HDQUASISTABLE|| 8.9 | 346.0 2 | 6|3 [25|125) - | 60 |4 6
Noon time [memory [dim| C; | C2 | SC [HD |Syz|redz|lin|deg
QUASISTABLE 74.113653.2.2| 1 | 6 | 7 | 10(213|83|215|4 | 10
HDQUASISTABLE|| 72.3 {3216.9.7| 1 | 4 [ 24|10 [351| - [105| 4 | 10
Katsurab time |[memory |[dim| C4 | C2 | SC |[HD|Syz|redz|lin|deg
(QUASISTABLE 95.7 | 4719.2 | 5 |49 | 0 | 0 |257|56|115| 3 | 8
HDQUASISTABLE|[120.8| 5527.7 | 5 |44 | 4 | 6 [420] - [122]|3 | 8
Vermeer time [memory [dim| C; | C2 | SC [HD |Syz|redz|lin|deg
QUASISTABLE [[175.5| 8227.9 | 3 | 5 | 3 [101]158(139]343| 3 | 13
HDQUASISTABLE|[192.5] 8243.7 | 3 | 3 |28 [157(343] - [190| 3 | 13
Butcher time [memory [dim| C; | C> | SC [HD |Syz|redz|lin|deg
QUASISTABLE  [[290.6| 12957.8 | 3 [135| 89 | 73 |183| 86 [ 534 | 3 | 8
HDQUASISTABLE|[433.1|17005.5 | 3 [178]178(219(355| - [386| 3 | 8

As one sees for some examples, some columns are different. It is worth noting
that this difference may be due to the fact that the coefficients in the linear
changes are chosen randomly and this may affect the behavior of the algorithm.

5 Involutive Variant of the GVW Algorithm

Gao et al. [8] described recently a new algorithm, the GVW algorithm, to com-
pute simultaneously Grobner bases for a given ideal and for the syzygy module
of the given ideal basis. In this section, we present an involutive variant of this
approach and compare its efficiency with the existing algorithms to compute
involutive bases. For a review of the general setting of the signature based struc-
ture that we use in this paper, we refer to [8]. Let {f1,..., fx} C P be a finite
set of non-zero polynomials and {ey,...,e;} the standard basis for P*. Let us
fix an involutive division £ and a monomial ordering <. Our goal is to compute
an involutive basis for Z = (f1,..., fx) and a Grébner basis for Syz(f1,..., fx)
w.r.t. <. Let us consider

V={(wv) e P"xP|uifi + - +urfe = v withu= (up,...,uz)}

as an P-submodule of P**1. For any pair p = (u,v) € P¥x P, LM<_(u) is called
the signature of p and is denoted by Sig(p). We define the involutive version of
top-reduction defined in [8]. Let p; = (uy,v1), p2 = (u2,v2) € P¥ x P. When v,
is non-zero, we say pp is involutively top-reducible by ps if:

— w1 is non-zero and LM(ve) £L-divides LM(v;) and
- LM(tUQ) js LM(ul) where t = LM(’Ul)/LM(’Ug)

The corresponding top-reduction is p; — ctpa = (u; — ctug,v; — ctve) where
¢ = LC(v1)/ LC(v2). Such a top-reduction is called regular, if LM(u; — ctug) =
LM(uy), and super otherwise.
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Definition 7. A finite subset G C V is called a strong involutive basis for
Z if every pair in V is involutively top-reducible by some pair in G. A strong
involutive basis G is minimal if any other strong involutive basis G' of T satisfies
LM(G) C LM(G@).

Proposition 1. Suppose that G = {(u1,v1),..., (Wn,vm)} is a strong involu-
tive basis for T. Then Go = {u; | v; =0, 1 < i < m} is a Grobner basis for
Syz(fi,..., fx), and Gy = {v1,...,0;m} is an involutive basis for T.

Proof. The proof is an easy consequence of the proof of [8, Proposition 2.2]. O

Let py = (u1,v1) and pa = (ug,v2) be two pairs in V. We say that p; is covered
by ps if LM(uz) divides LM(u;) and t LM (v2) < LM(v1) (strictly smaller) where
t = LM(u;)/ LM(uz). Also, p is covered by G if it is covered by some pair in G.
A pair p € V is eventually super reducible by G if there is a sequence of regular
top-reductions of p by G leading to (u’,v’) which is no longer regularly reducible
by G but super reducible by G.

Theorem 5. Let G C V be a finite set such that, for any module monomial
m € P*, there is a pair (u,v) € G such that LM(u) | m. Then the following
conditions are equivalent:

1. G is a strong involutive basis for T,

2. any non-multiplicative prolongation of any element of G is eventually super
top-reducible by G,

3. any non-multiplicative prolongation of any element in G is covered by G.

Proof. The proof of all implications are similar to the proofs of the corresponding
statements in [8, Theorem 2.4] except that we need some slight changes in the
proof of (3 = 1). We proceed by reductio ad absurdum. Assume that there
is a pair p = (u,v) € V which is not involutively top-reducible by G and has
minimal signature. Then, by assumption, there exists p; = (uy,v1) € G such that
LM(u) = tLM(u;) for some ¢. Select p; such that ¢ LM(vy) is minimal. Let us
now consider tp;. Two cases may happen: If all variables in ¢ are multiplicative
for pp, then p — tp; has a signature smaller than p and by assumption it has
a standard representation leading to a standard representation for p which is a
contradiction. Otherwise, t has a non-multiplicative variable. Then, tp; is covered
by a pair ps = (us,v3) € G. This shows that t3 LM(vs) < tLM(vy) with t3 =
tLM(u;)/LM(us). Therefore, the polynomial part of t3ps is smaller than tv,
which contradicts the choice of py, and this ends the proof. a

Based on this theorem and similar to the structure of the GVW algorithm,
we describe a variant of Gerdt’s algorithm for computing strong involutive bases.
The structure of the new algorithm is similar to the INvBASIs algorithm and
therefore we omit the identical parts.
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Algorithm 5. STINVBASIS

Input: A finite set F' C P; an involutive division £; a monomial ordering <
Output: A minimal strong involutive basis for (F')
F :=sort(F, <) and T := {(F[1], F[1],0,e1)}
Q :={(F[i], F[i],0,e;) | i=2,...,|F|} and H := {}
while Q # () do
Q :=sort(Q, <s) and select/remove the first element p from Q
if p is not covered by G, T or H then
h := INVTOPREDUCE(p, T, L, <)
if Poly(h) = 0 then
H = H U {Sig(p)
end if
if Poly(h) = 0 and LM(Poly(p)) = LM(Anc(p)) then
Q:={q € Q| Anc(q) # Poly(p)}
end if
if Poly(h) # 0 and LM (Poly(p)) # LM(Poly(h)) then

{Lines 19-25 of INVBaAs}
end if

{Lines 27-30 of INVBAs}
end if
end while
return (Poly(T), H)

Algorithm 6. INVTOPREDUCE

Input: A quadruple p; a set of quadruples T'; a division £; a monomial ordering <
Output: A top-reduced form of p modulo T'
h:=p
while Poly(h) has a term am with a € k and LM(Poly(q)) | m with ¢ € T do
if m/LM(Poly(q)) Sig(q) <s Sig(p) then
Poly(h) := Poly(h) — am/ LT (Poly(q)). Poly(q)
Rep(h) := Rep(h) — am/ LT (Poly(q)). Rep(q)
end if
end while
return (h)

The proof of the next theorem is a consequence of Theorem 5 and the ter-
mination and correctness of Gerdt’s algorithm.

Theorem 6. If L is Noetherian, then STINVBASIS terminates in finitely many
steps returning a minimal strong involutive basis for its input ideal.

We have implemented the STINVBASIS algorithm in MAPLE 17 and com-
pared its performance with our implementation of INVOLUTIVEBASIS algorithm
(see [1]) and VARGERDT algorithm (a variant of Gerdt’s algorithm, see [12]).
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Liu time memory |[C1|Cs2|SC|cover|redz|deg
STINVBASIS .390 14.806 - | - 17 | 20 | 6
INVOLUTIVEBASIS 748 23.830 41312 - 18 | 6
VARGERDT 1.653 64.877 6 3| - - 18 | 19
Noon time memory |C;|Cs |[SC|cover|redz|deg
STINVBASIS 1.870 75.213 - | - | -] 54 | 42 |10
INVOLUTIVEBASIS 2.620 105.641 4|15 - 50 | 10
VARGERDT 12.32 454.573 619 |- - 56 | 10
Haas3 time memory |C1|Cs |SClcover|redz|deg
STINVBASIS 157.623 | 6354.493 | - | - | - [ 490 [ 8 [33
INVOLUTIVEBASIS 22.345 833.0 0| 0 |83 - 152 | 33
VARGERDT 137.733 | 5032.295 | 0 | 98 | - - 255 | 33
Sturmfels-Eisenbud time memory |[C1|Cs2|SC|cover|redz|deg
STINVBASIS 2442.414(120887.953| - | - | - [ 634 | 29 | 8
INVOLUTIVEBASIS 24.70 951.070 |[28]103|95 - 81| 6
VARGERDT 59.32 2389.329 [43]212] - - 91 | 6
‘Weispfenning94 time memory |C4q|C>|SC|cover|redz|deg
STINVBASIS 183.129 | 8287.044 | - - - | 588 | 28 | 18
INVOLUTIVEBASIS 1.09 45.980 o119 - 28 | 10
VARGERDT 4.305 168.589 o9 - 38 | 15

As we observe, the performance of the new algorithm is not in general better
than that of the others. This is due to the signature-based structure of the new
algorithm which does not allow to perform full normal forms.
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Abstract. We construct and analyze a strongly consistent second-order
finite difference scheme for the steady two-dimensional Stokes flow. The
pressure Poisson equation is explicitly incorporated into the scheme. Our
approach suggested by the first two authors is based on a combination
of the finite volume method, difference elimination, and numerical inte-
gration. We make use of the techniques of the differential and differ-
ence Janet/Grobner bases. In order to prove strong consistency of the
generated scheme we correlate the differential ideal generated by the
polynomials in the Stokes equations with the difference ideal generated
by the polynomials in the constructed difference scheme. Additionally,
we compute the modified differential system of the obtained scheme and
analyze the scheme’s accuracy and strong consistency by considering this
system. An evaluation of our scheme against the established marker-and-
cell method is carried out.

Keywords: Computer algebra - Difference elimination
Finite difference approximation * Janet basis -+ Modified equations
Stokes flow + Strong consistency

1 Introduction

In this paper, we consider the two-dimensional flow of an incompressible fluid
described by the following system of partial differential equations (PDEs):

FO =y, +v, =0,
F® ::pz—éAu—f(l) =0, (1)
F® .= Dy — éAU - f@ =o.
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Here the velocities u and v, the pressure p, and the external forces f() and f(®)
are functions in « and y; Re is the Reynolds number and A := 0,, + 0y, is the
Laplace operator.

A flow that is governed by these equations is denoted in the literature as a
Stokes flow or a creeping flow. Correspondingly, the PDE system (1) is called a
Stokes system. It approximates the Navier—Stokes system for a two-dimensional
incompressible steady flow when Re < 1. The last condition makes the non-
linear inertia terms in the Navier—Stokes system much smaller then the vis-
cous forces (cf. [16], Sect.22-11), and neglecting of the nonlinear terms results
in Egs. (1). The fundamental mathematical theory of the Stokes flow is, e.g.,
presented in [14].

Our first aim is to construct, for a uniform and orthogonal grid, a finite dif-
ference scheme for the governing system (1) which contains a discrete version
of the pressure Poisson equation and whose algebraic properties are strongly
consistent (or s-consistent, for brevity) [9,12] with those of Eq. (1). For this
purpose, we use the approach proposed in [7] based on a combination of the
finite volume method, numerical integration, and difference elimination. For the
generated scheme we apply the algorithmic criterion to verify its s-consistency.
The last criterion was designed in [12] for linear PDE systems and then gener-
alized in [9] to polynomially nonlinear systems. The computational experiments
done in papers [2,3] with the Navier—Stokes equations demonstrated a substan-
tial superiority in numerical behavior of s-consistent schemes over s-inconsistent
ones.

The linearity of Eq. (1) not only makes the construction and analysis of its
numerical solutions much easier than in the case of the Navier—Stokes equa-
tions, but also admits a fully algorithmic generation of difference schemes for
Eq. (1) and their s-consistency verification. To perform related computations
we use two Maple packages implementing the involutive algorithm (cf. [10]) for
the computation of Janet and Grobner bases: the package JANET [4] for linear
differential systems and the package LDA [11] (Linear Difference Algebra) for
linear difference systems.

Our second aim is to compute a modified differential system of the con-
structed difference scheme, i.e., modified Stokes flow, and to analyse the accu-
racy and consistency of the scheme via this differential system. Nowadays the
method of modified equations suggested in [20] is widely used (see [6], Chap. 8
and [17], Sect. 5.5) in studying difference schemes. The method provides a natu-
ral and unified platform to study such basic properties of the scheme as order of
approximation, consistency, stability, convergence, dissipativity, dispersion, and
invariance. However, as far as we know, the methods for the computation of
modified equations have not been extended yet to non-evolutionary PDE sys-
tems. We show how the extension can be done for our scheme by applying the
technique of differential Janet/Grobner bases.

The present paper is organized as follows. In Sect. 2, we generate for Eq. (1) a
difference scheme by applying the approach of paper [7]. In Sect. 3, we show that
our scheme is s-consistent and demonstrate s-inconsistency of another scheme

mmonagan@cecm.sfu.ca



A Strongly Consistent Finite Difference Scheme for Steady Stokes Flow 69

obtained by a tempting compactification of our scheme. The computation of a
modified Stokes system for our s-consistent scheme is described in Sect. 4. Here,
we also show by the example of the s-inconsistent scheme of Sect. 3 how the mod-
ified Stokes system detects the s-inconsistency. Finally, a numerical benchmark
against the marker-and-cell method is presented in Sect.5 and some concluding
remarks are given in Sect. 6.

2 Difference Scheme Generation for Stokes Flow

We consider the orthogonal and uniform solution grid with the grid spacing h
and apply the approach of paper [7] to generate a difference scheme for Eq. (1).

Step 1. Completion to Involution (we refer to [19] and to the references
therein for the theory of involution). We select the lexicographic POT (Position
Over Term) [1] ranking with

T -y, u>—v>—p>—f(1)>—f(2). (2)

Then the package JANET [4] outputs the following Janet involutive form of
Eq. (1) which is the minimal reduced differential Gréobner basis form:

FO .= Uz + vy =0,

FC = py = gk (g = vay) = FO =0,
FO) i py i (s + ) — 1 =0,
FW = poa +ppy— S = 17 =0

3)

We underlined the leaders, i.e., the highest ranking partial derivatives occurring
in Eqs. (3). F* is the pressure Poisson equation which, being the integrability
condition for system (1), is expressed in terms of its left-hand sides as

1
FO = Fég) + Fzgg) + Re (Fi(alv) + Fzgzl/)) = Daa + Pyy — fagl) N fzSQ)' (4)

Remark 1. The differential polynomial F) in Eq. (3) is F® in Eq. (1) reduced
modulo the continuity equation F(1).

Step 2. Conversion into the Integral Form. We choose the following inte-
gration contour I” as a “control volume” and rewrite equations F1), F(?) and
F®) into the equivalent integral form

ffvderudy:O,
r

1 1
— - _ 1) —
ﬁReuydm+ (p Reuw) dy //Qf dxdy =0, (5)
1

1
—(p—=wv, ) de — —v, dy — @dxdy =0
fp (p Re”y) R //Qf e
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k+2

k+1% . »

k

J j+1 j+2

Fig. 1. Integration contour I" (stencil 3 x 3).

where (2 is the internal area of the contour I

It should be noted that we use in Eq. (5) the original form of F(?) given
in Eq. (1) (see Remark 1) since we want to preserve at the discrete level the
symmetry of system (1) under the swap transformation

{w,u, fD} e {y,0, @}, (6)

Step 3. Addition of Integral Relations for Derivatives. We add to sys-
tem (5) the exact integral relations between the partial derivatives of velocities
and the velocities themselves:

Tj41 Yk+1

fuxdx = u(xj+17y) - u(l'j?y)v fuydy = u(xaykJrl) - U(.’E, yk)v

" 7)
Tj41 Yk+1

fvzdﬂc =v(zj41,y) —v(z),Y), fvydy = v(2, Y1) — v(T, Y)-

z;j Yk

Step 4. Numerical Evaluation of Integrals. We apply the midpoint rule for
the contour integration in Eq. (5), the trapezoidal rule for the integrals (7) and
approximate the double integrals as

1(2
fi—i(-l),k+l4h‘27

where h is the step of a square grid in the (z,y) plane.
As a result, we obtain the difference equations for the grid functions

wj, i & u(Gh, kh), vj = v(ih, kh), pj = p(ih.kh), 150 ~ fOD(jh, kh)

approximating functions u(z,y), v(x,y), p(z,y), fP(z,y), f@ (z,y), and the
grid functions approximating partial derivatives

{Uzj7k ~ uf(jha kh)a uyj,k ~ Uy(jh, kh),
Ve k 2 Uz (GhkR), vy A vy (Gh, kh),
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where j,k € Z:

(Wjt2, k41 — Uj k+1) 2R + (Vj41, k42 — Vj41,8) 20 =0,

1 1
Re (uyj+1,k - “yj+1,k+2) 2h + (pj+2,k+1 - Re“@’ﬁ'ﬂ%ﬂ) 2h

1
- <pj, k+1 — %uxj, k+1) 2h — 4fj(_1~_)17k+1h2 =0,

1 1
- <<p?+1,k - Re”l!?+1,k> - <p?+1,k+2 - Re)Uy?H,kJrz)) 2h

+ <_fievmj+27k+1 + évm, k+1> 2h = 4f;i)1,k+1h2 =0, ®)
Wh —Ujt1,k + Uk =0,
Wh = Vjt+1,k + V5, =0,
M” — Uj 1+ e =0,
Mﬁ ~ Uikt T Uk =0

Step 5. Difference Elimination of Derivatives. To eliminate the grid func-
tions ug, Uy, vy, vy for the partial derivatives of the velocities, we construct a
difference Janet/Grobner basis form of the set of linear difference polynomials
in left-hand sides of Eq. (8) with the Maple package LDA [12] for the POT
lexicographic ranking which is the difference analogue of the differential ranking
used on Step 1:

jek us=v=p>=fO = @ (9)

The output of the LDA includes four difference polynomials not containing
the grid functions ug, Uy, vz, vy. These polynomials comprise a difference scheme.
Being interreduced, this scheme does not reveal a desirable discrete analogue of
symmetry under the transformation (6). Because of this reason, we prefer the
following redundant but symmetric form of the scheme:

FO) .— Uj+2, k+1 — Uj, k+1 Vj+1,k+2 — Uj+1,k -0,

+

) 2h ) 1 2h
~ j+2, k+1 — Pj, k41 L
F(Z) = J+ +2h SR+l Al (Uj7,lg) - f;+)1,k+1 - Oa

e
- Pj4+1,k+2 — Pj+1,k RI 2 (10)
FO) = SEREE SR — o A (vj) 2 =0,

1) (1) (2) (2)
(4) . fj+3,k+2 B fj+1,k+2 fj+2.,k+3 - fj+2,k+1 .
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where A; and A, are discrete versions of the Laplace operator acting on a grid
function g;, 1. as

Gi+2, k41t 9j41, k42 — 4G5 41, k11 + G541,k T G, k1

Ay (gj,k) — J+2,k+ J+1,k+ h:72+ + J+ J, k+ , (11)
Gjt+a, k42 + Gj+2, k+4 — 49512, k42 + Gj+2, k + G, k2

A, (gj,k) — Jj+4, k+ J+2,k+ 4}_1-21‘ + J+ J, k+ ] (12)

Remark 2. The difference equation F(*) of the system (10) can also be obtained
(cf. [8]) from the integral form of F* in Eqs. (3)—(4) with the contour illustrated
in Fig.1 by using the midpoint rule for the contour integration of the p, and p,
as well as for evaluation of the additional integrals

Tj42 Yk+2
pedr = p(xjr2,y) — p(x),Y), /pydy =p(@, yer2) — p(x,yx),  (13)
Zj Yk

and the trapezoidal rule for the contour integration of f(1) and f(2).

The difference polynomials (10) approximate those in Eq. (3), and such cor-
respondence between differential and difference Janet/Grébner bases is a conse-
quence of our choice of the differential (2) and difference (9) rankings.

3 Consistency Analysis

Let R = Q(Re, h)[u,v,p, f1), f@] be the ring of differential polynomials over
the field of rational functions in Re and h. We consider the functions describ-
ing the Stokes flow (1) as differential indeterminates and their grid approxima-
tions as difference indeterminates. Respectively, we denote by R the difference
polynomial ring whose elements are polynomials in the grid functions with the
right-shift operators o7 and oy acting as translations, for example,

O10Uj | = Uji1,ky 020 Uj g = Uj ki1- (14)

We denote by Z := (F(N, F®) FG)) © R the differential ideal generated by
the set of left-hand sides in (1) and by Z := (F(), F®) FG) F@)) ¢ R the
difference ideal generated by the left-hand sides of Eq. (10).

The elements in Z vanish on solutions of the Stokes flow (1) and those in Z
vanish on solutions of (10). We refer to an element in Z (respectively, in Z) as
to a consequence of Eq. (1) (respectively, of Eq. (10)).

Definition 1. [12] We shall say that a difference equation F=0 implies the
differential equation F' = 0 and write F > F when the Taylor expansion about a
grid point yields

F T;F-hMO(hk“), k € Zso. (15)
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It is clear that to approximate Eq. (3), the scheme (10) must be pairwise con-
sistent with the involutive differential form (3). We call this sort of consistency
weak consistency.

Definition 2. [12] A difference polynomial set {1, F?) FG) F1Y is weakly
consistent or w-consistent with differential system (3) if

(V1<i<4)[F9DFp@], (16)

The following definition establishes the consistency interrelation between the
differential and difference ideals generated by Eqs. (1) and (10), respectively.
If such a consistency holds, then it provides a certain inheritance of algebraic
properties of Stokes flow by the difference scheme.

Definition 3. [9] A finite difference approzimation F = {FM) ...  F(m}
to (1) is strongly consistent or s-consistent with Stokes flow (1) if

(VE € [F]) 3F €I) [F> F), (17)

where [F] is a perfect difference ideal [15] generated by the elements in the
difference approximation.

Theorem 1. [9] The s-consistency condition (17) holds if and only if a Grébner
basis G of I satisfies

(Vge @) (3ge(F)) [g> 9] (18)

Corollary 1. The difference scheme (10) is s-consistent with the Stokes sys-
tem (1).

Proof. By its construction, the set of difference polynomials in Eq. (10) is a
Janet/Grobner basis of the elimination ideal 7y, N R where 7 is the difference
ideal generated by the polynomials in Eq. (8) (cf. [1], Theorem 2.3.4). The same
set is also a Janet/Grobner basis for the ideal (F(1), 1:"(2)7 F®) and for the same
POT ranking with j = k and u = v = p = f(1) = f) Tt is readily verified with
the LDA package. Furthermore, it is easy to see that

FOBFO  (=1+4) (19)
where F() are differential polynomials in Eq. (3). O

Remark 3. For the computation of the image in mapping (19) one can use the
command ContinuousLimit of the package LDA.

It is clear that s-consistency implies w-consistency. But the converse is not true.
For the numerical simulation of the Stokes flow it is tempting to replace F(4) in
Eq. (10) with a more compact discretization

) (2)
F1(4 Al (pj’ ) . fj+2 k+;h f],k+1 fg+1 k+;h fj+1 k —0. (20)
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Although this substitution preserves w-consistency since

FW s p@), (21)
the scheme { F( F(2) FG), F1(4) } is not s-consistent.
Proposition 1. The difference scheme {F(), F(?) FG3) 13'1(4)} 18 s-inconsistent.

Proof. The difference polynomial (20) does not belong to the difference ideal 7

(4)

generated by the polynomial set in Eq. (10) since F 1 is irreducible modulo the

ideal Z. This can be shown by the direct computation of the normal form of F1(4)
modulo the Janet basis (10) with the routine InvReduce of the Maple package
LDA. O

Now let us analyse the s-consistency of {F(1) F®) F®) (4)} The
Janet/Grébner basis of the difference ideal 7 := (F(l),F(Q),F(3),F1(4)> com-
puted with LDA consists of seven elements. Four of them imply system (3) and
the three remaining elements denoted by F®), F©) and F(7) are rather cum-
bersome difference equations which imply, respectively, the following differential
ones

1)
FO) = f(mm: + f TYyYy + fmmy fyyyyy (22)
F©) = fa(cm a(fyy + f fyyy + 2pyyyy = 07

and F(7) > F©),

Equations (22) are not consequences of the Stokes equations since the dif-
ferential polynomials F(®) and F(®) are irreducible modulo the differential ideal
generated by the differential polynomials in Eq. (1). It follows that there are
solutions to the Stokes equations which do not satisfy Eq. (22).

Remark 4. Equations (22) impose the limitations on the external forces which
do not follow from the governing differential equations (1). This is a result of
s-inconsistency.

4 Modified Stokes Flow

In the framework of the method of modified equation (cf. [17], Sect. 5.5), a numer-
ical solution of the governing differential system (1), for given external forces f @)
and | should be considered as a set of continuous differentiable functions
{u, v, p} whose values at the grid points satisfy the difference scheme (10). Since
the difference Eq. (10) describe the differential ones (3) only approximately, we
cannot, expect that a continuous solution interpolating the grid values exactly
satisfies Eq. (3). In reality, it satisfies another set of differential equations which
we shall call the modified steady Stokes flow or modified flow for short.
Generally, the method of modified differential equation uses the representa-
tion of difference equations comprising the scheme as infinite order differential
equations obtained by replacing the various shift operators in the difference
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equations by the Taylor series about a grid point. For equations of evolutionary
type, the next step is to eliminate all derivatives with respect to the evolutionary
variable of order greater than one. This step is done to obtain a kind of canonical
form of the modified equation. Then, truncation of the order of the differential
representations in the grid steps gives various modified equations (“differential
approximations”) of the difference scheme.

As we show, the fact that both equation systems are Grobner bases of the ide-
als they generate and satisfy the condition (19) of s-consistency allows to develop
a constructive procedure for the computation of the modified flow. Since the finite
differences in the scheme (10) approximate the partial derivatives occurring in
Eq. (3) with accuracy O(h?), it would appear reasonable that the scheme would
have the second order of accuracy. For this reason, we restrict ourselves to the
computation of the second order modified flow.

The Taylor expansions of the difference polynomials in Eq. (10) at the grid
point (—h, —h) for F(l),F(Q),ﬁ'(3),F1(4), and at the point (—2h, —2h) for F*)
read ) )

FO) 1=y + v, + Mt 4 Bt 4 O(p%) = 0,

~(2) O _ 1 _ 1 _ (1) thzwz _ h2uzzza:
F ‘= DPa Re Yaa Re Yyy f + 6 12 Re

g 4 o) =0,
e
~ h2 2
P vyyyy 4y

- +O(h*) =0
[ (4) o (1) (2; B2 £ h2fi)
F = PDrz +pyy — ér —fy - 6zza: _ 6yyy

2
+h pgzmm + h pgyyy + O(h4) — 07

where the terms of order h? are written explicitly. The calculation of the right-
hand sides in Eq. (23) as well as the computation of the expressions given below
was done with the use of freely available Python library SYMPY (http://www.
sympy.org/) for symbolic mathematics.

Remark 5. The Taylor expansions of the s-consistent difference scheme (10) and
of the s-inconsistent scheme {F(), F() F(), Fl(4)} over the chosen grid points
contain only the even powers of h. It follows immediately from the fact that all
the finite differences occurring in the equations of both schemes are the central
difference approximations of the partial derivatives occurring in (3).

Furthermore, we reduce the terms of order h? in the right-hand sides of (23)
modulo the differential Janet/Grobner basis (10). This reduction will give us a
canonical form of the second order modified flow, since given a Grébner basis,
the normal form of a polynomial modulo this basis is uniquely defined (cf. [1],
Sect. 2.1). The normal form can be computed with the command InvReduce using
the Maple package JANET.
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Thus, the Taylor expansion of the difference polynomials yields the second
order modified Stokes flow as follows:
~ 2 (2) 2 2
Q) .= Uy + vy + h Rgfy _h Rgpyy + h li?,yyy +O(h4) =0,
~ 2 £(1) h2f(1) h2f(2)
F(2) = Pz + L'Umq - iUM - f(l) + h fzz + vy + Ly
h2sz;z JhQ“l;yeyy " O h4 =0 ¢ ! !
2 1t GRre T+ ( ) -

F(3) . 1 1 [ P O F AR b

F® :=p, 5 ReVzz 7 Relyy T FO = s - (24)
+h I;’yyy _ hé’gyeyy + O(h4) — 0,

= 1 2) | m2pL LG

F(4) = Dy +pyy _ fgg ) _ fZS ) + -];zca"z _ ?;yy

B2 (2 R2fD - op2y 4
+ 3 v o_ 2yyy + Syyyy +O<h ) =0.

Remark 6. Note that the symmetry under the swap transformation (6) that
holds in Eq. (23) does not hold in Eq. (24). This symmetry breaking is a typical
effect of the application of the Grobner reduction to symmetric systems and
caused by the non-symmetry of the term ordering.

As we know, Stokes flow (1) satisfies the integrability condition (4) which we
rewrite as

F® +F® + Ri (Fgg;g + F
€

W) - F@ o, (25)

Substitution of the Taylor expansions (24) into the equality (25) shows that
the sum of the second-order terms explicitly written in formulae (24) is equal
to zero. The following proposition shows that this is a consequence of the s-
consistency of the scheme.

Proposition 2. Given a uniform and orthogonal solution grid with a spacing
h, a w-consistent difference scheme for Eq. (3) is s-consistent only if its Taylor
expansion based on the central-difference formulas for derivatives and reduced
modulo system (3), after its substitution into the left-hand side of the equal-
ity (25) vanishes for every order in h?.

Proof. Let G := {GW,G? GO G} be a set of s-consistent difference
approximations to the differential polynomials FM), F®) FG) F@ in the
Janet/Grobner basis (3). The w-consistency of G implies the central difference
Taylor expansion

GO =FO L3 D, rl) € QRe)[u,v,p, fY, FP] (i =1+4). (26)

m=1

We consider the family of difference polynomials (m € N>1)

~(m m) m) A 1 m) A m) ~

Gy = DM G 4 DM G + (DIE® + DERGm) —G@ ()
with the central-difference operators ng), Dém), DYE), Dgz) approximating the

partial differential operators 9, 0y, Ops, O,y With accuracy h?™. Apparently,
é(()m) belongs to the perfect difference ideal generated by G:
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(vm € N>1) [GY™ € [@]).

These difference operators are composed of the translations (14). For example,

-1 -1
i — 0 o;—2 : )
DV =T pl) =Tt e i)
and
D(g) L —01-2 + 8o0; — 802-_1 + 0;2 D(g) . —01-2 + 160; — 30 + 1601-_1 — 0;2
Lo 12h TR 12h2
with 012 (.717 k) (j_la k)70510U(j, k) :u(j7 k_l)v ete., 0—1‘2 = 0,00
and o; oo,

From EQb (26) and (27), we obtain

- 1
G = F® + F® + R— (FW+FQ) - FO +02),

@) 4 p() 1)+ F) = p) =
= Y+ FY + — (F + Iy ) F 0, (28)
1
G = n? <a r? 4o, 4 — (amr§1> + ayyr§1>)> +O(h*)
1
= 0,r? +9,r? 4 — (er§1) + ayyr§1>) —0, (29)

1
G(k) K2 (a re) 0y + e (amr,g” +0 yr,?))) + O(h?*+2)

1
= 0ur? + 0,17 + o (Ouarl” +0,r(") =0 ...

The implication in Eq. (29) follows from the fact that the normal form of
the differential polynomial (29) modulo Eq. (3), if it is nonzero, does not belong
to the differential ideal generated by the polynomials in (3) that contradicts the
s-consistency of G. Because of the same argument, the equality (30) holds for
any k. O

Corollary 2. A w-consistent difference scheme for system (3) is s-consistent
if and only if its set of polynomials is a difference Janet/Grobner basis for the
POT ranking (9).

Proof. “<” Because of our choice (9) of the ranking and the structure (3), differ-
ential Janet/Grobner basis with the underlined leaders, a w-consistent difference
scheme composed of four difference polynomials {é(l), G® GO, (~}’(4)} has the
only difference S-polynomial of the form (27) which approximates the left-hand
side of the differential integrability condition (25). Together with the Taylor
expansion (26), the relations (28)—(30) imply the reduction of S-polynomial (27)
to zero modulo {GM, G?) GG GW}. Thus, the scheme is a Janet/Grobner
basis.

“=" If a w-consistent set {é(1)7é(2),é(3)’é(4)} is a Janet/Grobner basis,
then by Theorem 1 it is s-consistent. O

mmonagan@cecm.sfu.ca



78 Y. A. Blinkov et al.

We illustrate Proposition 2 and Corollary 2 by the s-inconsistent difference
scheme {Fl(l), F1(2), Fl(s), F1(4)} of Sect. 3 where the first three difference equations
coincide with those of the system (10),

FO=F9 (i=1,2,3),

and F! 1(4) is given by Eq. (20). Because of the distinction of the last equation from
F® in (10), the reduced Taylor expansions of equations Fl(l) =0 and 151(4) =0
are different from F(!) =0 and F*) = 0 in system (24):

~ 2 2
FY =y v, — PRepi B L oty = 0,
(2 R2fL R 2
Y B S S
_h T’;yy + h gﬁyyy 4 O<h4) -0
e 9
P(3) 1 1 oy R n2p® RZp)
7= py = ggtee — mayy — f® = S5+ s - (30)
_|_h I;yyy _ hé’f{'yyy + O(h4) =0
e )
(4 1 2 K2 n2fH)
Fl()::Pmepyy* - 75)* {3”* 2

P 1 v T s
+ 15.,.} _ 4‘/‘/‘; + pgy‘u +O(h4):0

If we expand F} (i = 1+4) up to the fourth order terms in h and substitute the
obtained expansions into the left-hand side of the integrability condition (25),
then we obtain

R fice  Bfiyy PR KA PP 0
1 1 T2 1 T o + O(h%). (31)
Expression (31) contains terms of second order in h. Up to the factor 4,
the sum of these terms is the differential polynomial F(©) in Eq. (22). Thus,
the presence of the second-order terms in (31) is intimately related to the s-
inconsistency of (24) with governing Stokes equations (1). It is clear that the
PDE system (30) cannot be considered as a modified Stokes flow.

5 Numerical Simulation

In this section, we present a numerical simulation in order to experimentally
validate the s-consistent difference scheme (10) for which we constructed the
modified Stokes flow (24). For that, we suppose that the Stokes system (1) is
defined in the rectangular domain which is discretized in the z- and y-directions
by means of equidistant points. We simulate a fluid flow through porous media
which is often mainly caused by the viscous forces, so that its modeling using
the Stokes system (1) is reasonable; see Fig. 2. Such a setup has many practical
applications in the field of petroleum engineering [5].

We measure the maximum relative error of the average velocities compared to
a ground truth result obtained by computing with extremely tiny h-values. From
several simulations with varying h-values, we can follow that a maximum relative
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Fig. 2. Visualization of the simulation of a fluid flow through porous media using the
s-consistent difference scheme (10).

error of more than 15% in the velocity space compared to the ground truth should
not be tolerated in order to ensure for a sufficient degree of global accuracy.
Using this restriction we evaluate the performance of the s-consistent difference
scheme (10) against the popular classic marker-and-cell (MAC) method [13]. We
observe that compared to MAC, using the scheme (10), one can simulate with
around a factor of 1.7, i.e., with significantly larger h-values and, at the same
time, keep the relative error below the 15%-bar. Moreover, we observe that this
factor is only slightly dependent on the Reynolds number.

6 Conclusion

For the two-dimensional incompressible steady Stokes flow (1) and a regular
Cartesian solution grid, we presented a computer algebra-based approach in
order to derive the s-consistent difference scheme (10) for which we constructed
the modified Stokes flow (24). It shows that the generated scheme has order
O(h?).

Our computational procedure for the derivation of the modified Stokes flow
is based on a combination of differential and difference Grébner basis techniques.
The first is applied to the governing Stokes equations (1) to complete them to
the involution form (3) incorporating the pressure Poisson equation F@® and to
verify the s-consistency of the scheme by applying the criterion of s-consistency
(Theorem 1) which is fully algorithmic for linear systems of PDEs. The difference
Grobner bases technique is used for the derivation of the scheme on the chosen
grid by means of difference elimination.

In addition, we used both techniques to construct a modified Stokes flow (24).
Its structure as well as that of the scheme depends on the used difference rank-
ing. We experimented with several rankings and finally preferred the POT rank-
ing satisfying (2) for the differential case and (9) for the difference case as the
best suited. To perform the related computations we used the Maple packages
JANET [4] and LDA [11].

Since our difference scheme (10) for ranking (9) is obtained from its first three
equations {F(1), F(?) F®)} by constructing the difference Janet/Grébner basis
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(see Remark 2), it is interesting to check via the Grobner bases whether there are
approximations of the continuity equation F(!) in the difference ideal generated
by F := {F(Q), FG), F(4)}. In the case of existence of such approximations they
might be used for the numerical study of Stokes flow in the velocity-pressure for-
mulation. However, the computation with LDA shows that the discrete version
of FM is not a consequence of F. Thus, in the velocity-pressure formulation one
has to add information on the continuity equation to F via the corresponding
boundary condition (cf. [18]).
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Abstract. This paper presents a proof of concept for symbolic and
numeric methods dedicated to the parameter estimation problem for
models formulated by means of nonlinear integro-differential equations
(IDE). In particular, we address: the computation of the model input-
output equation and the numerical integration of IDE systems.

1 Introduction

This paper is concerned with the problem of modeling phenomena by systems of
nonlinear integro-differential equations (IDE). Motivations for IDE modeling are
presented in [14]. In turn, this scientific question raises the two following prob-
lems: how to determine the identifiability property of such IDE models? how to
estimate parameters from experimental data? We focus on a particular method,
called the “input-output (I0) ideal” method, which is available in the nonlin-
ear differential case. The idea of this method consists in computing an equation
(called the “TIO equation”) which is a consequence of the model equations and
only depends on the model inputs, outputs and parameters. In the nonlinear
differential case, it is known since [27] that it can serve to decide the identifia-
bility property of the model. It is known since [17] that it can also be used to
determine a first guess of the parameters from the experimental data. This first
guess may then be refined by means of a nonlinear fitting algorithm (of type
Levenberg-Marquardt) which requires many different numerical integrations of
the model.

Designing analogue theories and algorithms in the IDE case is almost a com-
pletely open problem in spite of many recent progresses on the algebraic prop-
erties of integro-differential algebras and their operator rings [2—4,19,20,33,36].

This article provides two contributions:

1. a symbolic method for computing an IO equation from a given nonlinear IDE
model. This method is incomplete but it is likely to apply over an important
class of models that are interesting for modelers;
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2. an algorithm for the numerical integration of IDE systems, implemented
within a new open source C library, endowed with a new MAPLE package
called Blineide. The library does not seem to have any available equiva-
lent. Our algorithm is an explicit Runge-Kutta method which is restricted
to Butcher tableaux specifically designed in order to avoid solving integral
equations at each step. In this paper, we provide three such tableaux.

The structure of the paper is as follows. Section 2 provides examples of IDE
equations and the symbolic method for computing an IO equation from an IDE
model. Section 3 describes our algorithm for the numerical integration of IDE.
Section 4 describes its implementation.

2 An IDE Input-Output Equation

This section starts with a short presentation of the Volterra-Kostitzin model,
which gives some insight on the point of introducing kernels in models. The
second section presents an academic IDE model and explains, over an example,
how to compute an IO equation. The last section contains a discussion on how
algorithmic the process illustrated by the example is.

2.1 The Volterra-Kostitzin Model

As pointed out in [14], one of the simplest nonlinear integro-differential models
studied in the literature is the Volterra-Kostitzin model [26, pp. 66-69] (more
recently revisited in [32, Chap. 4]), which may be used for describing the evolu-
tion of a population, in a closed environment, intoxicated by its own metabolic
products (other applications of the same model are considered in Kostitzin’s
book). It is an integro-differential equation since the unknown function y(z)
appears both differentiated and under some integral sign.

o) =evl@) <A@l - nyte) [ Ka-QuOa )

The independent variable x is time. The dependent variable y(x) is the popula-
tion, varying with time. The symbols €, A, p and T denote parameters. The kernel
(or nucleus) K(xz,£) = K(x — &) is the residual action function. For instance,
it could be very similar to a “survival function” in population dynamics [23, p.
3]: a decreasing function, starting at K(0) = 1, equal to 0 outside the interval
[0,T]. Then K (x—¢&) would represent the “toxicity factor” of metabolic products
which are the most toxic when produced, at x = £, become less toxic with time,
and have a negligible toxic effect at time x = ¢ + T

In the case of models presented by chemical reaction systems, similar ker-
nels could arise from stochastic considerations. Indeed, if the molecularity (the
number of reactants) of each reaction is one, then the statistical moments of the
random variables which count molecules can be described by ODE [31]. However,
if the molecularity of some reactions is greater than one, then the ODE system
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for the statistical moments becomes infinite and is in general very difficult to
approximate by a finite system. A natural idea would then consist in tabulat-
ing the density probability of the event under consideration and incorporate the
tabulated curve as an integral kernel in some IDE model. See [24, Sect. 3.6].

2.2 A Compartmental IDE Model

The academic two-compartment model depicted in Fig.1 is a close variant of
[40, (1), p. 517] endowed with an input u(x) and an IDE variant of the model
studied in [14]. Compartment 1 represents the blood system and compartment 2
represents some organ. Both compartments are supposed to have unit volumes.
The function u(x), which has the dimension of a flow, represents a medical drug,
injected in compartment 1. The drug diffuses between the two compartments,
following linear laws: the proportionality constants are named ki3 and ko1. In
this paper, we assume that the drug exits compartment 1, following a law given
by an integral term (this model is thus new), depending on a parameter u (see the
Volterra-Kostitzin model for a possible modeling argument). The state variables
in this system are z1 () and z2(x). They represent the concentrations of drug in
each compartment. This information is sufficient to write the two first equations
of the mathematical model (2). The last equation of (2) states that the output,
denoted y(x), is equal to z1(z). This means that only z;(z) is observed: some
numerical data are available for z1 (z) but not for z2(x). The problem addressed
here then consists in estimating the three parameters ki, ko1 and p from these
data and the knowledge of u(z).

k12
—_— T
1
P
\—/
ko1

Fig. 1. A two-compartment model featuring three parameters.

In order to estimate the model parameters over such a model, the strat-
egy of the “input-output ideal” method consists in computing from the model
equations, an “input-output (IO) equation” featuring only the input u(z), the
output y(z) and the unknown parameters. If the model were differential only,
the computation of the IO equation, which is an elimination problem, could be
handled by means of the elimination theory of differential algebra. See [17,27]
and references therein. The 10 equation itself could be algebraically described as
the single differential polynomial of the regular differential chain are associated
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to some differential polynomial ideal of some differential polynomial ring. In the

IDE case, there does not exist (yet) any integro-differential algebra theory, rich
enough to enunciate such a precisely defined statement.

21(x) = —k12 21(2) + ka1 22(2) — pz1 () /OI K(z — &) z1(§) d€ +u(z),

integral term
Z2(7) = k12 21(x) — k21 22(2), (2)

y(x) = z1(2).

2.3 A Work-Around Strategy

It turns out that a work-around strategy is available for a wide class of IDE
models. We present it over Model (2).

Renaming Integrals. The idea consists in renaming the integral term using a
new unknown function F(z), yielding a polynomial differential model (3), and
process this differential model by the classical IO ideal method.

#1(x) = —k12 21(x) + ko1 22(%) — p () F(2) + u(z),
22(.17) = klg Zl(I) — k’gl ZQ(CC), (3)
y(x) = 21(x).

Model (3) can be viewed as a polynomial system of the differential polynomial
ring Z = F{z1, 22,9y, u, F'}, where . = Q(k12, k21, 1t). As such, it generates a
perfect (even a prime) differential ideal 2. Tt is even a regular differential chain
for 2, with respect to some orderly ranking.

Eliminating State Variables. By an elimination procedure (eliminating z;
and z9) one can compute a regular differential chain Cj, such that Ci,N.%{y, F'}
is a regular differential chain for the differential ideal 2 N #{y, F'}. The regu-
lar differential chain Cj, N #{y, F'} is made of the following single differential
polynomial

Dio = ij(x) + py(x) F(z) + k12 9(x) + k21 y(2) — i(x) + py(z) F(z)

(4)
+ wkoy y(z) Fx) — koy u(z).

Integrating the 10 Equation. Applying an integration algorithm for differ-
ential fractions, one gets the following reformulation of (4)

Dio = pkor y(z) F(x) — ko u(x)

£ 2 (o o+ k) yle) + () Pla) — u(@) + < y(a),
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which can now easily be transformed into an integral equation (integrate twice
between 0 and = and use the kernel  — £ (not to be confused with the kernel
K(z,&) present in model (3)) to encode double integrals by single ones—see [23,
Sect. 1.3.1]):

Lo = ko / “(@— ) y(€) F(€) de — ky / “w— ©ule) de

x

+ (k12 + ko21) ( ; y(§)dE — 331/(0)>
s ([w0F©i -0 r0)
([ w©ae - 2u)) + 4t) - 0) - 230

Normalizing Integral Terms. It is now time to replace F(x) by its value
(and F(0) by 0). However, the expression under the integral sign involves an
indeterminate (z1) which is supposed to be eliminated. Since this expression is a
differential polynomial, differential algebra tools can again be applied and we can
replace z; by its normal form with respect to the regular differential chain Cj,.
Since this chain involves the equation z; = y, the normal form of z; is y and we
actually replace F'(x) by

/ " K — &) NF(1, Cio)(€) dé = / "K€) y(e) de.
0 0

The Resulting Equation. After replacement, one eventually gets Eq. 7, given
in Fig. 2. In order to establish the global identifiability of model (3), the argument
would be the following: Eq. 7 is a linear combination c1my +- - -+ c4myg = mg. In

Iiozg\kji(/ /K —7) d7d5>

Cc4

b [e-oue -+ (kiz + ) ([ werac—auo)

c2

m3 mo (7)

+03u (/ /K ) de€>

_ (/Ozu(f)dﬁ—wu( )) +y(@) — y(0) — z§(0) .

mo

Fig. 2. An IO equation for model 3.
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principle, the “monomials” m; can be evaluated at different values of x over the
experimental data, yielding a linear system whose unknowns are the blocks of
parameters ¢;. If the matrix of this linear system has full rank, the system can
be solved, providing estimates for the blocks of parameters. Over this system, it
is—in principle—easy to recover estimates of the model parameters ko, ko1, pt
from the estimates of the ¢;. These questions are not addressed in this paper.

2.4 Discussion

By many aspects, the computation of Eq. 7 from model (3) suggests algorithms
for processing models presented by systems of IDE.

Renaming Integrals. Indeed, it is always possible to rename many different
integral terms by new unknown functions F;(x). The resulting model is a system
of differential polynomials (more generally, of differential fractions) in the sense
of differential algebra. If the initial IDE model is a dynamical system (i.e. is
solved w.r.t. differentiated state variables z;) then the resulting model defines
a prime differential ideal and is a regular differential chain for this ideal, w.r.t.
some orderly ranking.

Reference books for differential algebra are [25,35]. Regular differential chains
are generalizations of Ritt’s characteristic sets. In the non differential context,
regular chains provide an alternative to Grobner bases for describing polynomial
ideals and performing some ideal-theoretic constructs. In the differential context,
the Grobner bases theory does not generalize satisfactorily: regular differential
chains and other close concepts are the only tools available for investigating
properties of differential ideals. See [13] for a recent study of this concept.

Orderly rankings are defined in [25, I, 8, p. 75]. The fact that the differential
ideal defined by a dynamical system is prime follows from the fact that each
equation of the regular differential chain is linear in its leading derivative, hence
cannot be represented as the product of two differential polynomials with positive
degree in this leading derivative.

Eliminating State Variables. Eliminating the state variables can be achieved
by means of a differential elimination algorithm [1,10,11,28,34], using some
specific ranking, leading to some regular differential chain Cj,. These elimi-
nation algorithms can be applied over any system of differential polynomials.
They can also be applied over any system of differential fractions, by handling
the numerators of the differential fractions as differential polynomial equations
and the denominators as differential polynomial inequations (polynomials that
are required to be nonzero). See the implementation of [7, RosenfeldGroebner].
Moreover, if the input model already is a regular differential chain w.r.t. some
(orderly) ranking, it is possible to apply an improved elimination method [12,30]
which avoids splitting cases. Let us conclude this section by a few remarks:
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— the state-of-the-art elimination algorithms do not try to minimize the number
of times these unknown functions get differentiated, which might be problem-
atic if the integral terms depend on (say) kernels which are not indefinitely
differentiable. A similar issue arises in the case of PDE [42];

— if the integral terms satisfy some known differential algebraic relation, it is
possible to enlarge the model equations with this relation before the elimina-
tion process.

Integrating the IO Equation. For simplicity, let us assume that, among
the many different differential polynomials occurring in the regular differential
chain Cj,, a single one (called the IO equation) is free of the state variables.

The integration algorithm [9] may be applied over the IO equation or over
any equivalent differential fraction, obtained by dividing the equation by some
other differential polynomial, such as the leading coefficient (the initial) of the
IO polynomial. The result can then be converted into an IDE (such as (6)) by
means of classical techniques. See [8] and [23, Formula (1.45)].

From a theoretical point of view, this integration step is not mandatory.
In practice, it leads to formulas which are much more suitable for parameter
estimation, as established in [29,39].

Normalizing Integral Terms. Substituting back the unknown functions F;(x)
by the integral terms they represent does not raise any problem. The normal-
ization of the expressions lying under the integral terms leads to a more subtle
issue.

In general, an integral term involves, as sub-expressions, many different (e.g.
in the case of nested integrals) differential fractions [f1, f2,..., fr]. The normal
form algorithm presented in [6] can be applied over all these fractions, w.r.t. the
whole regular differential chain Cj,. These normal forms are themselves differ-
ential fractions [NF1,NFq,...,NF,]. Replacing each f by its normal form, one
gets another formulation of the integral term, which is equivalent to the original
one.

In full generality, the normal forms may themselves depend on unknown
functions Fj(x) and one may consider to iterate this substitution process. If
the ranking w.r.t. which Cj, is defined is not carefully chosen, the substitution
process may transform an IO equation into a non-IO equation or (worse) may
not terminate at all. A careful study of this issue is left for investigation in
another paper.

The Resulting Equation. If the resulting equation does not depend on the
state variables at all, it is a candidate for an IO equation. However, in the
absence of any sound integro-differential elimination theory, it is not clear that
it is minimal. For similar reasons, if the resulting equation depends on state
variables so that it is not an IO equation, it is not clear that no IO equation
exists at all.
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3 Numerical Integration of IDE Systems

According to [41], IDE are a particular case of delay differential equations (DDE)
(continuous delay differential equations). However, though there exist numeri-
cal solvers for DDE with constant delays [37], there does not seem to be any
widely available software for IDE. Within a whole section dedicated to DDE
[21, Sect.I1.17], a single page is dedicated to the numerical integration problem
of IDE in [21, p. 351], which refers to [15] and sketches solutions in particu-
lar cases only. In this article, we focus on explicit Runge-Kutta methods. See
[18] to a theoretical study of their application to the numerical integration of
IDE. The relationship between these early works and our paper still needs some
investigation.

3.1 The Method

We are concerned with the numerical integration of IDE of the form

y(x) = f(z,y(x)), (8)

over some integration interval [z, Zend]. The independent variable x is real. The
dependent variable y may actually be a vector of n functions of x. The function f
may depend on inputs u(z) and on integral terms of the form

B()
. K(z,6) G(y(€)) d¢. 9)

The inputs u(z) and the kernels K (x,&) present within the integral terms (9)
are supposed to be C? for some p > 0. For instance, we want to allow inputs to
be piecewise defined and kernels to be given by, say, cubic splines. It is required
that the integral upper bounds () < z (typically, 3(x) = x) in order to obtain
“causal” systems; various lower bounds are allowed (typically a(z) = xg or
a(z) = x—T for some T > 0). Some initial values need also be given. Depending
on integral lower bounds «(z), the value of y(z) may need to be prescribed on
some sufficiently large interval.

In this article, we are concerned with the integration problem by means of
a numerical integrator derived from explicit Runge-Kutta methods. Moreover,
we focus on the study of “fixed step size” integrators. On the one hand, once
such an integrator is designed, it is not difficult to design an adaptive step size
integrator following the approach which is classical for ODE—since embedded
formulas are available. See [21, Sect.Il.4]. On the other hand, adaptive step
size controllers use the knowledge of the orders of both the principal and the
embedded formulas in order to estimate the local error. It is thus important
to make sure that the theoretical orders of these formulas correspond to their
practical orders—an investigation to be carried out using a “fixed step size”
integrator.

The quotes surrounding the qualifier “fixed step size” are due to the fact that
step sizes will actually vary during the integration process. Indeed, assuming
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some number of steps N is prescribed, one can define a reference step size h, =
(Tenda — ®o)/N. Assuming moreover that an order p Runge-Kutta method is
prescribed, one expects the local error produced by the explicit Runge-Kutta
algorithm to be of the order of h?*1 by [21, Theorem 3.4]. Now, if we had to
integrate an ODE, it would be sufficient to perform N steps of size h,. This
strategy does not apply here because we also want to avoid solving integral
equations or, more generally, implicit equations involving integrals.

Avoiding Solving Integral Equations. Assume that the current point
(20, yo) is known. Consider some integral (9) to be evaluated at = xp. Assume
thus that an approximation of y(§) is known over the interval [a(zg), zo]. Since
B(x) < z, we have [a(xo),(z0)] C [a(zo),x0] and the integral (9) can be
approximated by a mere quadrature. Thus f(zg,yo) also can be approximated
by quadratures and, given any step size h, the order 1 Euler method (10) permits
to compute an approximation of the next point (x1,y1)

y1(h) = yo + h f(x0,0)- (10)

This is however not true anymore for order p > 1 classical Runge-Kutta meth-
ods. Consider Runge midpoint formula, summarized by the following Butcher
tableau! with s = 2 stages [21, Chap.II.1, Table 1.1]

0 1
C2 |21 = 2
by b2 01

= O

The Runge-Kutta formula [21, I1.1, (1.8)] requires s evaluation of the function f
of formula (8). These evaluations have the form

ki = f(xzo+cih,yo+h(ai1ki+---aii—1ki—1)) (1<i<s)

Assuming (g, y0) is the current, known, position and the stepsize h > 0, we see
that negative ¢; correspond to an evaluation of f for z < z( i.e. in the past.
A contrario, if any c¢; is positive (which is the case for all classical tableaux),
the evaluation of the formula implies an evaluation in the future which, in the
context of IDE, implies solving an integral equation—or worse. To overcome
this issue, we have designed the Butcher tableaux of Fig. 3 with negative ¢; only.
They were obtained, using the MAPLE computer algebra system, by brute force
identification of the coefficients of the Taylor series of the exact solution y(zo+h)
and the ones of the result of the Runge-Kutta formula, denoted y; (k) in [21, 1.1,

! Butcher tableaux were introduced by Butcher in [16] to provide a compact descrip-
tion of “Runge-Kutta methods”. To each tableau is associated a number of stages
(customarily denoted s) and an order (customarily denoted p). The computational
cost of a Runge-Kutta method increases with the number of stages. The efficiency
increases with the order. The coefficients of the tableaux are denoted ¢; (the leftmost
column), b; (the bottom row) and a,,; (the matrix).
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(1.8)]. The rightmost tableau has 5 stages since a Grébner basis computation
proved that all 4 stages tableaux of order 4 must have ¢4 = 1 (a result which is
known, at least under some simplifying assumptions—see [21, Theorem 1.6)).

0
1| 1
4 4
1 1
0 -3 0 -3
1 1 3 3 3
0 3|73 i 0 -5 —%§
_1_1 _2|_a _2 _1|l—23 10 _38 16
2 2 3 9 9 123 1 41 123
19 9 35 58 64 41
yp|2 -1 yi|3 =613 n|l s 0 -% % —-%
~ ~ 5 3 ~ 29 52 23
g1 0 iz —30 ol 10 5 =% %

Fig. 3. The leftmost tableau has s = 2 stages, order p = 2 and an embedded formula
of order p =1 (Euler). The tableau in the middle has s = 3 stages, order p = 3 and an
embedded formula of order p = 2. The rightmost tableau has s = 5 stages, order p = 4
and an embedded formula of order p = 3. The coefficients ¢; of all tableaux (see the
leftmost columns) satisfy —1 < ¢; <0 for 1 <17 <s.

Stability Analysis. From a theoretical point of view, the stability of Butcher
tableaux can be determined by computing the stability function R(z) of each
tableau and establishing that its stability domain—which is the subset of the
complex plane such that |R(z)| < 1—is not empty. Some existing computer
algebra software are dedicated to this study [38] but we could not take advantage
of them by lack of access to Mathematica. Instead, we directly computed R(z)
using [22, IV, (2.8)]. We observed that our two first tableaux, for which p = s,
exhibit the stability function given in [22, IV, (2.12)]. The leftmost tableau has
the following stability function, which admits a non empty stability domain:

2 ZS Z4 25

z
R(z)=1 i
(2) +z+2+6+24 2
Experimental evidence of the existence of non empty stability regions for the

tableaux of Fig. 3 is provided in Sect. 4.

Step Size Control. Runge-Kutta methods with ¢; < 0 have however a draw-
back when x( is the initial value or is on the border of a piecewise defined
domain, since the integrator will try to estimate the current derivative of the
integral curve on the right hand piece of the domain from derivatives evaluated
on the left hand piece. This drawback is certainly a feature for integral terms
(by design of the equations). But the terms which lie outside integrals should be
evaluated on the right hand piece of the integration domain.

To achieve this goal, our strategy consists in starting with a single Euler step,
using a very small step size hg, then switch to some prescribed more efficient
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Runge-Kutta method of Fig.3 and double the step size at each iteration until
the reference step size h, is reached. Precisely, assume we want to apply some
Runge-Kutta method of order p > 1. We expect a local error of order hP+!.
This local error can also be obtained by an Euler step with step size hg such
that h3 = hP*! ie. such that hg = hPTY/2 et now k be an integer such that
ho ~ hy/2F. Solving, one gets

G

Let us assume we are starting the integration with xg precisely on the border
between two pieces of the integration interval or at its beginning. The first Euler
step with step size hy does not involve any negative c¢;: the terms depending
on y and lying outside integrals are evaluated over the border, which may be
considered as part of the right hand piece. The second iteration starts at xo+ hg.
Since the coefficients ¢; of Fig. 3 satisfy 0 > ¢; > —1, this step can be performed
using the order p Runge-Kutta method, with step size hg: all terms depending
on y and lying outside integrals are thus evaluated within the right hand piece.
The third iteration starts at xo + 2hg. This step can be performed using the
order p Runge-Kutta method, with step size h = 2hy. Continue likewise, doubling
the step size at each iteration. At the iteration k + 2, the reference step h = h,
is reached (see below) and the integrator may continue with this fixed step size.

Step number| Step size | Method

1 ho = h,/2F Euler
2 ho Order p RK

3 2hg Order p RK

k+2 2% hg = h, |Order p RK

Evaluating Quadratures. In order to evaluate quadratures at any x, it is
necessary to be able to evaluate the dependent variable y at any £ € [zg, z].
For this, the whole sequence of points (zy,yr) computed by the numerical
integrator is recorded as well as the value fr = f(zg,yx) (the derivative of y)
whenever it is available. Two methods are implemented for estimating y(€):

1. by evaluating the interpolation polynomial defined by a set of points sur-
rounding & (the optimal number of points depends on the order of the Butcher
tableau), using Newton’s divided differences;

2. by evaluating the interpolation polynomial defined by Hermite interpolation
i.e. over a dense output of the integrator. See [21, Chap.IL.6].

For quadratures, since the orders of our tableaux do not exceed 4, we use
basic integration schemes i.e. Newton and Simpson order 4 formulas, with step
size equal to the reference step size h,.
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4 Implementation

Our numerical integrator is implemented within an open source C library (about
4000 lines plus 3200 lines for the test suite of version 2.1) available at [5]. It
compiles over Linux platforms. It is endowed with a MAPLE library which con-
siderably simplifies the C code generation from mathematical systems.

The C code can be compiled using floating point numbers of various sizes
(simple, double, long double and quadruple precision). Its main functionalities
are a fixed step size numerical integrator for IDE systems and a function which
seeks the best fitting parameters of an IDE system w.r.t. experimental data. This
function is mostly a call to the GSL implementation of the Levenberg-Marquardt
algorithm, which relies on our numerical integrator in order to compute errors.

4.1 Data Types

Here is a quick review of the main data types. For a better flexibility, most of
them are parametrized by functions.

The library has been designed to apply over a piecewise defined integration
interval. Pieces may arise from many different sources: inputs may be piecewise
defined, delayed evaluations such as y(z — T) may occur from differentiated
integral terms ... The boundaries between the pieces of the integration interval
are called critical points.

A specific data type permits to describe the possibly many different inputs
u(x) of the IDE system to be integrated. An input is defined by a name, an
evaluation function and a function which permits to enlarge the set of the model
critical points with the ones which are due to the input.

A specific data type is dedicated to the model parameters. A parameter is
defined by a name, a floating point value, a function which permits to enlarge the
set of the model critical points with the ones which are related to the param-
eter, and two functions providing a transformation and its reciprocal before
performing nonlinear fitting methods (an example of such a useful pair of trans-
formations is the pair log /exp to keep positive small parameters which must
remain positive).

A specific data type describes the problem i.e. the IDE system to be inte-
grated. A problem is defined by a dimension n, an integration interval [xg, Zend],
an array of n initial value functions (in the general case, the numerical inte-
gration of an IDE requires the knowledge of the dependent variable y over an
interval, not only a single value at x), an array of inputs, an array of parameters
and a function fen for evaluating the right hand sides of the IDE equations. A
field of the problem data structure contains a description of the problem critical
points.

The integral terms (9) occurring in the right hand sides of the IDE equations
are described in a separate array of the problem data structure. This permits to
evaluate them before calling fcn in order to speed up the integrator as follows.
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Recall that, at each integration step, the m (say) integral terms have to be
evaluated s (the number of stages) times. Thus: (1) by grouping the m x s
quadrature evaluations in the code, it is much easier to compute them in parallel
using OpenMP facilities; (2) in some cases, the s evaluations of a given integral
term can be computed almost at the cost of a single evaluation, by updating the
current result from one stage to the following one.

A last data type contains the whole data needed by the integration process
(it is called the “history”). It contains the sequence of all points computed so
far (which is the actual history), the problem, the Butcher tableau to be used
and a few other fields of minor importance.

4.2 Usefulness of the Computer Algebra Package

A MAPLE package, called Blineide and shipped with the C library, permits
to handle IDE problems given by mathematical formulas. It permits either to
directly perform computations from MAPLE or to generate C code to help pro-
grammers who want to work at C level.

Beyond the obvious simplification provided to the user, the idea of generating
C code from a computer algebra software provides two important enhancements
which are not yet implemented: (1) it should permit to detect linear (algebraic?)
dependencies between the integral terms occurring in the IDE model and use
this information to reduce the computation cost; (2) it might permit a symbolic
study of the location of critical points for a better reliability of the integrator.

4.3 Tests

Checking Convergence Towards Exact Solution. Some tests are designed
to check that the numerical integrator converges toward the true solution of a
given IDE system, with the expected experimental order. An example of such
an IDE is the following one, which admits y(z) = cos(x) as a solution:

i) = sina) — y2(e) + 4 “(o— &) sin(©) y(e) dé —a® 1 1,
0
y(0) =1.

In order to test the experimental order of the numerical integrator over a given
example, the test function computes the relative error produced with 2* inte-
gration steps, for many different values of k. The experimental order is then
estimated, by linear least squares, as the slope a of the following equation:

ka+ b= —log,y(relerr). (11)

Other tests check the behaviour of the numerical integrator using various
inputs and kernels, including kernels defined by cubic splines.
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Checking Experimental Orders. We checked our integrator over Volterra-
Kostitzin model (1) and the compartmental IDE model (3). In the case of the
Volterra-Kostitzin model, we estimated the practical order of the integrator when
used with the Butcher tableaux of Fig. 3. In particular, we addressed the case of
non smooth kernels in integrals (see the curves of Fig.4) and non smooth inputs
(curves not shown).

On the left hand picture of Fig. 4, the kernel is a cubic spline (i.e. a C? curve).
On the right hand picture, the kernel is a smooth curve (on the two pictures, the
mathematical problem to be solved is thus not the same). In each picture, there
is one curve per Butcher tableau of Fig. 3. Each curve was obtained as follows:
a first integration was performed with 2!5 steps. Its result was then considered
as a reference value and compared with the result of other integrations with
28 29 ... 2! steps, giving 7 points hence a curve, which should be a straight
line (see formula (11)). Its slope is a numerical estimate of the order of the
numerical integrator. In the case of a C? kernel, the integrator has order 2 when
used with an order 2 tableau; and a non reliable order close to 2 when used with
order 3 and 4 tableaux. In the case of a smooth kernel, the integrator has the
same order as the tableau with which it is used (the curve for order 4 is slightly
irregular because the order of the quadrature formula does not match the one
of the Butcher tableau).

T T T T

order 2 order 2
50 b order 3 4 40 order 3
order 4 order 4

— log, (relerr)
log, (relerr)

logy (nbsteps) log, (nbsteps)

Fig. 4. Experimental evaluation of the order of the IDE numerical integrator over
Volterra-Kostitzin model (1), with an integral lower bound equal to zero.

Nonlinear Fit. A test solves the fitting problem addressed by Kostitzin over
data obtained on a population of staphylococcus, obtaining a much better result
than [26, p. 72] which is to be expected since Kostitzin estimated parameters
using his mathematical skills, without any computer! See Fig. 5.
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Fig. 5. Best fitting curve for (1) with the trivial kernel K(z,£) = 1 and an integral
lower bound equal to zero, against the staphylococcus population reported in [26, p.
72]. Optimal parameters are £ = 3.97 x 1075, A =6.56 x 1075 and p = 1.02 x 107°.

Conclusion

We have presented and discussed a symbolic method for computing the 10 equa-
tion of a given IDE system which is likely to apply over an important class of IDE
models, together with an open source library dedicated to the numerical integra-
tion of such systems, endowed with a new MAPLE package. This library does
not only integrate IDE systems but provides also parameter estimation facilities.
It seems to have no available equivalent. Its existence is of major importance for
promoting IDE modeling.

However, these very promising results raise in turn many fascinating chal-
lenges, both theoretical and practical. Indeed, what about: a complete algo-
rithm for computing IO equations? an IDE analogue of the “input-output ideal”
method? a sound theory for critical points? implicit numerical integrators? These
issues will be addressed in future papers.
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Abstract. We present a new method for visualizing planar real alge-
braic curves inside a bounding box based on numerical continuation and
critical point methods. Since the topology of the curve near a singular
point is not numerically stable, we trace the curve only outside neigh-
borhoods of singular points and replace each neighborhood simply by a
point, which produces a polygonal approximation that is e-close to the
curve. Such an approximation is more stable for defining the numerical
connectedness of the complement of the curve, which is important for
applications such as solving bi-parametric polynomial systems.

The algorithm starts by computing three types of key points of the
curve, namely the intersection of the curve with small circles centered
at singular points, regular critical points of every connected component
of the curve, as well as intersection points of the curve with the given
bounding box. It then traces the curve starting with and in the order of
the above three types of points. This basic scheme is further enhanced by
several optimizations, such as grouping singular points in natural clusters
and tracing the curve by a try-and-resume strategy. The effectiveness of
the algorithm is illustrated by numerous examples.

1 Introduction

Visualizing an implicit plane real algebraic curve is a classical and fundamental
problem in computational geometry and computer graphics. There have been
many works on this topic [5-7,15,18,20,21,24]. In the literature, a correct visu-
alization usually requires two conditions: (¢) the generated polygonal approxima-
tion is e-close to the curve, and (i¢) the approximation is “topologically correct”,
which often means that the approximation is isotopic to the curve. There are
also many works [12,14,19,27] focusing only on (7).

Different techniques [16] exist for visualizing plane curves, such as implicit-
to-parametric conversion, curve continuation and space subdivision. Symbolic
or hybrid symbolic-numeric approaches stand out for being capable of comput-
ing the exact topology and many of them are variants of cylindrical algebraic
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decomposition. For the continuation-based approach, several difficulties arise,
such as finding at least one seed point from each connected component, deal-
ing with curve jumping and handling singularities. Each of the three problems
has its own interests. For instance, there are several approaches for comput-
ing at least one witness point for a real variety, either symbolically [8,13,26]
or numerically [17,29,30]. Different techniques for robustly tracing curves are
proposed [2,4,25,30]. Techniques for handling singularities also exist [1,11,23].

For curves with singularities, observe that condition (ii) is numerically ill-
posed, since a slight perturbation may completely change the topology of the
curve near a singular point, see Example1 for instance. On the other hand, in
many applications, such as solving bi-parametric polynomial systems, condition
(7i) is unnecessary. Let us illuminate this point now. For a given bi-parametric
polynomial system, one can compute a border curve [9,10], or a border polyno-
mial [31] or discriminant variety [22] in general in the parametric space, where
the complement of the curve is a disjoint union of connected open cells, such
that above each cell the number of solutions of the system is constant and the
solutions are continuous functions of parameters with disjoint graphs. Let B
be a border curve and B be a polygonal approximation e-close to it. In [10],
we introduced the notion of e-connectedness and showed that two points are
e-connected w.r.t. B implies that they are connected w.r.t. B, which in turn
implies that the parametric system has the same number of solutions at the
two points. Thus an e-approximation of the border curve meeting only condition
(7) is good enough for the purpose of solving parametric systems. The curve
tracing subroutine in [10] relies on perturbation to handle singularities. In this
work, we develop a perturbation free algorithm. The algorithm traces the curve
only outside neighborhoods of singular points and replaces each neighborhood
simply by a point. An approximation produced in this way is more stable for
defining the numerical connectedness of the complement of the curve than those
approximations preserving the topology around singular points.

The paper is organized as follows. In Sect. 2, we formalize the problem and
provide a theoretical base algorithm to guarantee e-closeness based on a robust
curve tracing method. Several strategies for improving the numerical stability of
tracing is proposed in Sect. 3, such as tracing the curve away from the singular
points rather than towards it, tracing the curve by a try-and-resume strategy,
and classifying singular points into natural clusters [3]. The theoretical algorithm
may require the step size to be very small. In Sect. 4, we present a more practical
algorithm based on optimizations in Sect. 3. Instead of preventing curve jumping,
it maintains a simple data structure to detect curve jumping. The effectiveness
of the algorithm is demonstrated through several nontrivial examples in Sect. 5.
Finally, in Sect. 6, we draw the conclusion and point out some possible future
directions to improve the current work.

2 A Theoretical Base Algorithm

It is highly nontrivial for continuation methods to guarantee that the polygonal
chains are e-close to the curve even when the curve contains no singular points.
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Robust tracing without curve jumping must be involved. In the literature, there
are several techniques [2,4,25] that can solve this. Here we rely on a technique
developed in [30], which has been used to estimate the error of numerically
computed border curves in [10]. In particular, we have Theorem 1, which provides
a way to obtain e-approximation of a regular section of a curve.

2.1 Robust Tracing of Regular Curves

Definition 1. Let X and Y be two non-empty subsets of a metric space (M,d).
The Hausdorff distance dy(X,Y) is defined by

dp(X,Y) = maxfsup,c yinf,ey d(z, y), sup,cyinf,exd(z, y)}.

Given a squarefree polynomial f € Rlx,y], a finite box B C R? and a given
precision € € R. A set S of polygonal chains contained in B is called an e-
approzimation of Vr(f) if du(Zr(S), Ve(f) N B) < € holds.

Let f be a squarefree polynomial of R[z,y]|. Let J; be the Jacobian of (f),
or simply J if no confusion arises. Let D be the unit disk centered at the origin.
Let B be a bounding box of R%. W.l.o.g, we assume that B C D and that
K(f) =max({||VJi;(2)]]) | z € D}) <1 holds, which can always be achieved by
shifting and rescaling.

Let Zy be an approximate point of Vk(f), such that there exists a 7 to make
the intersection of ||z — Z|| < 7 and Vg (f) have only one connected component?
and the line in the gradient direction of f at z; have only one intersection point
zp with the component, see Fig. 1. We call zy the associated exact point of zy on
Vr(f). Similarly we define #7 and z;.

C

Fig. 1. The associated exact point of an approximate point of the curve.

Let 6y and g7 be respectively the singular value of J(Zo) and J;(Z1). Let
& := max(dp,01). Let p > 1 and w = \/2(2p— 1) (2p—2\/p (p—1)— 1)

! This component is a subset of a connected component C of V(f) and the point %
belongs to the Voronoi cell of C.
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Assume that 2p > 3w holds (which is true for any p > 1.6). Let s = "2\}27

Assume that s > 0 and ||Z1 — Zp|| < w - s — 27. We have the following theorem.

Theorem 1. The points zo and z; are on the same component of Vr(f). Let
Coz, be the curve segment between zg and zy in Vr(f). The Hausdorff distance
between C., ., and the segment ZyZ1 is at most

1
tan (2 arccos(— )) (V21 + &) + 7, or 1.0827 + 0.0585 if p = 1.6.

4/2p

Remark 1. The proof of the theorem is almost the same as Theorem 1 in [10]
and thus will not to be replicated here.

2.2 Handling Singularities

It is a well known fact that tracing a curve near singularities is difficult, as
illustrated in Fig.2. The left subfigure illustrates tracing the zero of f = 3% —
(—:1:2 + :E)3 starting with a regular point, where the right subfigure zooms in the
part of the left subfigure near the origin, which is a singular point. We see that
it may be difficult for curve tracing to escape out of the area near the origin, as
near the origin, Newton’s method requires to solve a linear system Az = b with
a very large condition number. As a result, the errors are radically amplified.

0.2 0.021 -
0.14 ococpood’oooo(p 0.011 °
ooo<>° °
y (pd)"ﬂ) y . °
cP(P Y R o
of &=~ 0 o? i
0.1 : : . . . —0.01~ . ; : '
0 01 02 03 04 0.5 -0.05 0 0.05 0.10
X X

Fig. 2. Tracing the curve near a singular point.

Even worse, the topology of the curve near singularities is not numerically
stable, as illustrated by Example 1.

Example 1. Let f := 22 —y>. A slight perturbation of its coefficients changes
completely the local topology near its singular point (0,0), as depicted in Fig. 3.

So instead of tracing through a singular point, we bypass it. Before presenting
an algorithm, we first use a simple example to illustrate the main idea.
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0.4 0.4 0.4
0.3
0.2 0.2 0.2
0.1
y 0 y 0 y 0
-0.1
-0.2 -0.2 -0.2
-0.3
-0.4 -0.4 -0.4
-0.4-0.2 0 0.2 04 -0.4-0.2 0 0.2 04 -0.4-0.2 00.1 0.4
X X X
Plot of f —0.001. Plot of f. Plot of f + 0.001.

Fig. 3. Plot of f and its perturbations.

Example 2. Consider the polynomial f := 6 xy” + 85 x*y3 — 60 22y® — 32 22y +
14 x* — 35y*. Its real zero set is displayed in Fig. / as the red curve.

It has three connected components inside the box —3 < x < 3,—-4 <y < 2.
The component on the top has an isolated singular point (0, 0), colored in green.
To plot this component, we first draw a circle centered at the origin, which has
four intersection points with the curve, colored in black. Then we trace the four
branches starting with the four black points until meeting the boundary. Next
we plot the component at the left bottom corner. To do that, we start with
a blue point, which is an intersection point of the curve with a boundary of
the box, and trace the curve until meeting a boundary of the box. At last, we
plot the closed component at the right bottom corner. To do that, we compute
critical points of the curve in z-direction and get two yellow points. Starting
with any point of them, trace the curve until meeting the point itself. Finally
we plot the singular point. See the right subfigure of Fig. 4 for a visualization of

2 1 0 1 2 3 =2 44 0 1 2 3
X

Fig. 4. Left: the curve and key points. Right: an approximation of the curve (¢ = 0.4).
(Color figure online)
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the approximation. Note that the above procedure did not plot the whole curve.
The part in a small circular neighborhood of the origin is replaced by a point.
Such an approximation is numerically more stable than describing exactly the
topology near the origin, as illustrated by Example 1. Moreover, in applications
such as solving parametric polynomial systems, the curve is a border curve and
such an approximation suffices to answer exactly the number of real solutions of
the parametric system in an open cell of the complement of the curve.

— Algorithm ApproxPlotBase

— Input: a squarefree polynomial f € R[z,y]; a bounding box B C R2, and a
given precision e.

— Output: an e-approximation of Vg(f).

— Assumptions: (¢) the singular points are not on the boundary of the box B;
(49) the distance between two singular points is at least €; (4i7) Vg(f) has no
vertical components or equivalently f has no factors in R[x].

1. Compute the singular points Sy (inside B) by solving {f, %, %}.

2. Compute the intersection of the curve with circles centered at the singular
points with radius less than €/22. Set S; to be the set of these points, called
circular ring points, and C; to be the set of these circles.

3. Compute the intersection of the curve with the boundaries. Set S to be the
set of these points.

4. Compute the witness points of Vg(f) (inside B) by solving {f, %}' Set S
to be the set of these points. Remove from S3 points that are already inside
any circle in Cf.

5. Starting with a point in S7, trace the curve robustly based on Theorem 1 until
meeting (e-close to) a point in S; or S3. Remove the corresponding points met
in 57 or Sy. Repeat Step (5) until S; = (). Let the resulting set of polygonal
chains be P;.

6. Starting with a point in S, trace the curve robustly until meeting a point
in S5. Remove the point met in Sy. Repeat Step (6) until S; = 0. Let the
resulting set of polygonal chains be Ps.

7. Remove points of S3 which are already on the computed curve.

8. Starting with a point in Ss, trace the curve robustly until closed curves are
found. Remove point met during the tracing from Ss. Repeat Step (8) until
S3 = (. Let the resulting set of polygonal chains be Ps.

9. Return S()UP1UP2UP3.

Remark 2. Assumption (i) can be relazed by slightly shrinking or expanding
the box. Assumption (ii) can be relazed by grouping the singular points into
clusters. See Sect. 3 for details. Assumption (iii) can be relaxed by computing an
wrreducible factorization and plotting vertical components separately.

Theorem 2. One can control errors of staring points and prediction-correction
in the above tracing algorithm, such that Algorithm ApproxPlotBase computes
an e-approximation of Vi(f).

2 One could replace the circles with axis aligned boxes inside them.
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Proof. We remark that to obtain an e-approximation of the curve, one must have
one witness point from each connected component of the curve. If a component
is a solitary point, it must be in Sy. For the other components which intersect
with the boundary or have singular points, the starting points are in Sy and S;
respectively. Note that although S3 may not contain witness points for every
connected component of C, it must contain at least one witness point for each
smooth closed component of Vg(f), as their extreme points in the direction of
z must be inside S3. By the assumptions, the polynomial systems with zero
sets S;, 1 =0,...,3 are all zero-dimensional. If the interval Newton method [28]
converges, the error of solving these zero-dimensional systems and the error
of Newton iterations (in the corrector step), as well as the distance between
the curve and the polygonal chains can be controlled to be much less than e
by Theorem 1. Otherwise, one can switch to a-theory [2,4] to guarantee the
convergence of Newton iterations. Moreover, by Theorem 1, curve jumping can
be avoided. Finally note that in the e/2-neighborhood of the singular points, the
distance between the curve and the polygonal chains are less than €. Thus, an
e-approximation of Vg (f) can be computed.

3 Improvements

In this section, we propose several strategies for improving the numerical stability
of the tracing algorithm in last section.

This first strategy is plotting the curve in the direction away from the singular
points rather than towards the singular point. In practice, the former can better
avoid curve jumping, as illustrated by Fig. 5. In this figure, the black curve is the
locus of f := 2° — y2. To trace the upper branch, we have two possible starting
points, namely the red x point, say zg, and the blue x point, say z1. If we start
from zp and move in the tangent direction towards z; in step size 0.09, we get
a red e point close to the upper branch, with which as an initial point, Newton

0.15

0.101

0.051

-0.051

-0.10- ‘ ‘ : ; . )
0 0.1 0.2 0.3
X

Fig.5. Jump is more likely to happen when tracing towards singular points. (Color
figure online)
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iteration converges to a point still in the upper branch. However, if we start from
z1 and move in the tangent direction towards zg in step size 0.09, we get a blue
e point close to the lower branch. As a result, Newton iteration converges to a
point in the lower branch.

This justifies why we first start with circular ring points instead of the bound-
ary points to trace the curve. However, this first strategy does not consider the
situation that there are two singular points in the same component, for which a
try-stop-resume strategy is needed, as illustrated by the following example.

Example 3. Consider again the polynomial f := y? — (—x2 + x)3 . It is a closed
curve with two singular points (0,0) and (1,0).

In Fig. 6, the algorithm first plots the red points starting from two circular ring
points near (0,0) and stops when the singular values drop (at the two x points,
which are called front points). It then starts from the two circular ring points
near (1,0) and plots the blue points, which happen to meet the front points
before singular values drop.

0.21
0.14 oooc0°°°°°°°°°°°°x°°°°°°°°°°woo

y 08
-0.14
-0.2

0 02 04 06 08 1
X

Fig. 6. Try to plot the curve away from the singular points and stop when singular
values drop. (Color figure online)

The above example does not need the resuming step. Consider another one.

Example 4. Consider

f = —3375y" — 4050 2*y® + 108 y*® — 1215 28y* — 648 2%¢° + 2700 y'* + 1620 zy°
+1296 zty® — 5400 2%y — 3240 2%y% — 11709® — 864 2%y — 810 2%y
— 720 2%y* + 4000 45 + 2400 z*y + 540 y° + 720 z* — 1080 2%y — 13532 + 800.

The locus of f is visualized in Fig. 7. During the try phase, the algorithm starts
with the circular ring points at the bottom and plots the red point. After all
red parts have been plotted, it resumes and plots the blue parts and finally the
green parts. In this way, it avoids directly tracing from the left singular point to
the right one.

The third improvement is to take clustered singular points into consideration.
We borrow the notion of natural cluster from [3] on Voronoi vertices. Given a
set S of singular points of Zg(f) in a bounding box B. For any disk D(z,r)
centered at z of radius r, let Ag(z,r) be the set of points in S contained in
D(z,r). If it is not empty, we call it a cluster of S. It is called a natural cluster
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Fig. 7. Try to plot the curve away from the singular points and stop when singular
values drop and resume. (Color figure online)

if D(z,r) and D(z,3r) contains exactly the same set of points of S. We call
D(z,r) an associated disk of Ag(z,7). Note that the associated disks of two
different clusters are also disjoint and the distance between their centers are at
least 3r. For a given S, it is easy to generate a set of disjoint natural clusters
and their associated disks. For instance, one can first sort the singular points in
an ascending order by the minimal distances between them. One can then check
if the points form natural clusters of radius r incrementally. If not, let d be the
minimal distances among points in S, one can always obtain natural clusters of
radius less than d/3. Let’s consider an example.

Example 5. Let g := —282%yz + 58xy® — 65xy%23 + 2324y + 2423yz —
642223 — 32xyz® — T2xy?z + 62* + 56xyz + 1 and f be the discriminant of
g w.r.t. z, which is an irreducible polynomial in Q[x,y]. A visualization of it in
the bor —1 < x < 1,-1 < y < 1 is depicted in Fig. 8. The two points
(—0.9257645305e — 1,0.7100519895) and (—0.6009009066e — 1,0.7790657631) on
the top of Fig. 8 form a natural cluster of radius 0.1.

4 A Practical Algorithm

In Sect. 2, we presented a theoretical algorithm to compute an e-approximation
of a curve, which may not be practical due to the small step size chosen. In
practice, one has to make a compromise between efficiency and accuracy. Based
on the improvement strategies in last section, next we develop a more practical
algorithm. Instead of preventing curve jumping, in the algorithms below, we
maintain a simple data structure to record if a start point has been visited. If a
point is visited more than once, then there is a possible curve jumping.
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Fig. 8. Plotting the curve with the help of natural clusters.

Algorithm 1. ApproxPlot

10
11
12

13

14

15
16
17
18
19

Input: A nonconstant squarefree polynomial f € Q[z,y]. A bounding box

B C R?. A precision € > 0.

Output: An e-approximation of f~*(0) in B.
begin

let So = Ve({f,8f/0x,0f/0y}) N B be the set of singular points of f in B;
let § < €/2 be the radius of natural clusters;
cwp := 0; bwp := 0;
for each natural cluster C' do
let p be the center point of C;
for each associated circular ring point q of p do
let s :=||Vs(q)ll2; // s is the singular value of Jy(q)
L let v := q — p; let ¢:= 0; add (¢, v, s,c) to cwp;

for cach point q of f~1(0)NIB do
let s := ||V#(q)ll2; let v be the direction towards the interior of B;
| let ¢:=0; add (g,v, s, c) to bwp;

let A be the union of disks associated with the natural clusters; set

rwp = Ve({f,0f/0y}) N B\ 4;

rescale the coefficients of f if necessary;

/* Note that below the function PlotMain is called multiple times
with different arguments and flags. */

S1, front := PlotMain(f, B, cwp, bwp, rwp, 6, try);

Sy := PlotMain(f, B, front,bwp, rwp, 8, resume);

Ss := PlotMain(f, B, bwp, cwp, rwp, 8, boundary);

Sy := PlotOval(f, B, rwp, cwp U bwp, 9);

return {Uj_oS;};
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Algorithm 2. PlotMain(f, B, cwp, bwp, rwp, 6, tag)

begin

S = 0; front := 0

for j to |cwp| do

P =

(¢, v, 8, ¢) := cwpljl;

if cwp[j].c > 0 then
| next;

else

L cwpli].c ;= 1;
mb := false; mc := false; mf := false;
while g € B do

s'i=s;q == q; v =

Pi=PU{g};

choose step size h < §/2 according to ¢ and s;
q:=q+ hv;

with ¢ as initial point, apply Newton iterations to update g;
let s = |V (q)]l2;
let v := (0 /dy(q), —0f/0x(q))" and v :=v/|[v]l2;
if vev' <0 then v:=—v;
remove any element of rwp on q'gq;
for i to |bwp| do
if (bwpli].v) @ v < 0 A bwpli].q € ¢’q then
if bwpli].c > 0 then
‘ report curve jump error;
else
L P := P U {bwpli].q};

mb := true; bwpli|.c := bwpli].c + 1; break;

if mb then break;
for i to |cwp| do
if i # j and (cwpl[i].v) @ v < 0 and cwpli].q € ¢'q then
if cwpli].c > 0 then
‘ report curve jump error;
else if tag is 'resume’ or ’try’ then
| P:=PU{cwplil.q};

mc = true; cwpli].c := cwpli].c + 1; break;

if mc then break;
if tag="try’ then
for ¢ to |front| do
if front[il.v e v < 0 and front[i].q € ¢’q then
P := PU{frontli].q}; mf := true; remove front[i] from
front;
break;

if mf then break;
if s < s’ then
L then add (g, v, s,0) to front;break;

| S:= SU{P};

return S;
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Remark 3. The main features of Algorithm ApproxPlot, such as tracing the
curve away from the singular points, and grouping the singular points into nat-
ural clusters and the try-and-resume strategy has been explained in last section.
Another feature of the algorithm is to detect curve jumping by counting the
number of times that a circular ring or boundary point is visited.

To achieve this, each circular point, boundary point, or new front point gener-
ated due to the drop of singular value, is treated as an object with four attributes
(¢,v,s,c), where ¢ is the point itself, v is the tracing direction, s is the singular
value of J¢(¢) and ¢ counts the times that ¢ is visited. For an object ob, the
notation ob.q means taking the value of the attribute ¢q. Each ¢ should be visited
one and only one time. If its visiting time ¢ > 1, there is a possible curve jump-
ing at q. It is easy to check that if there is no curve jumping, after executing
Algorithm PlotMain, the value of any ¢ (counting visiting times of a circular ring
point or boundary point) can not be greater than 1. Moreover, if the numerical
errors are well controlled, after executing line 16 of Algorithm ApproxPlot, all the
points in rwp will only be on the closed components of the curve. Thus the value
of any ¢ can not increase after executing Algorithm PlotOval. Finally we remark
that the algorithm may not detect curve jumping errors caused by exchanging
branches during tracing.

5 Experimentation

In this section, we provide some nontrivial examples to illustrate the effective-
ness of our method. Example6 is selected from a list of challenges in [21] for
plane curve visualization. Example 7 is the discriminant of a random trivariate
polynomial. Example8 is the resultant of two random trivariate polynomials.
Example9 is a discriminant variety of a bi-parametric polynomial system. To
make a fair comparison with the Plots:-implicitplot command of Maple 18, all
polynomials are plotted using their irreducible factors.

We have implemented our algorithm in Maple. In the algorithms of last
section, there are several places where ones needs to solve zero-dimensional
polynomial systems, namely computing singular points, computing circular ring
points, computing boundary points and computing witness points. For the
first three, we find that it is more robust to call a symbolic solver and use
RootFinding:-Isolate of Maple. For the last one, we find it is more efficient to use
homotopy based methods and we implemented a Maple interface to hom4ps2.

Example 6. Let f :=1/42%2—1/22*y*+1/422y°— (2 + y2)7 . Visualizations
of it by Plot:-implicitplot in Maple and ApproxPlot are depicted in Fig. 9. No curve
jumping is reported by Algorithm ApproxPlot.

Example 7. Let f be the same polynomial as in Example 5. Visualizations of
it by Plot:-implicitplot in Maple and ApproxPlot are depicted in Fig. 10. The
polynomial f has branches very close to each other and the algorithm detects
curve jumping.
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Algorithm 3. PlotOval(f, B, rwp, wp, )

begin
S = 0;
while rwp # 0 do
P =0

choose p € rwp and set rwp := rwp \ {p}; k:=0; ¢ :=p;
let 5 := ||V (q)ll2; let v := (9f/dy(q), ~0f /0x(q))" and v :=v/||v]2;
mt := false;
while ¢ € B do
ki=k+1;¢ :=qv :=v; P:=PU{q};
choose step size h < §/2 according to § and s;
q:=q+ hv;
with ¢ as initial point, apply Newton iterations to update g;
let s := ||V r(q)ll2;
let v:= (9f/9y(q), ~0f/0x(q))" and v := v/||v]]2;
if vev' < 0then v:=—v;
if k> 2 and p € ¢'q then
L break;

remove any element of rwp other than p on ¢’q;
for i to |wp| do
if (wpli].v) @ v < 0 A wpli].q € ¢’q then
if wp[i].c > 0 then
L report curve jump error;

mt = true; wpli].c := wpli].c + 1; break;

if mt then break;

| S=Su{Pk
| return S;
0.41 0.41
0.27 0.27
y 0 y 0
—0.21 —0.21
—0.41 —0.41
0.4-02 0 0.2 04 0.4-02 0 0.2 04
X X
By Maple (numpoints=5000000) . By ApproxPlot with € = 0.05.

Fig. 9. Visualization of Example 6.
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N

[}

—

2 1 0 1 2 3
X X

By Maple (numpoints=1000000) . By ApproxPlot with € = 0.05.

Fig. 10. Visualization of Example 7.

Example 8. Let f; 1= 72?2 +26 22y23 —84 22y%2 — 7322246, fo := —24 2422 —
35y23 + 43yz? — 6623 + 3. Let f be the resultant of f1 and fo w.r.t. z. A
visualization of it is depicted in Fig. 11. The polynomial f has branches very
close to each other and the algorithm detects curve jumping.

2 3 0 1 2 3
X X

By Maple (numpoints=1000000) . By ApproxPlot with ¢ = 0.03.

Fig. 11. Visualization of Example 8.

Example 9. Let F = {8wyz? + 2* + 6w® + 8w?r — 9y? — 4y + 1, —wz® +
o+ 24+ 723+ 2922+ 222 + 1} be a parametric system with parameters x,y. A
discriminant variety of F is a union of zero sets of two irreducible polynomials
in (z,y). A visualization of it is depicted in Fig. 12. No curve jumping is reported
by ApproxPlot.
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1,
0.51
y 0 )
—0.57
—0.5 0 0.5 1 —0.5 0 0.5 1
X X
By Maple (numpoints=5000000) . By ApproxPlot with € = 0.05.

Fig. 12. Visualization of Example9.

Remark 4. The running time of implicitplot largely depends on the value of the
option numpoints. The running time of ApproxPlot depends on the precision €.
For the options chosen in this paper, here is a summary of the running time (in
seconds): Note that for these examples, lifting the value of numpoints for Maple
(from numpoints = 1000000) helps little on the quality of the visualization by
implicitplot, but increases significantly the running time.

System implicitplot | ApproxPlot
Example6| 4 26
Example 7 | 26 47
Example 8 | 20 47
Example9 | 32 6

6 Conclusion and Future Work

In this paper, we presented algorithms for visualizing planar algebraic curves
with singularities. The theoretical algorithm guarantees the polygonal approx-
imation e-close to the curve. We introduced several strategies to turn the the-
oretical algorithm to be practical and illustrate its effectiveness by examples.
One bottleneck of the algorithm is the computation of singular points, whose
efficiency might be improved if the curve is known to be the resultant or dis-
criminant of two polynomials [19].

The algorithm presented in this paper can be readily generated to trac-
ing space curves with singularities in ambient space with dimension >3, which
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has direct applications in plotting border curves of parametric systems. But it
requires having an efficient algorithm for computing isolated singular points.

From a numeric point of view, singular points are not stable w.r.t. perturba-
tion. A small perturbation may transform a singular point to be exactly nonsin-
gular but still be ill-conditioned in the numerical sense. It will be interesting to
develop algorithms treating these “pseudo-singular” cases and “true-singular”
cases in the same way. A possible direction would be to generalize the penalty
method for computing witness points in [29] to tracing curves.

Acknowledgements. The authors would like to thank Chee K. Yap and the review-
ers, in particular Reviewer 3, for valuable suggestions. This work is partially supported
by the projects NSFC (11471307, 11671377, 61572024), and the Key Research Program
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Abstract. Exponential analysis in signal processing is essentially what
is known as sparse interpolation in computer algebra. We show how
exponential analysis from regularly spaced samples is reformulated as
Padé approximation from approximation theory and tensor decomposi-
tion from multilinear algebra.

The univariate situation is briefly recalled and discussed in Sect. 1.
The new connections from approximation theory and tensor decomposi-
tion to the multivariate generalization are the subject of Sect.2. These
connections immediately allow for some generalization of the sampling
scheme, not covered by the current multivariate theory.

An interesting computational illustration of the above in blind source
separation is presented in Sect. 3.

Keywords: Exponential analysis - Parametric method - Multivariate
Padé approximation - Tensor decomposition

1 The Univariate Connections

Let us first introduce the problem statement of exponential analysis, which is

known in the computer algebra community as sparse interpolation [4,10]. After-

ward we rewrite it as a rational approximation problem and as a tensor decom-

position problem. In this section, we restrict ourselves to the univariate case.
Let the signal f(t) be given by

n
F(t) =) ajexp(g;t),  @;,6; €C, (1)
j=1
where the objective is to recover the values of the coefficients «o;,5 = 1,...,n

and the mutually distinct exponents ¢;,5 = 1,...,n. Already in 1795, de Prony
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[14] proved that the problem can be solved from 2n equidistant samples if the
sparsity n is known, as we assume in the sequel.

In the following, we choose a real A # 0 such that |3(¢;)| < 7/|A4|, in order
to comply with [12,17], where &(-) denotes the imaginary part of a complex
number. The value A denotes the sampling step in the equidistant sampling
scheme

Jii=f(RA) = ajexp(g;kA) = 3 a;@), @ =exp(g;4).  (2)
j=1

j=1
With the samples fi,k =0,...,2n — 1, we fill the Hankel matrices

fm fm+1 fm+n71
Jm+1 fmi2 oo fmgn

Hv(xm) = (fm+i+j—2)?,j=1 =

fm+n71 fm+n .. fm+2n72

From the expression (2) for the samples f;, we immediately find that H,gm) can
be factored as
H™ =V, D,DpVT,
where V,, is the Vandermonde matrix
Vn — (@2—1)”

ij=1

and D, and Dg are diagonal matrices respectively filled with the vectors (ayq,
..., o) and (@1,...,P,) on the diagonal. So the ¢;,j =1,...,n can be found

as the generalized eigenvalues \;,j =1,...,n of the problem [11]
H{Vv; = X\ Hvj, (3)
where the v;,j = 1,...,n are the right generalized eigenvectors. From the gen-

eralized eigenvalues @; = exp(¢;A), the complex values ¢; can be extracted
uniquely because |3(¢;)A| < 7. After recovering the &@;, the «; can be com-
puted from the Vandermonde structured linear system

Sk =fr,  k=0,...2n-1 (4)
j=1

In a noisefree mathematical context, n equations of (4) are linearly dependent
because of the relationship (3) between the @;. How to proceed in a noisy con-
text is analyzed in great detail and including several variations in a forthcoming
paper and is outside the scope of the current presentation, where we focus on the
mathematical interrelationship between seemingly disconnected problem state-
ments.
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1.1 From Exponential Analysis to Padé Approximation in 1-D

Instead of filling Hankel matrices with the samples f, we construct a formal
power series expansion

F(z)= Z fuz.
k
The Padé approximant [m/n]p for F(z) of degree m in the numerator and n

in the denominator is defined as the irreducible form of the rational function
Pmon(2)/@mon(2), with

Pm,n

dm,n

(2) :== Zajzj,
=0

(2) == Z bz,
=0

that satisfies

F(Z)qm,n<z) 7pm,n(z) = Z ckzk.

k>m+n+1

The computation of Padé approximants is closely connected to the solution of
Toeplitz structured linear systems. The [m/n]r is computed from putting to
zero the terms of degree 0 to m +n in (Fgmn — Dm.n)(2):

kafjbj:alw E=0,...,m,
j=0

where fr =0 if k£ < 0, and
me—i—k—jbjzo, kzl,...,n.
j=0

Again using expression (2) for the fi and under the assumption that the @,
are mutually distinct, it is not difficult to see that [2]
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So the function F'(z) is itself a rational function of degree n — 1 in the numera-
tor and n in the denominator. The consistency property of Padé approximants
guarantees that a rational function like F'(z) is reconstructed from its formal
series expansion by its [n — 1/n|r Padé approximant, thereby needing only the
series coefficients fo,..., fon—1. So we can also obtain the @; from the Padé

denominator .
[[a-a;2) (5)
=1

and the a; from the partial fraction decomposition of the approximant [n—1/n]r
through

n

P, 1n Zaj L](Z) = Z(l —@iz).
i
The poles 1/®; of F(z) can even directly be computed from the f, in the order
of increasing magnitude, using the qd-algorithm [1].

1.2 From Exponential Analysis to Tensor Decomposition in 1-D

With the samples f;, we can also fill an order N tensor T° € C™ <" *"N where

2<n;<n, 1<j<N, 3<N<2n-1,
N
an =2n+N —1,
j=1
and
Try,oobn = stk =N, 1<k; <nj. (6)

The tensor of smallest order N = 3 is, for instance, of size n x n x 2 [13] and the
one of largest order N = 2n — 1 is symmetric and of size 2 x --- x 2 [6]. For the
sequel, we generalize the definition of the square Hankel matrix above to cover
rectangular Hankel structured matrices

fm fm+1 e fTTL+7L2—1
(m) _ fm+1 fm+2 s fm+n2
ni,n2 . . . .
fm+n1—1 fm+7l1 N fm+n1+n2—2
The tensor slices T' . k... ky €qual

T Ko _H(k3+ ~+kn—N+2)

ni,n2

and so are Hankel structured. The tensor T' decomposes as

1 1
- P, 2,
T = Zaj : 0-+-0 . : (7)
j=1 ‘
1—1 7 1
@? @j“\’
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where still the &; = exp(¢;A) are mutually distinct and o denotes the outer
product. Decomposition (7) is easily verified by checking the element at position
(k1,...,kn) in (7):

n
_ hi—1 ky—1
Thy,hn = E SPLR

j=1
n
_ pk1++ky—N
= Zo‘a@j
j=1

= frrt+-thkn—N-

The factor matrices are the rectangular Vandermonde structured matrices

NnE,Mn

Vo = (€571) 1<k<N.

i=1,j=1"
Because of the Vandermonde structure of the factor matrices with ny < n,k =
1,..., N, their Kruskal rank equals nj for all k. Since n1+---+ny =2n+N -1
we find that the sum of the Kruskal ranks of the IV factor matrices of the rank
n tensor T is bounded below by 2n + N — 1. Hence the Kruskal condition is
satisfied and the unicity of the decomposition is guaranteed.

2 The Multivariate Connections

The result from de Prony that (1) can be solved from only 2n samples if the
sparsity n is known and that the recovery of the linear coefficients a; and the
nonlinear parameters ¢; can be separated, is only recently truly generalized [5]
to d-variate functions of the form

f(xl,...,:vd) = Zaj exp (¢j1$€1 +"'+¢jd1'd)7 g, P € C. (8)

Jj=1

In [5], is proved that the a;,j =1,...,n and ¢p, 5 =1,...,n,0=1,...,d can
be recovered from (d+ 1)n samples in the absence of collisions or cancellations of
terms when sampling. In the latter case, the problem is still solvable but requires
some additional samples to untangle the collisions or cancellations [5]. For the
sequel, we also introduce the vectors = (z1,...,2q) and ¢; = (¢j1,-..,0jd)
where it is clear from the context whether ¢; refers to a complex value as in the
previous section or a vector of complex values. Using the vector notation, (8)
becomes

f@) = ajexp((¢;,7)).
j=1

The way to achieve the generalization (8) is by falling back on a one-dimensional
projected generalized eigenvalue problem requiring 2n samples, complemented
with d—1 structured linear systems each requiring n samples along linearly inde-
pendent directions to cover the additional dimensions, and one more structured
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linear system set up from the first 2n samples to recover the linear coefficients
Q.

We introduce the real linearly independent d-dimensional vectors Ay, ¢ =
1,...,d satistying |S((¢;, Ae))| <m,j=1,...,n,0 =1,...,d. We further collect
the samples

fii=f(kA),  0<k<2n-1,
froi= fRAL+4y),  O0<k<n—1, 2<0<d

and denote @, := exp((¢;, A¢)).

We assume now that all the values &@;; are mutually distinct so that the
®;1,j =1,...,n can be obtained as the generalized eigenvalues of a generalized
eigenvalue problem of the form (3) where the Hankel matrices are filled with
the samples fi,. Subsequently the a; are the solution of the Vandermonde linear
system

Sk =fi,  k=0,...2n-1 (9)
j=1

Of course, from (¢;, Aq) extracted from &;1, the individual ¢;, cannot yet be
identified. For that purpose, we need the additional (d — 1)n samples fx¢ which
we reinterpret for each 2 < ¢ < d as

> (@) = fre,  k=0,...,n—1 (10)

j=1
In other words, with the samples fi, as right hand side for ¢ fixed and with the
first n rows of the same Vandermonde coefficient matrix as in (9), we obtain the
unknown coefficients a;®;, and subsequently the values ®;, from

Gl iy

)

Qj

R 2</(<d

and (¢;, ;) from @j,. We remark that ®;, is easily paired to its associated
generalized eigenvalue @;; through the structured linear systems (9) and (10), a
problem that remained unsolved in various other approaches [9,15].

We now have extracted all the inner products (¢;,As),j = 1,...,n,{ =
1,...,d for linearly independent vectors A, and so for each 1 < j < n the
individual ¢, can be retrieved as the solution of the following regular linear
system:

Ay A o (¢, A1)

Aagi ... Aga] |dja (¢, Aa)

In [6], some preliminary work was done leading to a novel technique based
on the use of multivariate Padé approximation, but a proper rewrite of the
problem statement (8) in terms of Padé approximants was still lacking. We fill
this gap here by turning our attention to the concept of simultaneous Padé
approximant. We continue along the same lines with a reformulation into a
tensor decomposition problem of smaller order than in [6].
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2.1 From Exponential Analysis to Padé Approximation in d-D

Instead of one formal power series, we now set up d formal power series, namely
Fi(z) =) fi,
k

Fi(z) =) fuwd¥, 2<t<d
k

Making use of the expressions (9) and (10) for f; and fye, respectively, we again
find that the functions

n

— @
Fi(z) = Z s

=1

n
F(Z):ZL% 2<0<d
¢ j:11_¢jlz7 <<

are rational functions, each of degree n — 1 in the numerator and degree n in the
denominator. Note that for all £ =1, ..., d, the denominator of Fy(z) is the same
and reveals the generalized eigenvalues ®;; which are assumed to be mutually
distinct.

The rational functions Fy(z),1 < £ < d can be recovered from the multivari-
ate samples fr,0 < k < 2n—1and fr,0 < k <n—1,2 < ¢ < d by computing the
simultaneous Padé approximant [(n —1,...,n —1)/n](p, ... F,) for the vector of
functions (Fy(2),..., Fi(2)) [3, pp. 415-417], defined more precisely as the vec-
tor of irreducible forms of the rational functions prp—1.5.6(2)/gn-1,n(2),1 <€ <d
satisfying

Z cnzt, (=1,

k>2n
(FEQn—l,n - pn—l,n,é) (Z) = _ & (11)
Z Crpez”, 2 </ <d.

k>n

So the denominator polynomial ¢,—1,,(2) = bo + - -+ + b, 2™ is computed from
the Toeplitz structured linear system

n
Zf7t+k—jbjzo, k‘ZO,...,n—l,
j=0

arising from the accuracy-through-order conditions (11) for Fj(z). We remark
that again the a; and @,4,2 < ¢ < d are naturally paired to the poles 1/®;;
of each rational function p,_1 . ¢(2)/¢n—1,n(%), which can be computed directly
from the samples using the gqd-algorithm [1] applied to the formal series Fi(z).
This pairing is essential to recover the individual ¢;y.

It is worthwhile to note that the Padé formulation of (8) allows a slight gener-
alization compared to the generalized eigenvalue formulation of the multivariate
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problem. The simultaneous Padé approximant [(n—1,...,n—1)/n]p .. r,) can
also be computed from vy samples fr and v, samples fi, for 2 < ¢ < d, where
the total number of samples equals

d
Z =(d+1)n Ve >,
(=1

instead of 2n samples f; and n samples fie for 2 < ¢ < d. In that setting (11)
becomes

(Fﬂqn—l,n Pn—1,n, Z Z Cng 1 S 4 S d7
k>vy

and the common denominator ¢,_1 ,(z) is computed from the linear system
n
S fagrogbi=0, k=001 -n-1,

> furh-jubj =0,  k=0,..,u-n-1  2<(<d.

2.2 From Exponential Analysis to Tensor Decomposition in d-D

Along the same lines as above, a connection to a so-called coupled tensor decom-
position problem can be made. With the samples fr,k = 0,...,2n — 1, a first
order N tensor T™) of dimension n; x --- x ny is defined as in (6), which
decomposes as in (7), but with @; replaced by &;1:

1 1

" Dj Dj

70 =3, M I B
=1 n:—l n: -1

D% DY

As explained in Sect. 1.2, this decomposition is unique as long as the ®;; are
mutually distinct. Remains to recover the @;,,2 < /¢ <d.

To this end, we construct another d — 1 order N tensors 79,2 < ¢ < d of
dimension nyp X - -+ X nyy, where

N
2<nj <n, Znﬂ:n—l—N—l,
=1
with tensor elements
[
T,El?,,.7kN = forpedbn-Ng 254,
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of which the slices T(e)k3 Ky AT still Hankel structured. With

fm,e fm+1,£ fm+n271,5
im0 fot1e fomg2e o fmtnas

ni,n2
fm+n171,£ fm+n1,£ fm+n1+n272,é

the tensor slices T@kg _ equal

kN

T(Z) — H(k3+'-~+kN*N+2,€).

ks, kN ni,n2

The tensors T®) decompose as

1 1
n Dj1 Dj1
T(f)zzaj@ﬂ : 0---0 : ,
Jj=1 45?11.1{71 @?1]\.“{*1

where the entries in the factor matrices from T can all be obtained from the
decomposition of 7™ hence the term coupled tensor decomposition. Only the
sizes mj, X n of the factor matrices may be smaller as the sum of the nj, is
bounded by n+ N — 1 instead of 2n+ N — 1. The decomposition of the ) only
serves the purpose of recovering the a;®;¢,5 = 1,...,n,2 < £ < d. Note again
the natural pairing of the a; and a;®¢,2 < ¢ < d to the @;;, which is required
to recover the individual ¢, in (8).
A similar generalization as in Sect. 2.1 where now

N d N
D oni+Y Y nje=(d+1)n+d(N 1)

(=2 j=1

is obviously also possible. Then the order IV tensor T of dimension nq X« - - Xny
is such that

and decomposes in the same way as 7™ above (only the sum of the dimensions
is bounded differently). Similarly TW 2 < ¢ < d of dimension nig X -+ X N

obeys
N

2 <nj <n, anzzl/g—‘rN—].
j=1
and decomposes as T¥) above. Note that Kruskal’s condition only guarantees
a unique decomposition if v; > 2n. However, the unicity is guaranteed through
the other formulations of the problem statement, be it as a simultaneous Padé
approximation problem or a multivariate exponential analysis.
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3 Illustration: Blind Source Separation

We now illustrate the connections between exponential analysis or sparse inter-
polation with on the one hand Padé approximation and on the other hand tensor
decomposition. The emphasis is on the mathematical reformulations of the prob-
lem statement and not on the numerical aspects of the various algorithms that
can be used in either of the three settings.

We analyze a demo signal consisting of some wild bird chirps mixed with the
whistle of a passing train (the original signal is available at our website'). The
signal is graphed in Fig. 1: it lasts somewhat longer than 1.5 seconds and consists
of 12850 samples collected at a rate of 8192 samples per second with a high
signal-to-noise ratio. In Fig. 2, the signal’s spectrogram is given, put together by
applying the short-time Fourier transform to 257 non-overlapping frames of each
50 consecutive samples multiplied by a rectangular window function. It exhibits
clearly the Fourier transform’s typical leakage. Also the resolution is poor as we
consider windows of only 50 samples. The horizontal stripes in the spectrogram
represent the train whistle while the bird chirps are found in the higher frequency
flame-like elements.

signal

Fig. 1. Real-valued demo signal

The objective now is to identify the bird chirps and the train whistle using
a sparse technique instead of the fast Fourier transform, thereby avoiding the
leakage and limited resolution. So we recover each contributing «; and ¢; in (1)
from the signal samples following the outline of Sect.1. To this end, we again
divide the full data set into 257 non-overlapping windows of 50 samples. In each
window, we take the sparsity n = 20, meaning that we choose a model consisting
of 20 exponential terms, that we fit to 50 samples, in the least squares sense since
50 > 2n. For the practical computation, use was made of:

! http://cma.uantwerpen.be/publications.
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Frequency (kHz)

Power/frequency (dB/Hz)

Time (secs)

Fig. 2. Spectrogram of the demo signal

— the ESPRIT algorithm from [16] for the exponential analysis,
— the qd-algorithm as in [1] for the rational function reformulation,
— Tensorlab from [18] for the tensor decomposition.

Complexitywise the Fourier analysis and exponential analysis of each window
compare as follows. A Fourier analysis of M samples is O(M log M) while an
exponential analysis using the Hankel structured generalized eigenvalue problem
(3) and the Vandermonde structured linear system (4) is O(n?logn). When
solving (3)—(4) in a least squares sense from m > 2n samples then the complexity
increases to O((m—n)n?) [7,8]. Note that in practical applications usually M >
m and hence also M > n.

In Figs.3, 4, and 5 at the top, we show the computed ¢;,7 = 1,...,20
from window number 88 (samples number 4351 till 4400), where only the blue
coloured ¢; are retained, for the exponential analysis, Padé approximation, and
tensor decomposition, respectively. The ¢; indicated in red are discarded because
either their imaginary part was (numerically) zero or their modulus was too large
(I-| > 1.05). The former does not contribute to a sound signal, while the latter
may cause ill-conditioning when setting up the Vandermonde matrices involved.

In the same figures at the bottom, the spectrogram results for each of expo-
nential analysis, Padé approximation, and tensor decomposition is shown. It is
clear that the sparse technique of exponential analysis and its reformulations do
not suffer from the undesirable leakage and limited resolution, as they identify
the frequency content in the signal f(t).
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Fig. 3. Extracted ¢;,7 =1,...,20 using (3) (top) and spectrogram based on retained
¢; (bottom) (Color figure online)
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Fig. 4. Extracted ¢;,7 = 1,...,20 using (5) (top) and spectrogram based on retained
¢; (bottom) (Color figure online)
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Fig. 5. Extracted ¢;,7 = 1,...,20 using (7) (top) and spectrogram based on retained
¢; (bottom) (Color figure online)
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Abstract. A symbolic algorithm which can be implemented in any com-
puter algebra system for generating the Bargmann—Moshinsky (BM)
basis with the highest weight vectors of SO(3) irreducible representations
is presented. The effective method resulting in analytical formula of over-
lap integrals in the case of the non-canonical BM basis [S. Alisauskas,
P. Raychev, R. Roussev, J. Phys. G 7, 1213 (1981)] is used. A symbolic
recursive algorithm for orthonormalisation of the obtained basis is devel-
oped. The effectiveness of the algorithms implemented in Mathematica
10.1 is investigated by calculation of the overlap integrals for up to u = 5
with A > p and orthonormalization of the basis for up to p = 4 with
A > u. The action of the zero component of the quadrupole operator
onto the basis vectors with p = 4 is also obtained.

Keywords: SU(3) non-canonical basis -+ Group theory
Gram-Schmidt orthonormalization + Symbolic algorithms

1 Introduction

The formalism of SU(3) group provides a comprehensive theoretical founda-
tion for understanding this symmetry in nuclear structure [4,6-9]. However,
the construction of the SU(3) bases can usually be performed analytically only
for some special cases. In this respect, because of mathematical simplicity of
its definition, the Bargmann—Moshinsky (BM) basis [3,10] is especially conve-
nient for calculation. However, the necessity to introduce the physically rele-
vant angular momentum observable gives rise to non-canonical group reduction
SU(3) D O(3) D O(2). The BM vectors may be calculated from the simplest
vectors which correspond to the highest angular momentum projection M = L,
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i.e., the highest weight basis vectors with respect to the SO(3) group that was
proved in [10]. It should be stressed that the analytical and what is very impor-
tant an effective algorithm for construction of this basis is required for analysis
of some quantum systems.

As an example, one can consider the vibration (in particular, quadrupole)
and rotation motions which are the most important low energy nuclear motions.
The simplest SU(3) model Hamiltonian consists of the quadrupole-quadrupole
interaction, the rotational term, and the other terms constructed from generators
of the partner groups G = SU(3) x SU(3), see [8] and references therein. A
possible Hamiltonian H used in this schematic nuclear model can be written as

H =~C5(SUB3)) —kQ - Q+BL- L+ H"(Q,L)
= (v — K)C2(SU(3)) + (3x + B)L* + H"(Q, L), (1)

where the second order Casimir operator C2(SU(3)) = Q- Q +3L-L, Q and L
are generators of SU(3), i.e., quadrupole and angular momentum, respectively;
Q and L are generators of the intrinsic group SU(3). Some examples of physically
interesting forms of the interaction H” can be written as

Hs3g =hso (Q® Q)3 - (Q®Q)%,), (2)
Hspg =hso (L@ Q)5 — (L®Q)%,), (3)
Hiq = haq (\/?(Q BQE+(QOQL+ Qo Q1) (4)

where (Ty ® Ty)%; denotes the tensor product of two spherical tensors [13].
These interaction terms can simulate either the tetrahedral or octahedral nuclear
symmetry now widely considered in nuclear physics [5]. To find the corresponding
energies and quantum nuclear states one needs to solve the eigenvalue problem
of the Hamiltonian (1).

To solve the eigenvalue problem for H the appropriate basis constructed
according to the group chain SU(3) D SO(3) D SO(2) is required. There were
several attempts to construct such bases. They were based on different group
theoretical technics, for a short review see the introduction in the paper [11]. In
all those cases one obtains the non-orthogonal basis. This increases a complexity
of calculations of the reduced matrix elements of different operators, Clebsch—
Gordan coefficients, etc. It requires an adaptation of the Gram—Schmidt orthog-
onalization procedure to be more effective in symbolic calculations.

We start from the BM states which are linearly independent but as in other
approaches not orthonormal. However, we develop an effective symbolic algo-
rithm suitable for implementation in computer algebra systems. It is based on
the adapted Gram—Schmidt orthonormalization procedure but using the overlap
integrals calculated in an analytical form [2]. It provides the analytic construc-
tion of the desirable orthonormalized basis. Our adaptation of Gram—Schmidt
orthonormalization procedure consists in construction of recursive calculation
of the required quantities and the normalization integrals do not involve any
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square root operation. This distinct feature of the proposed orthonormalization
algorithm may make the large scale symbolic calculations feasible.

Then one can calculate in this orthonormalized basis the zero component of
the quadrupole operator @)y in the analytical form using its simple form given
in the non-canonical BM basis [1,12]. The other components of the quadrupole
operator Q) written in the analytical form can be obtained by making use of
the Wigner-Eckart theorem with conventional SO(3) Clebsch-Gordan coeffi-
cients [13]. Thus, one can construct the above Hamiltonian (1) also in an ana-
lytical form.

The paper is organized as follows. In Sect. 2, the Symbolic Algorithm 1 for
calculation of overlap integrals of BM vectors is shown. In Sect. 3, the Symbolic
Algorithm 2 for orthonormalization of BM basis is given. In Sect. 4, an action of
the quadrupole operator )y onto the constructed basis is presented.

In the Conclusion, further applications of the elaborated symbolic algorithms
are pointed out.

2 Overlap Integrals of Bargmann—Moshinsky Basis

The effective method for constructing a non-canonical BM basis with the highest
weight vectors of SO(3) irreducible representations corresponding to the group
chain SU(3) D O(3) D O(2) was described in [2]. Let us introduce the notation
for the vectors of this basis:

a,L, L

(A 1)B > . (5)

Here the quantum numbers A, g label irreducible representations (irreps),
Ap=0,1,2,... and A > p; L, M are the quantum numbers of angular momen-
tum and its projection (in our case, M = L); « is the additional index that
is used for unambiguously distinguishing the equivalent SO(3) irreps (L) in a
given SU(3) irrep (A, ). The dimension of subspace irrep for given A, i can be
calculated by using the following formula:

D,\MZ%()\+1)(M+1)(>\+M+2). (6)

In order to perform classification of the BM states (5) one should determine the
set of allowed values of a and L. It is well known that the ranges of quantum
numbers « and L are determined by the values of quantum numbers A and pu.
However, the determination of former quantities is rather cumbersome. The eas-
iest way to get the allowed values of o and L is by using the Symbolic Algorithm
1 that consists of the following steps:

Step 1. Firstly we should start with choosing some particular value of the
quantum number p. For the following consideration, it is convenient to introduce
auxiliary label K [7] which varies in the ranges

K=p,pu—2,...,10r0, since A > p. (7)
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The label K is related to « by

= (- K) (8)

So, for every fixed p, the set of possible values of K can be obtained directly
from the definition of K from (7). Now, the set of allowed values of a may be
determined from these K values using relation (8).

Step 2. In the case K = 0, that may occur only for even values of p, the allowed
values of L are determined by the label A:

L=X\X—2,...,10r0. (9)

Step 3. In the case K # 0, the L, = K. Since for every particular p, there is

a number of possible K numbers, according to (7) there exists a number of the

corresponding « numbers. It means that for every particular u, there will be a

number of pairs (@, Ly ). The maximum value of L is defined by the expression
Lpax = 10— 2+ A — (3, where

0, A+ pu— L even,

5{1, A — L odd. (10)

To determine L, it is convenient to consider two alternatives: A — L is even
and A — L is odd. In both cases, the label 3 is defined by the given u value, and
the number L.« is also determined. An illustrative example for calculation of
allowed values of o and L is presented in Table 1. The results for the case K =0
are not included since in this case, their termination is rather straightforward. It
should be noted that the set of allowed values of L for overlap integrals is given
by the intersection of these sets for the corresponding <bra| and |ket> vectors.
In this paper, we use the following form of the formula for the overlap integral
<ala/>=<a'|a> of the non-canonical BM states presented in [2]:
AN (/\vﬂ)B (Avﬂ)B _ B(r _ |
<a o > = <a,L,L o DL Cy(N L, A) (A +2)°(L — p + 2a)!
()\—L+u—2o/—ﬁ)!!(,u—2a’—ﬁ+A—1)!!
1
_\t2a-a-g) 24z (30— 20— A= ()
2 (0-5-) (7,

— " il
« (M(_ ; _”2::2)” ((l‘jffaffl))'!'! (= A+B—1)(u—A—F—2)
A=L+p—2a—-p)! A+L—-A+2)!! (L+10)!
A=L+A+22)! A+L—-p+2a+5+22z+2)!! L
A+p+L++2)" A+F+22+1) A+p—1—L+ AN
A+L+i+0+224+2)1 A+8+1)! A—L+p—2a—p)!
xCa(\, L, A, z). (11)
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Table 1. The allowed values of &, Lmin, and Lmax for up to p =5 when K # 0.

i | | Lmin | Lmax(A — L even) | Lmax(A — L odd)
1/0/1 A A+1
2102 A+2 A+1
31013 A+2 A+3
11 A A+1
410 4 A+4 A+3
12 A+2 A+1
51015 A+4 A+5
113 A+2 A+3
211 A A+1

Here o > o and g from (10) and we use the following notations:

A:{O’ A — L even, (m)z m!

1, A— L odd, n nl(m —n)!’
CLO0 L. A) 1, L>)\N+A,
1 s 44y - (A+L+A+1N
EECIESyim L<A+A,

OHLEAfLE2)1 At A,

Co(\, L, A, 2) = QL+
g~ 1200
Remark 1. The upper alternative in definition of the coefficients C7; and Cj
corresponds to the overlap integrals which contain only A in their final expression.
The summation parameter z runs from 0 to %(—20( — B — A+ u) except when
z < $(=A—=X+L). The summation parameter [ runs from §+ A to 2a/ 4+ 3+ A
except when p— 1 or I — A — 3 is odd.

The Algorithm 1 realized Steps 1-3 and function (11) was implemented in
the Mathematica code. This code was verified by calculating the overlap integrals
presented in [2]. We reproduced the results presented there for u = 1,2,3,4,
however, with some exceptions for p = 4. Our results for u = 4 are presented
in Tables3 and 4 with specification of indices of the overlap integrals given in
Table 2. New corrected expressions of the overlap integrals with respect to the
incorrect results from Table1 of Ref. [2] are marked by asterisk (*).

In this paper, the new results for the overlap integrals for the non-canonical
BM basis with the highest weight vectors of the SO(3) group irreps for p = 5
were calculated and presented in Table 5. Here the more concise notation for the
overlap integrals (uq|uq) of states (5) is introduced. We present the obtained
expressions for overlap integrals in Tables6 and 7. The above algorithm was
realized in the form of the program implemented in the computer algebra sys-
tem Wolfram Mathematica 10.1. The typical running time of calculating the
irreducible representations ¢ = 4 and p = 8 is 3 and 57s and memory is 35
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10004 300

100+

-
o

Cpu time, seconds

Fig. 1. The CPU time versus parameter p (a) and MaxMemoryUsed versus parameter
# (b): maximum number of megabytes (Mb) used to store all data for the current
Wolfram system session during the calculations of the orthogonal BM basis (circles)
consisting of calculation of the overlap integrals by means of Algorithm 1 code (squares)
and execution of the othonormalization Gram—Schmidt procedure by means of Algo-
rithm 2 code (triangles).

and 47 Mb, respectively, using the PC Intel Pentium CPU 1.50 GHz 4 GB 64 bit
Windows 8. In Fig. 1 we show the CPU time and MaxMemoryUsed during cal-
culations of overlap integrals by Algorithm 1 versus parameter p.

3 Orthonormalization of Bargmann—Moshinsky Basis

Let us construct the orthonormal basis in the space spanned by the non-canonical
BM vectors (5), (M = L). For this purpose, we propose a bit more efficient form
of the Gram—Schmidt orthonormalisation procedure

)= >l | (12)

Here multiplicity index 7 is introduced to differentiate the orthonormalized states
and AZ(-,)‘o;“ ) (L) are the BM basis orthonormalization coefficients. These coeffi-
cients fulfill the following condition

AN(L)y =0, ifi>a. (13)

Because the BM vectors (5) are linearly independent, one can require the
orthonormalization properties for the vectors (12)

<gf% QW)>:@h (14)

fes L, L
In this paper, we developed the analytical orthonormalization procedure
based on the Gram—Schmidt orthonormalization algorithm. For explicit con-
struction of orthonormalized BM basis, let us consider step by step the Symbolic
Algorithm 2.
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Table 2. Overlap integrals of non-canonical BM basis for p = 4.

(ala’) | L A—Leven|L A — L odd
(212) 10,..., x| (uz]uz)

(2]11) | 2,..., 2] (uzlur)

(210) |4,..., x| (uz2]uo)

(11) 2,2 (uilur) 2, A+ 1| (Gr]ar)
A1) A+2 | (whluh)

(110) | 4,..., 2| (u1|uo) 4,.. ., A+ 1| (@1]|to)
(10) [ A+2 | {uilug)

(0]0) | 4,..., x| (uoluo) 4,..., 2+ 1| {@olto)
00) [A+2 |(uolup) [A+3 (1o ao)
O00) | A+4 | (uflud)

Step 1. First one needs to organize the loop running over all indices a =
Qmaxs @max — L, - . ., 0 of a given set of the BM states. Then the first orthonormal-
ization coefficients of the orthogonal BM states (i.e., some linear combination of
initial states (5)) for a given value of « are calculated by the formula

(Ua |[Uamax )

ov,ctmax = i Jan 17 (15)

where the (uq|uq) denotes the overlap integrals (11).

Step 2. Secondly one needs to organize the inner loop inside the loop defined
in Step 1 of this algorithm. This inner loop should run over all indices o/ =
Qmax — 1, max — 2,...,a + 1 of a given set of BM states. For the following
calculations, it is convenient to introduce the intermediate quantity

(Ua | Uy ) (Ut | W)
<u0¢max |uamax>

Now the orthonormalization coefficients for the BM states for any given values
of o and o' are calculated by the formula

fa,o/ = *<ua|uo¢/> + (16)

fa,a’
o el T 1
Here the normalization integral is defined as
Qmax
<wa|¢a> = <ua‘ua> - Z bi,i' (18)

1=a+1

Step 3. Now we make the recursive step and calculate the next quantity fu o
from the results of the previous step:
1

fa,oz’—l = foz,o/—n:)/—l + mfa—>a’—l,a’fa,a’~ (19)
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Table 3. Overlap integrals of the non-canonical BM basis. for y =4 and A — L even.

u=4 and A — L even
(usluz) = SLI(A — D)I(A + L + DI(3L* + 6L7
—(8A(\ +8) + 135)L% — 2(4A(A + 8) + 69) L
+8(A+3)2(A +5)%) /(2L + 1)!!
(uzlur) = 8LI(—A+ L —2)(A+ L+ 6)(A — L)!'(A+ L+ 1)!!
x(3(L — 1)L — 2(2A(\ + 8) 4 33)) /(2L + 1)!!
(ug|uo) = 24LIA —L+2)(A—L+4)(A+ L +4)
XA+ L+6)AN—=L)NNA+L+D/(2L+ 1),
() [(urfur) = =4(L = 2)I(A = L+ 2)I(A+ L+ 1)1 (6L° + 6(A + 5)L*
—(A(TA +59) + 150) L3 — (A + 6)(A\(TA + 55) + 118) L2
—(A 4 2)(N(BA 4 48) +129) L — 6(X + 2)(A(X + 10) + 27)) /(2L + 1)!!
) @iul) =4+ 2)(A+3)(A + 4) (A + 35) AL
(u1luo) = 24(L — 2)!(A — L+ 4)(A+ L+ 6)(A — L+ 2)!!
XA+ LA+LA+L+4)+2)+2)(AN+ L+ 1)I/2L+ 1!
(uhug) = 96(A + 2)(A + 3)(A + 4)A!
(%) (uoluo) =24(L — )N =L+ UM+ L+ DNON+2)(A +4)
FLS 4+ 2N+ 3) L2 +8(A+2)(A+3)L + (A(A+4) —8)L*
—2(A+3) (AN +6)L3 + (A(BA +38) + 88)L?) /(2L + 1)1,
(uplug) = 48N+ 2)(A +3)(A+ 42X+ A+ 3)(\ — 2)!
(ugug)y = 24\ 4+ 2)(A + 3) (A + 4) (X + 5)A!

Here the arrows in the right hand side of the (19) indicate that the quantity fq, o
obtained at the previous step is used with the appropriate substitution of indices.
Having calculated the quantity f, ., the expression of the next orthonormaliza-
tion coefficient b, o can be obtained by Eq. (17). The steps of the orthonormal-
ization algorithm defined above are recursively repeated doing the loop over all
allowed values of indices « and «’.

Step 4. Finally, we should collect all the coefficients in the recursively obtained
analytical expansion representing the orthonormalized state for every indepen-
dent BM state (5). In this way, we get the required orthonormalization coeffi-
cients of expansion (12).

Remark 2. The two advantages of the proposed Algorithm 2. First of all, its
simplicity: at any recursive step, fa,o is composed of fragments that are no
more complicated than that defined in the right hand side of Eq. (16) and the
normalization integrals (18). Secondly, recursive calculation of the quantities
faor (19) and the normalization integrals (18) do not involve any square root
operation. This distinct feature of the proposed orthonormalization algorithm
may make the large scale symbolic calculations feasible.

In this paper, the new results for the orthonormalization coefficients of the
non-canonical BM basis with the highest weight vectors of SO(3) irreps for p = 4
were calculated and presented in Table 8. It should be noted that the orthonor-
malization coeflicients for up to u = 3 were calculated as well and their values are
equal to those presented in Table 2 of Ref. [2]. Let us illustrate the calculation of
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Table 4. Overlap integrals of the non-canonical BM basis for 4 =4 and A — L odd.

p=4 and A— L odd
(@ar) = 6(Z+2)2(A(\+10) +27) — L7 — L)
X(L+1)(L+2)(L—2){(A—L+DNN+L+2)II/(2L + 1!
(in|ao) = —6(A+2)(L+ )(L+2)A—L+3)A+L+7)
X(L —2){(A\— L+ DI+ L+2)!1/(2L + 1)1
(tolao) = —6(A+2)(9(A+3)+ LA+ LA+ L+5)—5))
X(L4+1)(L+2) (L — 4!\ — L+ 3)!!(A\+ L+2)!1/(2L + 1)!!
()| @olan) = 61 +2)(A+3) (A + 4)2(A + 5) (A — 1)!

Table 5. Overlap integrals of non-canonical BM basis for p = 5.

(o) | L A—Leven|L A— L odd
(212) |1,..., 2] (uz]uz) 1,0, A+ 1| (G2]u2)
(211) |3,..., A (uzlu1) 3, A+ 1| (Gz)ar)
(210) |5,..., A | (uz]uo) 5, ..y A+ 1| (Gz]ao)
(1) 13,00 {urfur) 3, . A+ 1| (T]a)
(A1) A+2 | (Whud) A+3 (ay]ah)
(110) |5, .., A | (u1]uo) 5, ., A+ 1| (T1]to)
(1j0) | A+2 (uilup) |A+3 (@1 |ao)
(0]0) |5,..., A | (uoluo) 5,..., A+ 1| (Go|to)
(010) [A+2 |(uplup) [A+3 (o)
00) | A+4 [(uglug) |[A+5 )

orthonormalization coefficients and output of their values that are symbolically
represented in Table 8. The explicit expressions for these coefficients calculated
by the Algorithm 2 realized Steps 1-4 was implemented in the Mathematica
code in terms of the overlap integrals <u;|u;> and <%;|%;> listed in Tables 3 and
4, respectively, are given below. The above algorithm was realized in the form of
the program implemented in the computer algebra system Wolfram Mathemat-
ica 10.1. The typical running time of calculating the irreducible representations
u =4 1is 30s and memory is 60 Mb using the PC Intel Pentium CPU 1.50 GHz
4 GB 64bit Windows 8. In Fig. 1, we show the CPU time and MaxMemoryUsed
during calculations of the orthonormal BM basis versus parameter p by means of
Algorithms 1 and 2. One can see that the CPU time (in double logarithmic scale)
of execution of Algorithm 1 is linearly growing in contradistinction to Algorithm
2, whose execution time is growing faster than linearly due to manipulations
with rational expressions.
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Table 6. Overlap integrals of the non-canonical BM basis for 4 =5 and A — L even.

uw=>5 and A— L even
(uzluz) = 24N+ 2)(L+ 1)(L — )I(A = L)N(A+ L+ 1)!!
X (—(4A(\ 4 10) 4+ 109)L? — 2(2\(A + 10) + 55)L
+8(A(X + 10)(A(X + 10) +49) + 603) + L* +2L%)/(2L + 1)!!
(uglur) = 24N+ 2)(L+1)(=A+ L —2)(A\+ L+ 8)(L — 1)!
X ((L — 1)L —2(A(X\ 4+ 10) +27)) (A — D)(A+ L+ D)!/(2L + D!
(uzluo) = 24N +2)(L+1)(=A+ L —4)(-A+ L —2)(A+ L +6)
X(L— D) A+L+8)(A— D)\ + L+ )1/(2L+ 1)
(ur|ur) = 12N+ 2) (L + 1)(L = 3)!{(A = L+ 2)!{(A+ L + 1)!!
X ((A(BA 4 29) + 96) L3 + (A(A(3X + 53) + 316) + 680) >
+(AA(TA 4 100) +487) + 716)L — 2L° — 2(A + 7)L*
F2(AA(TA + 102) 4 491) + 684)) /(2L + 1)
(Whiluh) = 1200+ 2) AN+ 3)Z(A + 4) (A + 5) (X + 20) (A — 1)!
(uruo) = 24N +2)(L+ 1) (A= L+4)(A+ L+ 8)(L —3)!(A = L+ 2)!!
X (BA 4+ L(3\ + L(A +L+6)+8)+12)(A+ L+ 1N/(2L + 1)!!
(ulup) = 96(A +2)(A +3)° (A +4)(A +5)(A — 1)
{(uoluo) = 24X\ + 2)(L + 1)(L — 5)!(A — L+ H)!I(A + L+ 1!
X (A +4) (9N +22) + (A\(\ +12) + 12)L*
2N — 1) (A +8) L% + (M(17A + 114) + 248)L?
+4(A(13X\ 4+ 68) 4+ 96)L + L® 4 2(A + 5)L°) /(2L + 1)!!
(uglug) = 48+ 2)(A +3)Z(A +4) (A +5)(A(2A + 3) + 10)(\ — 3)!
wlug)y = 24N+ 2)A +3) A+ A +5)ZA +6)(A — 1)!

In the case of the subset of three independent BM vectors (5) indicated by
the displayed values of labels, expansion (12) takes the form

A, , As :
SCO IZ)L> = AE)T\OM)(L) 1B > +Aé?\2u)(L)

o)

)

A(()/,\64)(L) = —(tholtpo) "1/,

)y (tolthe) ™2 s ey L2 [ (uauo)
Ao (L) = = Ty (“' O ) )
AGSP(D) = (alvo) ™ |

(ualug)(ualuo) \ (uz|u;

i (uz|uz) > <U2|U2)] ’
us|ug)? o lur) (uslug) \ 2

(ol = (oo~ 2R o o)+ L)

(uglu)?

<U2|U2> ’

(uz|uo) LI .
<u2|u2>+<w1|w1>( (o)
)

(P1ln) = (urlur) —
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Table 7. Overlap integrals of the non-canonical BM basis for 4 =5 and A — L odd.

pw=>5 and A — L odd
(tgltz) =24(L+1)(L = )'A =L+ 1)II(XA+ L+ 2)!

X (—(12M(A + 10) + 317)L? — 2(6A(X + 10) + 161) L

+8(A(A + 10)(A(X + 10) + 49) + 603) + 10L* + 5L") /(2L + 1)!!
(t2|tr) = 24(L + 1)(—/\ +L-3)A+L+7)(A—L+1!

x5(L — 1)L — 6(A(\ 4 10) + 26)(L — D)!(A + L+ 2)!1/(2L + 1)!!
(T |i0) = 120(L+1)( A4+ L—5)(-A+L—-3)A+L+5)
X(L—)A+L+7)(A—L+1NA+L+2)11/(2L + 1)

(ar]an) = 12(L + 1)(L — 3)!(A — L+ 3)N(A + L + 2)!!

X (6(X + 3)(/\(5)\ +62) +204) + (A(11X + 135) + 466) L*
+(AA(11IN +162) 4 781) + 1222)L* — 10L° — 10(\ + 4)L*
—(AA(17X 4 299) + 1722) 4 3414)L) /(2L + 1)!!

(uilay) = 120 4+ 2)(A + 3)(A + 4)(A + 5) (A + 54) Al
(@1|t0) = 120(L + 1)A = L+ 5)(A+ L+ 7)(L — 3)!{(A — L + 3)!!
X(BA+3)+ L(=A+LA+L+3)—7)A+L+2)1/2L + 1!
(@hag) = 480N+ 2)(A +3) (A + 4 (A + 5)A!
(tio|tio) = 120(L + 1)(L — 5)!{(A = L+ 5)!!(A + L +2)!!
X (LS +2(A+2)L° + (A =T)(A+5)L*
+45(A 4+ 3)(A +5) — 16(A +4) (A + 11)L
— 2(A(BXA +19) 4 10)L? 4 (A(21X + 188) + 439)L?) /(2L + 1)!!
<ao|~ Y= 2400 +2)(A +3) A+ A +5) AN+ 1) +4) (A — 2)!
(ag]ag) = 120N + 2)(A+3)(A+4) (A +5)(A + 6)A!

In the case of the subset of two independent BM vectors (5) indicated by the
displayed values of labels expansion (12) takes one of three possible linear com-
binations. The first one is given by expressions

)‘7 H (A,
.(fO L)L> = A((),OH) (L)
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Table 8. Transformation coefficients Ag:\olw(L) for p = 4.

ali | L A—Leven |A— L odd
220,1,...,\ AD(L)
12,30 ASY@ | —
04,5,..\ AP (L) —
10123 a+1 AN @) AN (L)
A+2 AN+ 2) | —
0/4,5...x+1/ AN @) AN (L)
A+2 AN+ 2) | —
000/4,5...a+1 A% @) [ATM (@)
A+2 ASP O+ 2) | —
A+3 — AP (A +3)
A+4 AP A+ 4) | —

The second expression is of the following form:

(A, ) _a0u) (A w)B (An) (A u)B
Foat2ata ) =400 A2 g Vo yg ) HAGT (A2) 1y o a0 )
A0 (rg9) — — A+35 Yz
0.0 T U48(AM2) (A 3)2(AH4) (AH5) (2A+T) (A — 2)! :
23 _
Aé,ﬁ"”( A+2) = Al/; ((A+2)(A+4)(A+5)(A+35) (2A+7)(A — 2)) /2.

The third linear combination for two independent BM vectors (5) is read as

A, 7 N | R
%M = A7 (1) g,Llf)LB> +AP3(L) g s > ,
A(1?\1’4)(L) - 7<¢1|¢1>,1/27

(Ad) 7y _ _1/2 (u2u1)
A1,2 <L> - <¢1|¢1> <’LL2|’LL2>’

A y
fi) = Al

7 )

ANY(L) = ((an)) ™.

If there is the only one BM vector (5) indicated by the displayed values of
labels the orthonormalization coefficient is equal to the reciprocal square root
of the corresponding overlap integral. In our case, there are two possible linear
combinations. The first one is read as
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(A ) FOw) (A, 1)
Jo,A+3,A+3 =Aog (A+3) 0,A+3,A+3/"
ADGY N+ 3) = [6(A +2)(A +3)(A +4)2(A +5)(A — 1)1 72,

(A, 1) _ A0 (A 1)
fod+anta) = A0 OED N Ty pa)

ADSY O+ 4) = 240+ 2)(A + 3) (A + (A + 5)A T2

The second form of the linear combination when there is only one BM vector
(5) is read as

(A, ) 0w A\ u)B
fd+2a2) =T OAFD IS N e )
AN+ 2) = 4O+ 2)(A+ 3)(A + 4)(A -+ 35)Al 72,

L1, )- i)

ADSI(L) = ((uz|uz)) 2.

4 The Action of the Zero Component of the Quadrupole
Operator onto the Orthogonal Basis

Following the paper [12], we determine the action of the zero component of the
second order generator of SU(3) group onto the BM basis vectors

Aws\ _ x [(A B

oL L)~ Z % la+s,L+k L)/’ (20)
k=0,1,2
s=0,%+1

Qo

(k)

where the coefficients a5’ can be calculated as in [1] and they have the form

given in [12], and the inverse transformation Agi‘f )(L) from formula (12)

SL“ > ;AA“) f“]’j)L> (21)

Y

where conventional relations take place

ZAE,)\;)(L) (ku)( L) =06, and ZA(AZ) (AM)( L) =6 (22)

Using (20), (21), and (22), one obtains the action of the zero component of the
quadrupole operator onto the orthogonal BM basis vectors

;AS)L>— S ) ;?lg)+ k7L>7 (23)

Qo

=U,...;,&max

k=0,1,2
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where the coefficients ql(;\,iL ) (L) are calculated by the formula

A A A
g @ = > AL AR, (L), (24)

a=0,...,0max
S

Z0,+1

and flg)‘a” ) (L) are elements of the inverse and the transpose of matrix

A(Aw) S NeYD)
Aw(” (L)=(A""),; (L). (25)
The matrix elements of the quadrupole operators, generators of the group SU(3)
can be reduced to the calculation of the reduced matrix elements by means of
the Wigner-Eckart theorem

0 _ (LM'"2m|L +k, M) [/ (\p) (M)
jL—l—kM m zLM’ - 2L+ k) +1 JL+k iwL [~
(26)
The corresponding reduced matrix element is determined by formula
V2L +1 (A
—(_1)k Qo) (T, 27
<J,L+k‘ > U Tk 1,20i20) Sk (B 27

where the coefficients q( ”)(L) are defined by (24). In this definition, £ > 0.
Dimension of subspace of the ket vectors [(Ap)iLM) at fixed X and p are defined
by Formula (6). The dimension of this subspace determines the complexity of
the above algorithms, i.e., required computer memory and execution time.

In this paper, the new results for the coefficients q( “)(L) in the orthonor-
mal BM basis with the highest weight vectors of SO(3 S irreps for u = 4 were
calculated. The results are not presented here because of a restricted volume of
the issue and will be published elsewhere. Note that the coefficients q( " )(L) for
up to u = 3 were calculated as well and their values are equal to those presented
in Table1 of Ref. [12].

5 Conclusion

We present the practical symbolic algorithm for constructing the non-canonical
Bargmann—Moshinsky (BM) basis with the highest weight vectors of SO(3) irreps
which can be implemented in any computer algebra system. This kind of basis is
widely used for calculating spectra and electromagnetic transitions in molecular
and nuclear physics. The program in the Mathematica language is now prepared
for calculating the non-canonical BM basis overlap integrals following the analyt-
ical formula given by [2]. The effective symbolic algorithm for orthonormalization
of the obtained BM basis based on the Gram—Schmidt orthonormalization proce-
dure is developed. The proposed recursive orthonormalization algorithm allows
one to find the analytical expressions of the orthonormalized basis. The distinct
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advantage of this method is that it does not involve any square root operation on
the expressions coming from the previous recursion steps for computation of the
orthonormalization coefficients for this basis. This makes the proposed method
very suitable for calculations on computer algebra systems. The symbolic nature
of the developed algorithms allows one to avoid the numerical round-off errors in
calculation of spectral characteristics (especially close to resonances) of quantum
systems under consideration and to study their analytical properties for under-
standing the dominant symmetries. Calculations of spectral characteristics of
the above nuclei models and study of their dominant symmetries will be done
in our next publications.
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Abstract. We study, by means of a fragment of theory about non-
commutative differential equations, existence and unicity of Drinfel’d
solutions G;,i = 0,1 (with asymptotic conditions). From there, we give
examples of Drinfel’d series with rational coefficients.

Keywords: Drinfel’d series -+ Harmonic sums
Knizhnik-Zamolodchikov equations polylogarithms - Polyzetas
Regularization - Renormalization

Noncommutative differential equations

Noncommutative generating series

1 Knizhnik-Zamolodchikov Differential Equations
and Coefficients of Drinfel’d Associators

In 1986 [11], in order to study the linear representations of the braid group B,
coming from the monodromy of the Knizhnik-Zamolodchikov differential equa-
tions, Drinfel’d introduced a class of formal power series @ on noncommutative
variables over the finite alphabet X = {z¢, z1}. Such power series ¢ are called
Drinfel’d series (or associators). For n = 3, it leads to the following fuchsian
differential equation with three regular singularities in {0, 1, +-00}:

(DE) dG(z) = <xodz I )G(z).
z 1—=2

This is connected to the fact that the pure braid group on three strands Pj is
the semi-direct product of the pure braid group on two strands (a copy of Z)
with a copy of the free group on two generators. Although this interpretation of
(DE) does not play an explicit role below, it can be kept in mind with a view
towards applications.

Solutions of (DE) are power series, with coefficients which are mono-valued
functions on the simply connected domain 2 := C\ (] — 0o, 0]U[1, +o0[) and can
be seen as multi-valued over! C\ {0,1} on noncommutative variables on X.

! In fact, we have mappings from the universal covering C \ {0, 1}.
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Drinfel’d proved that (DE) admits two particular mono-valued solutions on
2 [12,13]

Go(z) explxg log(z)] and G1(z) exp[—z1 log(1 — z)]. (1)

z~0 z~1
and the existence of an associator @xz € R((X)) such that Go = G1Pkz
[12,13] but he did not make explicit neither Gg and G nor @ ». After that, via
representations of the chord diagram algebras, Lé and Murakami [26] expressed
the coefficients of @i as linear combinations of special values of several complex

variables zeta functions, {¢,}ren,

1
C’I":HT—)R7 (Sl,...,Sr)'—> Z ) (2)

ni>...>nEg>0 1 k

where H, :={(s1,...,8,) € C"|Vm =1,.,7, > 1~ R(s;) > m}.

For (s1,...,8:) € H,, one has two ways of thinking (.(s1,...,s,) as lim-
its, fulfilling identities [1,20,21]. Firstly, they are limits of polylogarithms and
secondly, as truncated sums, they are limits of harmonic sums:

ny
Lis,,. s, (2) = Z ﬁ, for z € C, 2| < 1, (3)
ni>..>nE>0 1 Tk
al 1
Hslww,Sk(N) = Z PP TR for N € N,. (4)
ni>..>nE>0 L Tk

More precisely, if (s1,...,s,) € H, then, after a theorem by Abel, one has

llinl Lis, .. s (2) = nl_{go Hs, s (n) = (51,05 81) (5)
else it does not hold, for (s1,...,s,) ¢ H,, while Liy, 5, is well defined over

{z € C,|z| <1} and sois Hy, .. s, as Taylor coefficients of the following function

L.S S
Loy (2) _ S H,,.s(n)2" for 2 € C, || < 1. (6)

For r = 1, (7 is nothing else but the famous Riemann zeta function and,
for r = 0, it is convenient to set (p to the constant function s — 1g. In all the
sequel, for simplification, we will adopt the notation ( for (., € N.

In this work, we will describe the regularized solutions of (DE). Remark also
that replacing letters {z;}i—o,1 by constant matrices {M;};=0,1 (resp. analyti-
cal vector fields {A;}i—0,1), one deals with linear (resp. nonlinear) differential
equations [3,5,19,25] (resp. [6,9,22]). Hence, (DE) can also be considered as
the universal linear and nonlinear differential equation with three singularities.
Therefore these computations can undergo an automatic treatment (see, for
instance [16] and the subsequent sessions).

For that, we are considering the alphabets X := {xo, 21} and Yy := {ys}s>0
equipped with the total ordering zg < z1 and yg > y1 > y2 > ..., respectively.
Let us also consider Y := Y5 \ {yo}-
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The free monoid generated by X (resp. Y,Yy) is denoted by X* (resp.
Y*,Yy) and admits 1x« (resp. ly«,lyy) as unit. The sets of polynomials and
formal power series, with coefficients in a commutative Q-algebra A, over X*
(resp. Y*,Y") are denoted by A(X) (resp. A(Y), A(Yp)) and A((X)) (resp.
A((Y)), A{(Yp))), respectively.

The sets of polynomials are A-modules and endowed with the associative
concatenation, the associative commutative shuffle (resp. quasi-shuffle) product,
over A(X) (resp. A(Y'), A(Yp)). Their associated coproducts are denoted, respec-
tively, Ay and A, .

The shuffle algebra (A(X),l,1x+) and quasi-shuffle algebra (A(Y), 1, 1y+)
admit the sets of Lyndon words denoted, respectively, by LynX and LynY, as
transcendence bases [27] (resp. [22,23]).

Now, for Z = X or Y, denoting Lie4(Z) and Lie4((Z)) the sets of, respec-
tively, Lie polynomials and Lie series, the enveloping algebra U(Lie4(Z)) is iso-
morphic to the (Hopf) bialgebra

Hw(Z) := (A(Z), ., 12+, Ay, €). (7)
We get also
Huw (V) = (AY), ., 1y«, A, e) 2 UPrim(H w (YV))), (8)
where Prim(H w (Y)) = span 4 {m (w)|w € Y*} and, for any w € Y* [2,22,23],
1 (w) —(zw‘i (- S (e . s 9)
el Ut ur €Y F

The paper is organised as follows: Sect. 1 is devoted to setting the combina-
torial framework of noncommutative differential Knizhnik-Zamolodchikov equa-
tions and Drinfel’d associators. Afterwards, in Sect. 2, we recall some algebraic
structures about polylogarithms and harmonic sums, through their indexing by
words. In Sect. 3, we will study, by means of a fragment of theory about noncom-
mutative differential equations?, existence and unicity of Drinfel’d solutions (1).
Finally, in Sect. 4, we will renormalize solutions of (DFE) and will regularize them
at singularites. Also some examples of Drinfel’d series with rational coefficients
are provided. Some results in this paper have been presented in [10], as preprint,
but never published before (see also [24]).

2 Indexing Polylogarithms and Harmonic Sums by
Words and Their Generating Series

For any r € N, any combinatorial composition (s1,...,s,) € N'. can be associ-
ated with words

eyt ey ay T e € Xy and g, -y, €Y (10)

2 The main theorem, although not very difficult once the correct setting has been
implemented, is very powerful and new here in its two-sided version (see Subsect.
3.1).
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Similarly, any multi-index® (s1,...,s,) € N can be associated with words
Ysy - - - Us, € Y. Then let us index polylogarithms and harmonic sums by words
[2,21]):

(log(2))"

Ligr(2) i= ———, leglflmlngrl = Lis,, s, H

7! z1 Hop\os, (11)

Ysy o Ysp

Similarly, let Li_s, . _s, and H_;, s, be indexed by words* as follows [7,8]:

- z \ L. ,
Li,,(2) := (1 — z) oLiy . =Lig . s and (12)
Ho(n) = (") = 0 =H
yg(n) = - = PRI R TR =g -,

There exists a law of algebra, denoted by T, in Q((Yp)), such that the mor-
phism (14) of algebras is surjective. With this, we get the following [7]

Hy - (Q(Yo), w, 1yy) — (QfH fwevy s X, 1), wr— Hy, (13)
Lig : (Q(Yo), T, 1y;) — (Q{Liy, buwevy, X, 1), w— Li,, (14)

such that [7]
kerHy = kerLi; = Q({w — wTly;[w € Y5}). (15)

Moreover, the families {H,, }r>0 and {Li,, }x>0 are Q-linearly independent.
On the other hand, the following morphisms of algebras are injective

H' : (Q<Y>7 L, 1Y*) — (Q{Hw}wey*, X, 1)7 w Hwa (16)
Lie : (Q(X),l) 1x+) — (Q{Liy bwex*, X, 1), wr—— Li,. (17)

Moreover, the families {Hy, }wey+ and {Liy fwex+ are Q-linearly independent
and the families {H;}iecyny and {Li;}iccynx are Q-algebraically independent.
But at singularities of {Liy, }wex+, {Hw twey+, the following convergent values

Yu e Y —y1 Y™, ((u) := Hy(400) and Yo € 29X 21, ((v) := Li, (1) (18)

are no longer linearly independent and the values {H;(4+00)}iecyny\fy,} (r€sp.
{Li;(1) }ie£ynx\x) are no longer algebraically independent [21,28].

The graphs of the isomorphisms of algebras, Li, and H,, as generating series,
read then [3,4,21]

N\ N
L:= Z Li,w = H el and H .= Z Hyw = H ef=dh (19)
weX* leLynX wWEY * leLynY

3 The weight of (s1,...,s,) € N (resp. N7) is defined as the integer si + ...+ s,
which corresponds to the weight, denoted (w), of its associated word w € Y™ (resp.
Yy') and also (in the case of Y) to the length, denoted by |u|, of its associated word
ue X"

4 Note that, all these {Li;}weyo* and {Hy }weyo* diverge at their singularities.
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where the PBW basis { Py, }wex* (resp. {Il, }wey~) is expanded over the basis
of U(Lies (X)) (resp. U(Prim(H w (Y))), {Fihiccynx (resp. {Mi}iecyny), and
{Sw twex+ (resp. { Xy bwey~) is the basis of the shuffle (Q(Y),LL, 1x+) (resp. the
quasi-shuffle (Q(Y'), w ,1y+)) containing the transcendence basis {S;}icynx
(resp. {Zl}leﬁan)~

By termwise differentiation, L satisfies the noncommutative differential equa-
tion (DFE) with the boundary condition L(z ):\O/ e®0108(2) Tt is immediate that
the power series H and L are group-like, for A 4, and A, respectively. Hence, the
following noncommutative generating series are well defined and are group-like,
for A, and Ay, respectively [21-23]:

N\ N\
AT H M= (ool ang 7, = H elsi (P (20)
leLynY \{y1} leLynX\X

Definitions (5) and (18) lead then to the following surjective poly-morphism

(QlX* @ $0Q<X>.T1,LU, 1X*)

C : — Za ><7 1 ) 21
@Qly- & (Y = {;n HQY), =, 1y+) ( ) 2!
7‘1—1 T’kfl
oty ot S ek, (22)
Ysi -+ -Ysy

niy>...>nEp>0

where Z is the Q-algebra generated by {C() }iecynx\x (resp. {C(S1) hieynx\x)s

or equivalentIY7 generated by {C(l)}leﬁan\{yl} (I‘GSp. {C(El)}le[,an\{y]})‘
Now, let t; € C, |t;| < 1,4 € N. For z € C, |z| < 1, we have [1§]

1
Zlen tO = ZtO and Z Lll 1 = m (23)

n>0 n>0

These suggest to extend the morphism Li, over (Dom(Li,), L, 1 x+), via Lazard’s
elimination, as follows (subjected to be convergent):

Lis:) = (sl S ST S (sitin), @)

n>0 kE>1we(zgzy)rad

with C(X)LLC™ ((xo))LLC™ ((z1)) C Dom(Li,) C C**((X)) and C™*((X))
denotes the closure, of C(X) in C(X)X, by {+,.,*}. For example [18,19],

1. For any z,y € X and for any 4,5 € Ny, u,v € C such that |u| < 1 and |v| < 1,
since

(uzx +vy)* = (zz)*W(vy)* and (z*) = (iz)* (25)

then

Vi ey (2) = 37 (26)
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2. Fora e C,z € X,i € Ny, since
(az)* = (az)*LU(1 4 az)*! (27)
then
1—1
" i— 1\ (alog(z))*
Ll(amo)*i(Z) =z < i ) X ,
k=0
i—1 .
) 1 i— 1\ (alog((1—2)~1)*
Ll(aml)*i(z) = T e ( ) 1 . (28)
(1-2) =\ k k!
3. Let V = (tywo)™ ay 'ay ... (trwo)**ray  tay, for (s1,...,8,) € N’,. Then
z™m
Liy(z) = . (29)
n1>.Z>:n,,.>0 (n1 —t1)% ... (np — t,)%"
In particular, for s; = ... = s, =1, one has
_ ni—1 ny,—1
Liy(z) = Z Li e, 8,T_lxl(z) 7 t
n1,...,Nyp>0
> (30
- n1>..>n.>0 (1 =t1).. (nr =)
4. From the previous points, one gets
La a€Z,bEN
{Lis}secxyuclesue](—s)uclz:] = Spanc{bLiw(Z)}
(1 - Z) weX*
C spanc{Lis, .. s, }si,....s,ezr ® spanc{z®la € Z}, (31)
pre a,beC
{LiS}S€C<X>Lu(Crat<<m0>>m(:rat<<ml>> = span(c{bLiw(z)}
(]‘ - Z) weX*
C spanc{Lis,,....s, }si,....s,ecr @ spanc{z”|a € C}.  (32)

3 Noncommutative Evolution Equations

As was previously said, Drinfel’d proved that (DE) admits two particular solu-
tions on {2. These new tools and results can be considered as pertaining to the
domain of noncommutative evolution equations. We will, here, only mention what

is relevant for our needs.

Even for one sided ® differential equations, in order to cope with limit initial

conditions (see applications below), one needs the two sided version.

5 As the left (DE) for instance (see [6]).
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Let then 2 C C be open simply connected and H({2) denotes the algebra of
holomorphic functions on 2. We suppose we are given two series (called mul-
tipliers) without constant term M, M> € H(£2)1((X)) (X is an alphabet and
the subscript indicates that the series have no constant term). Let then

(DE,) dS = M, S + SM,.

be our two sided differential equation. A solution of it is a series S € H(£2){((X))
such that (DEs) is satisfied.
In the sequel, we will use of the following lemma.

Lemma 1. Let B be a filter basis on £2 and S a solution of (DE3) such that
limp(S(2)|w) =0, for allw € X*, then S = 0.

Proof. Let us suppose S #Z 0 and w be a word of minimal length of supp(.5).
Then for this word, one has

d
() = (MyS + SMalw) =0,

due to the fact that M; have no constant term. Then, for this word, z — (S(z)|w)
is constant on 2. But, due to the fact that limg(S|w) = 0, one must have this
constant to be zero in contradiction with the reasoning on the support.

3.1 The Main Theorem

The following theorem, although not very difficult to establish once the correct
setting has been implemented, is very powerful and new here in its two-sided
version.%

Theorem 1. (i) Solutions of (DE3) form a C-vector space.

(ii) Solutions of (DE3) have their constant term (as coefficient of 1x«) which
are constant functions (on {2); there exist solutions with constant coefficient
1o (hence invertible).

(iii) If two solutions coincide at one point zg € §2, they coincide everywhere.

(iv) Let be the following one-sided equations

(DEW) dS =MS and (DE®) dS = SM,,

and let S;,i = 1,2 be a solution of (DE(i)). Then S1S3 is a solution of
(DE,). Conversely, every solution of (DEs) can be constructed so.

(v) If M;,i = 1,2 are primitive and if S, a solution of (DE,), is group-like at
one point, (or, even at one limit point) it is globally group-like.

Proof. (i) Straightforward.

5 Tt implies the previous (one-sided) version [6] which was aimed at the linear inde-
pendence of coordinate functions.
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(ii) One can use Lemma 1 or directly remark that the map S — (S|1x«) = €(.5)
is a character (of H(£2)((X))) which commutes with the derivations, i.e.,

d
dsS) = —¢(9).
(dS) = - (8)
Hence, as €(M;) = 0, for every solution of (DE>), one has £ (e(S)) = 0
whence the claim, as {2 is connected.
Now, for each zg € {2, one can construct the unique solution of (DEs) such
that S(z09) = 1x~ by the following process (Picard’s process)

So =1x+, Spy1=1x~ +/ M;(8)Sn(s) + Sn(s)Ma(s)ds

(term by term integration). Due to the fact that M;(s),7 = 1,2 has no con-
stant term, its limit S, := lim, .o Sy, exists and is such that S7,.(z0) =
1x~+. Then its constant term is everywhere 1¢ (i.e. (S7,.|1x+) = 1) and
therefore S7,. is invertible in H(£2)((X)).

(iii) In fact, the previous reasoning can be carried over for any length (in point
“ii” it was for length 0). The claim is an easy consequence of Lemma 1.

(vi) The fact that the product S;Sy (for S;,i = 1,2 solutions of (DE®)) is a
solution of (D E3) is straightforward. Let us now suppose S to be a solution of
(DEs) and set, here for short, Sy := S7,_, the corresponding Picard solution
of (DE®) (notation as above). We now compute with T':= S(S5)~*

dT = d(S(S2)™1) = dS(Sy) " + 5d(S,)
= (M S + SMy) + S(—S) " 'dS2(S2) ™! = M T,

which proves the claim (as S = T'Ss).

(v) One first remarks that the two preceding points hold if (DE5>) is stated for
series over any locally finite monoid [15]. Such a monoid M has the property
(and in fact is defined by it) that every element 2 € M has a finite number
of factorizations

T=x1... 0, withaz; € M\ {1p},

and the length above is replaced by I(x) := sup(n) for all factorisations as
above’. Series over M are just functions S € RM (the ring R here is R =
H($2) and (S|m) is another notation for the image of m by S), polynomials
are finitely supported series S € R™) and the canonical pairing series-
polynomials, (S|P) reads

(SIP):= " (Slm)(m|P).

meM

" For example I(1a) = 0 and I(z) = 1 for z € My \ (M4)? (with My = M\ {1ax})
the minimal set of generators of M [15]).
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Now, we return to the monoid X* but we will reason on M = X* ® X* ~
X* x X* (direct product, thus also locally finite). Let S be a solution of
(DEs3) with M;,i = 1,2 primitive (hence without constant term). One has

d(S®5)=dS® S5+ S®ds
= (M1 S+ SMy)®S+S® (MS+ SM,)
=(Mi®1+410M)(S®S)+ (S®@S)(Ma®1+1® M),
d(AL(S)) = (Aw(dS)) = Au(M; S+ SMy) = Ay(My) Au(S) + Aw(S) Aw(Ma)

(again M = X* @ X* C H(2){X) ® H(£2){X), all tensor products are over
H(£2)). Hence, we see that S ® S and Ay(S) (double series, i.e., series over
X* ® X*) satisfy two-sided differential equations with the same multipliers
(left: M1 ®1+1 ®M1 = Am(Ml) and Tlght: M2 ®RI1I+1® M2 = Am(Mg)),
then it suffices that they coincide at one point of 2 in order that Ay (S) =
S®S (the property (S|1x~) = 11is granted from the fact that S is group-like
at one point of £2).

Remark 1. — Every holomorphic series S(z) € H(§2)((X)) which is group-like
(A(S) = S® S and (S|lx~)) is a solution of a one-sided dynamics with
primitive multiplier (take M; = (dS)S™! and My = 0, or My = S~1(d9)
and M; = 0).

— Invertible solutions of an equation of type S’ = M;S are on the same orbit
by multiplication on the right by invertible constant series, i.e., let S;,i =
1,2 be invertible solutions of (DEM), then there exists an unique invertible
T € C{{X)) such that S; = S1T. From this and point (iv) of the theorem,
one can parametrize the set of invertible solutions of (DEs).

3.2 Application : Unicity of Solutions with Asymptotic Conditions

In a previous work [6], we proved that asymptotic group-likeness, for a series,
implies® that the series in question is group-like everywhere. The process above
(Theorem 1, Picard’s process) can still be performed, under certain conditions
with improper integrals. We then construct the series L recursively as

3 — n
it w=a2af

n!
(L(2)|w) = /O B L) i w= 21 (33)

“d
/ ;(L(z)\uxlx@ if w=mzouzizy.
0

8 Under the condition that the multiplier be primitive, result extended as point (v) of
the theorem above.
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One can show that (see [6] for details):

— this process is well defined at each step and computes the series L as below;
— L is solution of (DE), is exactly Gy and is group-like.

We here only prove that Gg is unique using the theorem above. Consider the
series

T(z) = L(z)e %0 08(=), (34)

Then T is solution of an equation of the type (DE5)

T'(2) = (aczo + 1SE_1Z>T(Z) + T(z)%wo, (35)
but
Jlim Go(z)em0 8 =1, (36)
so, by Theorem 1, one has
Go(z)e ™ log(z) _ L(z)e log(z) (37)
and then?
Go = L. (38)

A similar (and symmetric) argument can be performed for G; and then, in
this interpretation and context, @z is unique.

4 Double Global Regularization of Associators

4.1 Global Renormalization by Noncommutative Generating Series

Global singularities analysis leads to to the following global renormalization
[3,4]:

=) ) (39

lim exp <—y1 log 1

= Jim eXp(Z H,, (n) (_il)k>H(n) —

k>1

Thus, the coefficients {{(Zy|u)buex+ (ie. {Qu(w)}tuex+) and {(Zw|v)}pey-
(i.e. {Cws(v)}yey=) represent the finite part of the asymptotic expansions,
in {(1 — z)_“logb(l — %) }apen (resp. {n_“Hl{(n)}a,beN) of {Liy}uex+ (resp.
{Hy }vey+). On the other way, by a transfer theorem [17], let {7y, }vey= be the

9 See also [24].
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finite parts of {Hy, }yey =, in {n~* logb(n)}mbeN, and let Z, be their noncommu-
tative generating series. Hence,

Yo - (Q<Y>a tu,ly*)—>(z,><,1)7 W — Yw, (40)
is a character and Z, is group-like, for A ;. Moreover [22,23],

N

Zy=expyy) ] epC(E)m) = exp(yy1)Zw. (41)
leLynY \{y1}

The asymptotic behavior leads to the bridge!? equation [3,4,22,23]
Z = B(y1)my (Zu), or equivalently Zy, = B'(y1)my (Zu), (42)
where (see [3,4] and [22,23])
B(y1) =exp (vyl—Z(—yl)’“C(:)> and B'(y1)=exp (— Z(—yﬂ’“q:))- (43)
k>2 k>2
Similarly, there is C,, € Q and B, € N, such that [7]

H;(N)N:TOON(“’H'”‘C; and Liy, (2) ~ (1 — 2)~ ) ~Ip_. (44)

Moreover,
Co= I (@+)" and By = ((w) + [w)C,,. (45)
w:uv,v;élyo*
Now, one can then consider the following noncommutative generating series:
= Z Li,w, H™ := Z H,yw, C™ = Z C,w. (46)
weYy weYy weYy

Then H™ and C~ are group-like for, respectively, A, and Ay and [7]

lirr% RO (1 —2)"H oL (2) = NliI_I’_I g Y (N)OH (N)=C—, (47)

h(t) = Z (w) 4 |w) '@+l and  g(t) = <Z t(y)Hy)*. (48)

weYy YyEYoy

4.2 Global Regularization by Noncommutative Generating Series

Next, for any w € Yy, there exists a unique polynomial p € (Z[t], X, 1) of degree
(w) + |w| such that [7]

(w)+|wl (w)+|w]

La= X gles Xm0 € @0 -9 ox ), 00
k=0
(w)+|w]| (w)+|wl

o)=Y pk("‘,gfgl): > Pl @m0, (50
k=0 k=0

19 This equation is different from Jean Ecalle’s one [14].
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where!!
(nNe:N—Q, ir+—(n);=nn—-1)...(n—i+1). (51)
In other terms, for any w € Y,k € N,0 < k < (w) + |w|, one has
(Liy[(1 = 2)7%) = kI(HG|(n)k).- (52)
Hence, denoting p the exponential transform of the polynomial p, one has
Li, (2) = p((1 = 2)7") and Hy (n) = 5((n)a) (53)
with
(w)+|w] (w)le
> pet® € (Z[t], x, 1) and p(t) = o Phik e (Q[], x,1). (54)
= k=0

Let us then associate p and p with the polynomial p obtained as follows:

(w)+|wl (w)+|w]

Z klpit* = Z pet™* € (Z[t], L, 1). (55)

Let us recall also that, for any ¢ € C, one has

(n) n:jr/oon _ eclog(n)

and, with the respective scales of comparison, one has the following finite parts

£.p..iclog(l—2) =0, {(1 —2)*log"((1 ~ 2)™")}aezpen, (56)
£.p.p . yooclogn =0, {n® 1Ogb(n)}aez,beN- (57)

Hence, using the notations given in (49) and (50), one can see, from (56) and
(57), that the values p(1) and p(1) obtained in (54) represent the following finite
parts:

f.p.. 1L, (2) = f.p.. . Lig, (2) = p(1) € Z, (58)
EpeiocHy(n) = £.p o Hry (g, (n) = P(1) € Q. (59)

One can use then these values p(1) and p(1), instead of the values B, and
Cy , to regularize, respectively, (u(R.) and (,(my(Ryw)) as showed Theorem 2
below because, essentially, B, and C, do not realize characters for, respectively,
(Q<X>,LU, 1x*,ALu,e) and (Q<Y>, [EINN ly*,A&_J,e) [7]

Now, in virtue of the extension of Li,, defined as in (23) and (24), and of the
Taylor coefficients, the previous polynomials p,p and p given in (54)—(55) can
be determined explicitly thanks to

" Here, it is also convenient to denote Q[(n)e] the set of “polynomials” expanded as
follows

d

Vp €,Ql(n)e], p=>_ pr(n)x, deg(p) = d.

k=0

mmonagan@cecm.sfu.ca



158 G. H. E. Duchamp et al.

Proposition 1 ([24]).

1. The following morphisms of algebras are bijective:

A (Z[z3], W 1x) — (Z](1 —2)71], x,1), R — Lig,
n: (Qyil, =, 1y-) —  (Q[(n)s], x,1), S+ Hs.

2. For any w = ys,,...Ys, €Yy, there exists a unique polynomial R,, belonging
to (Z]xt],W, 1x+) of degree (w) + |w|, such that

Lir, (2) = Li, (2) = p((1 = 2)7") € (Z[(1 - 2)7'], x, 1),
Hry(r,)(n) =Hy(n) = p((n)e) € (Ql(n)e], x,1).

In particular, via the extension, by linearity, of Re over Q(Yy) and via the
linear independent family {Li, }x>0 in Q{Li, }wevy, one has
VEk,l € N, LiRykLURyl = LiRyk LiR‘ = Ll Ll = Li’;kTyl = LiRykTyl .

For any w, one has p(z}) = Ry.
More explicitly, for anyw = ys,,...Ys, € Yy, there exists a unique polynomial
R, belonging to (Z[x}],l,1x+) of degree (w) + |w|, given by

™t

(s1+...+s)—
s1 s1+s2—k1 (k14...+kr_1)

ysl Ysp Z Z Z

k1=0 k=0 k=0

—k1— ...k
51 s1+ + ! kr ! kaLU...UkaT,
kl kr

where, for any ¢ =1,...,r, if k; = 0 then py, = ] — 1x~ else, for k; > 0,
denoting the Stirling numbers of second kind by Sa(k, j)’s, one has

LM(J I+1)

ki J
Pk; Zzsz(k‘id ZZ ]
ot p (=0

Proposition 2 ([3,4,22,23]). With notations of (21), similar to the character
Yo, the poly-morphism ¢ can be extended as follows

CLU : (Q<X>,LU, 1X*) — (Z’ Xal) andgdﬂ : (Q<Y>7 tﬂaly*) - (Za le)a

satisfying, for any € Lyn¥ \ {y1},
Qu(mx (1)) = Cua (1) = 7 = C(0)

and, for the generators of length (resp. weight) one, for X* (resp. Y*),
Qu(o) = Qu(x1) = ¢ (y1) = 0.

Now, to regularize {((s1,...,5:)}(s,,...,s,)eCr, We use
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Lemma 2 ([7]).

1. The family {x§, x5} is algebraically independent over (C(X),lL, 1x~) within
(CUX)), L, 1xe).
In particular, the power series xfy and x5 are transcendent over C(X).

2. The module (C(X),W, 1x-)[x§, 7, (—x0)*] is C(X)-free and a C(X)-basis of
it is given by the family {(xf)F(z]) M} RDEEXN,

Hence, {wLU(x(*;)m’“UJ(x*{)Lul}q(fél;f*ZXN is a C-basis of it.

3. One has, for any z; € X, C™((x;)) = spang{(tz;)*LC(x;)|t € C}.
Since, for any ¢ € C, |t| < 1, one has Li(y;,)-(z) = (1 — z)~" and [3,4]
k (=t)*
Hory (ta1)- = 9 Ht* = exp( — > H,, - (60)
E>0 E>1
then, in virtue of Proposition 1, we obtain successively
Proposition 3 ([7]). The characters {y and e can be extended as follows:

Cu: (CXHUC27], W 1x+) — (C, x, 1¢) and
Yo ((C<Y> uu(C[yTL L 1y*) — ((C, X, 1(@)7

such that, for any t € C such that |t| < 1, one has

Gul(t21)*) = e andy(yy,- = exp (”t -2 (_:L)n> B r<11+ o)

Theorem 2 ([24]).

1. For any (s1,...,s,) € N associated with w € Y™, there erists a unique
polynomial p € Z[t] of valuation 1 and of degree (w) + |w| such that

p(gf{) =Ry € (Z[’I}ﬂ,m, 1X*)a
p((1—2)~") =Lig,(z) € (Z[(1-2)""],x,1),
p((n)e) = Hry (r,)(n) € (Ql(n)], x, 1),
<LU(_51a ;_Sr) = p(l) = CLU(Rw S <Z7 X, 1)7
V=51, =50 :ﬁ(l) = Try (Rw) € (Qa ) 1)

2. Let T(n) € Q[(n)e]((Y)) and A(z) € Q[(1 — 2)~1][log(2)]{{X)) be the non-
commutative generating series of {Hry (r,,)twev+= and {Lir,__ ) twex=:

Y= Z Hry (r,)w and A := Z Lir, ,w, with (A(z)|zo) = log(z).
weY * weX*

Then T and A are group-like, for respectively Ay and Ay, and:

> H n > Li P
T = H e EDT gnd A = H e Mimy st
leLynY leLynX
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3. Let Z7 € Q((Y)) and Z; € Z({X)) be the noncommutative generating series
of {Vy (Ru) twey= and™® {Qu( Ry (w)) bwex-, respectively:

Z; = Z Vrry (Ru) W and 2| = Z Cm(Rrry(w))w-
weY* weX™

Then Z and Zy; are group-like, for respectively Ay and Aw, and:

N\ N

zZ; = H &y P g A H ew(my (S)P
leLynY leLynX
Moreover,
FP.,yoT(n) =2, and F.P.. 1 A(z) = Z, (61)

meaning that, for any v € Y* and u € X*, one has
£.p oo (T (n)[v) = (Z7 |v) and £.p.. ., (A(2)[u) = (Z][u). (62)

To end this section, let us recall that the function I is meromorphic, admits
no zeroes and simple poles in —N. Hence, I'~! is entire and admits simple zeros
in —N.

Moreover, using the incomplete beta function, i.e., for z,a,b € C such that
|z| < 1,%a > 0,%b > 0,

B(ziab) = [ et (1 g
()= [ (1-1)
= Lizg[(amo) w((1-b)z1)*] (2)
Lig, [((a=1)ao)*w(—bzy)*] (2)5 (63)
and setting
B(a,b) := B(1;a,b)
= Qu(wo[(axo) LL((1 — b)z1)"])
= Qu(z1[((a — 1)zo) " W(=bz1)"]). (64)

we have, on the one hand, the following Euler’s formula

B(a,b)[(a+b) = I'(a)(b) (65)

2 On the one hand, by Proposition 2, one has (Z];|z0) = (u(zo) = 0.
On the other hand, since Ry, = (2x1)" — 7 then Lir,, (2) = (1 — 22— (1=2)""
and Hry (g, )(n) = (3) — (}). Hence, one also has (Z];|z1) = (u(Raxy (y,)) = 0 and
<ZV_|'T1> = Try (Ry,) = _1/2'
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and, on the other hand'?, in virtue of Proposition 3,

eXp(ZC u—|—v — (u n+y”)>:F(1—u)F(l—v) (66)

= n I'l—u-—vw)

V(= (utv)y1)* _ V(= (utv)ys)*

W up) Vvp)t Vuy)* i (—oga)*

Hence, it follows that

Corollary 1 ([24]). For any u,v € C such that |u| < 1,|v| <1 and Ju+v| <1,
one has

V(= (utv)y)* = V(—ugr)* i (—vyy)* Q(@o[(—uwo) (= (1 + v)x1)"])
= Y(—ugy)* @ (—oyy) (@1 [(— (1 + w)zo) "W (—va1)]).

Remark 2 By (25), for any u,v € C such that |u| < 1,]|v] < 1 and |u+ v| < 1,
one also has

Q((=(u+0)z1)") = Qu((—uw:) W(—vr1)") = Q((—uw1)")w((-ve)*) = 1.
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Abstract. In 2010, Shpilka and Volkovich established a prominent
result on the equivalence of polynomial factorization and identity test-
ing. It follows from their result that a multilinear polynomial over the
finite field of order 2 can be factored in time cubic in the size of the
polynomial given as a string. Later, we have rediscovered this result and
provided a simple factorization algorithm based on computations over
derivatives of multilinear polynomials. The algorithm has been applied
to solve problems of compact representation of various combinatorial
structures, including Boolean functions and relational data tables. In
this paper, we describe an improvement of this factorization algorithm
and report on preliminary experimental analysis.

1 Introduction

Polynomial factorization is a classic algorithmic problem in algebra [14], whose
importance stems from numerous applications. The computer era has stimulated
interest to polynomial factorization over finite fields. For a long period of time,
Theorem 1.4 in [8] (see also [12, Theorem 1.6]) has been the main source of infor-
mation on the complexity of this problem: a (densely represented) polynomial
Fpr(x1,...,%m) of the total degree n > 1 over all its variables can be factored
in time that is polynomial in n™, r, and p. In addition, practical probabilistic
factorization algorithms have been known.

In 2010, Shpilka and Volkovich [13] established a connection between poly-
nomial factorization and polynomial identity testing. The result has been formu-
lated in terms of the arithmetic circuit representation of polynomials. It follows
from these results that a multilinear polynomial over Fy (the finite field of the
order 2) can be factored in the time that is cubic in the size of the polynomial
given as a symbol sequence.

Multilinear polynomials over Fy are well known in the scope of mathemati-
cal logic (as Zhegalkine polynomials [15] or Algebraic Normal Form) and in cir-
cuit synthesis (Canonical Reed-Muller Form [10]). Factorization of multilinear
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polynomials is a particular case of decomposition (so-called conjunctive or AND-
decomposition) of logic formulas and Boolean functions. By the idempotence law
in the algebra of logic, multilinearity (all variables occur in degree 1) is a natural
property of these polynomials, which makes the factors have disjoint sets of vari-
ables F(X,Y) = F1(X)F»(Y), X NY = @. In practice, this property allows for
obtaining a factorization algorithm by variable partitioning (see below).

Among other application domains, such as game and graph theory, the most
attention has been given to decomposition of Boolean functions in logic circuit
synthesis, which is related to the algorithmic complexity and practical issues of
electronic circuits implementation, their size, time delay, and power consumption
(see [9,11], for example). One may note the renewed interest in this topic, which
is due to the novel technological achievements in circuit design.

The logic interpretation of multilinear polynomials over Fy admits another
notion of factorization, which is commonly called Boolean factorization (find-
ing Boolean divisors). For example, there are Boolean polynomials, which
have decomposition components sharing some common variables. Their prod-
uct /conjunction does not produce original polynomials in the algebraic sense but
it gives the same functions/formulas in the logic sense. In general, logic-based
approaches to decomposition are more powerful than algebraic ones: a Boolean
function can be decomposable logically, but not algebraically [9, Chap. 4].

In 2013, the authors have rediscovered the result of Shpilka and Volkovich
under simpler settings and in a simpler way [5,7]. A straightforward treatment
of sparsely represented multilinear polynomials over Fy gave the same worst-case
cubic complexity of the factorization algorithm. Namely, the authors provided
two factorization algorithms based, respectively, on computing the greatest com-
mon divisor (GCD) and formal derivatives (FD) for polynomials obtained from
the input one.

The algorithms have been used to obtain a solution to the following problems
of compact representation of different combinatorial structures (below we provide
examples, which intuitively explain their relation to the factorization problem).

— Conjunctive disjoint decomposition of monotone Boolean functions given in
positive DNF [5,7]. For example, the following DNF

o= (xAu) V (xAv) V (yAu) V (WAv)V(zAuAv) (1)
is equivalent to
v=(xAu) V (xAv) V (yAu) V (yAv), (2)
since the last term in ¢ is redundant, and we have
b= (@Vy) A Vo) (3)

and the decomposition components xVy and vV v can be recovered from the
factors of the polynomial

Fy=zut+azv+yu+yv=(r+vy) (v+v) (4)

constructed for 1.
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— Conjunctive disjoint decomposition of Boolean functions given in full DNF
[5,7]. For example, the following full DNF

p=(@A-yAuA-w)V(EA-yA-uAv)V
Vit Ay AuA—w)V (mz Ay A —uAv)

is equivalent to

(@A-y)V (~zAy) N -o) Vv (-uno), (5)

and the decomposition components of ¢ can be recovered from the factors of
the polynomial

F, = xyuv + xyuv + Tyuv + Tyuw = (zy + Zy) - (uv + av) (6)

constructed for ¢.

— Non-disjoint conjunctive decomposition of multilinear polynomials over Fs,
in which components can have common variables from a given set. In [3],
a fixed-parameter polytime decomposition algorithm has been proposed, for
the parameter being the number of the shared variables between components.

— Cartesian decomposition of data tables (i.e., finding tables such that their
unordered Cartesian product gives the source table) [4,6] and generalizations
thereof for the case of a non-empty subset of shared attributes between the
tables. For example, the following table has a decomposition of the form:

[B[E[D]A[C]

V4 u|x

sy [CDE

yaquix|y x[ulp

yirivix|z| = |x|y|X "

Z|r|\V|X|z X|z y 4
z|vV|T

yip|lulx|x

z|plu|x|x

which can be obtained from the factors of the polynomial

ZB q U TA Yo+ YB q U TA Yo+
YB T V- -TA-Zct ZB T-V-TA-2c+
YB P U-TA TCct ZB-P-U-T4-TC
= (@A yp+oa-2p) (¢ u-yo+r v zc+p u-zc)

constructed for the table’s content.
In terms of SQL, Cartesian decomposition means reversing the first opera-
tor and the second operator represents some feasible generalization of the
problem:
T1 CROSS JOIN T2 SELECT T1.*, T2.* EXCEPT(Attr2)
FROM T1 INNER JOIN T2

ON T1.Attrl = T2.Attr2
where EXCEPT (1ist) is an informal extension of SQL used to exclude list
from the resulting attributes. This approach can be applied to other table-
based structures (for example, decision tables or datasets appearing in the
K&DM domain, as well as the truth tables of Boolean functions).
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Shpilka and Volkovich did not address the problems of practical implemen-
tations of the factorization algorithm. However, the applications above require a
factorization algorithm to be efficient enough on large polynomials. In this paper,
we propose an improvement of the factorization algorithm from [4,6], which
potentially allows for working with larger inputs. An implementation of this ver-
sion of the algorithm in Maple 17 outperforms the native Maple’s Factor (poly)
mod 2 factorization, which in our experiments failed to terminate on input poly-
nomials having 10? variables and 10° monomials.

2 Definitions and Notations

A polynomial F' € Foxy,...,x,] is called factorable if F = Fy-...-Fy, where k >
2 and F7y,..., F} are non-constant polynomials. The polynomials Fy, ..., F} are
called factors of F. It is important to realize that since we consider multilinear
polynomials (every variable can occur only in the power of <1), the factors are
polynomials over disjoint sets of variables. In the following sections, we assume
that the polynomial F' does not have trivial divisors, i.e., neither =, nor = + 1
divides F'. Clearly, trivial divisors can easily be recognized.

For a polynomial F', a variable = from the set of variables Var(F) of F,
and a value a € {0,1}, we denote by F,—, the polynomial obtained from F by
substituting x with a. For multilinear polynomials over Fs, we define a formal
derivative as %—I; = F,_o + F,—1, but for non-linear ones, we use the definition
of a “standard” formal derivative for polynomials. Given a variable z, we write
z|F if z divides F, i.e., z is present in every monomial of F' (note that this is
equivalent to the condition %—5 =F..1).

Given a set of variables Y and a monomial m, the projection of m onto X
is 1 if m does not contain any variable from X or is equal to the monomial
obtained from m by removing all the variables not contained in X', otherwise.
The projection of a polynomial F' onto X, denoted as F|x, is the polynomial
obtained as sum of monomials from the set S, where S is the set of the monomials
of F projected onto X.

|F'| is the length of the polynomial F' given as a symbol sequence, i.e., if
the polynomial over n variables has M monomials of lengths mq, ..., mys then
|F| = 300, m; = O(nM).

We note that the correctness proofs for the algorithms presented below can
be found in [5,7].

3 GCD-Algorithm

Conceptually, this algorithm is the simplest one. It outputs factors of an input
polynomial whenever they exist.

1. Take an arbitrary variable z from Var(F)
— ol

2. G = ged(Fy—o, %)

3. If G =1 then stop
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4. Output factor g
5 F: =G
6. Go to 1

Here the complexity of factorization is hidden in the algorithm for finding the
greatest common divisor of polynomials.

Computing GCD is known as a classic algorithmic problem in algebra [14],
which involves computational difficulties. For example, if the field is not too rich
(F2 is an example) then intermediate values vanish quite often, which essen-
tially affects the computation performance. In [2], Wittkopf et al. developed
the LINZIP algorithm for the GCD-problem. Its complexity is O(|F|?), i.e., the
complexity of the GCD-algorithm is asymptotically the same as for Shpilka and
Volkovich’s result for the case of multilinear polynomials (given as strings).

4 FD-Algorithm

In the following, we assume that the input polynomial F' contains at least two
variables. The basic idea of FD-Algorithm is to partition a variable set into two
sets with respect to a selected variable:

— the first set Xs,me contains the selected variable and corresponds to an irre-
ducible polynomial;

— the second set XY iper corresponds to the second polynomial that can admit
further factorization.

As soon as Yggme and Xoiper are computed (and Yopper # @), the corresponding
factors can be easily obtained as projections of the input polynomial onto these
sets.

Take an arbitrary variable z occurring in F'
Let Yogme = {x}a Yother = D, Fsame = 0, Fother =0
Compute G := Fy—g ‘Z—i
For each variable y € Var(F)\ {z}:

If % =0 then Xother := Yother U {y}

else Yiame := Ysame U {y}

If Y,iher =@ then report ”"F is non-factorable” and stop
6. Return polynomials Fyume and Fyper obtained as projections
onto Yygme and Yoiper, respectively

L

"

ot

The factors Fisgme and Fyiper have the property mentioned above and hence, the
algorithm can be applied to obtain factors for Fiipe;-

Note that FD-algorithm takes O(|F|?) steps to compute the polynomial G =
Foeo- g—i and O(|G]) time to test whether the derivative % equals zero. As we
have to verify this for every variable y # x, we have a procedure that computes
a variable partition in O(|F|?) steps. The algorithm allows for a straightforward
parallelization on the selected variable y: the loop over the variable y (selected
in line 4) can be performed in parallel for all the variables.
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One can readily see that the complexity of factorization is hidden in the com-
putation of the product G of two polynomials and testing whether a derivative
of this product is equal to zero. In the worst case, the length of G = F,,—¢ - %
equals 2(|F|?), which makes computing this product expensive for large input
polynomials. In the next section, we describe a modification of the FD-algorithm,
which implements the test above in a more efficient recursive fashion, without
the need to compute the product of polynomials explicitly.

5 Modification of FD-Algorithm

Assume the polynomials A = %—5 and B = F,_( are computed. By taking a
derivative of A- B on y (a variable different from x) we have D = 8% % and

C = ax a . We need to test whether AD + BC' = 0, or equivalently, AD = BC.
The main idea is to reduce this test to four tests involving polynomials of smaller
sizes. Proceeding recursively in this way, we obtain smaller, or even constant,
polynomials for which identity testing is simpler. Yet again, the polynomial
identity testing demonstrates its importance, as Shpilka and Volkovich have
readily established.

Steps 3-4 of FD-algorithm are modified as follows:

Let A=9%, B=F,_
For each varlable Yy E Var(F)\ {z}:
Let D= y , C= %—
If IsEqual(A,D,B,C) then Xoiper := Yother U{y},
else Yigme = Ysame U{y}

where (all the above mentioned variables are chosen from the set of variables of
the corresponding polynomials).

Define IsEqual(A,D,B,C) returning Boolean

If A=00or D =0 then return (B=0or C =0)

If B=0or C' =0 then return FALSE

For all variables z occurring in at least one of A, B,C,D :
If (z|A or z|D) xor (z|B or z|C) then return FALSE
Replace every X € {4,B,C,D} with X := X, provided z|X

If A=1and D =1 then return (B=1and C =1)

If B=1and C =1 then return FALSE

If A=1and B =1 then return (D =0C)

9. If D=1 and C' =1 then return (A= B)

10. Pick a variable z

11. If not IsEqual(A,—¢,D,—¢,B.=0,C,—¢) then return FALSE

12. If not IsEqual( %, %—?, %f, 80) then return FALSE

13. If IsEqual( %2, B.—9,A4.—0, %) then return TRUE

14 Return IsEqual( %, Cz:O:AzZO, %—g)

e NN o

End Definition
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Several comments on IsEqual are in order:

— Lines 1-9 implement processing of trivial cases, when the condition AD = BC
can easily be verified without recursion. For example, when line 2 is executed,
it is already known that neither A nor D equals zero and hence, AD can not
be equal to BC'. Similar tests are implemented in lines 6-9.

— At line 5 it is known that z divides both, AD and BC' and thus, the problem
AD = BC can be reduced to the polynomials obtained by eliminating z.

— Finally, lines 11-14 implement recursive calls to IsEqual. Observe that the
parameter polynomials are obtained from the original ones by evaluating a
variable z to zero or by computing a derivative. Both of the operations yield
polynomials of a smaller size than the original ones and can give constant
polynomials in the limit. To determine the parameters of IsEqual we resort to
a trick that transforms one identity into two smaller ones. This transformation
uses a multiplier, which is not unique. Namely, we can select 16 variants
among 28 possible ones (see comments in Sect. 5.1 below) and this gives 16
variants of lines 13—-14.

5.1 Complete List of Possible Parameters

If A, D, B, C are the parameters of IsEqual, we denote for a Q € {A, D, B,C}
the derivative on a variable z and evaluation z = 0 as ()7 and )2, respectively.

AD = BC iff (Alz + AQ)(Dl,Z + DQ) = (Blz + BQ)(C’lz + Cg),
A1D12’2 + (A1D2 + AQDl)Z + A2D2 = B10122 + (B102 + BQCl)Z + BQCQ.
The equality holds iff the corresponding coefficients are equal:

A1D1 = B1C1 (].)
A1Dy + Ay Dy = B1Cs + BoCy (3)

If at least one of the identities (1), (2) does not hold then AD # BC'. Otherwise,
we can use these identities to verify (3) in the following way.

By the rule of choosing z, we can assume Ap, As # 0. Multiplying both sides
of (3) by AjAs gives

A3AsDy + A1 AZD, = A1 Ay B1Cy + A1 A3 By Oy
Next, by using the identities (1) and (2),
A%BQCQ + A1 A3 ByC = A%BlC’l + AlAgBng,

AlBQ(Ang + AQCl) = A2Bl(AgC'1 + A1C2).

Hence, it suffices to check (A1 Ba+ A3 B1)(A1Co+ A3C) = 0, i.e., at least one of
these factors equals zero. It turns out that we need to test at most 4 polynomial
identities, and each of them is smaller than the original identity AD = BC.
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Notice that the multiplier A;As is used to construct the version of IsEqual
given above.

By the rule of choosing z, we can take different multiplier’s combinations of
the pairs of 8 elements. Only 16 out of 28 pairs are appropriate:

A1A2 — Ang = AQCl, A]_BQ = AgBl
AlBQ — Ang == BQOl, AlBQ == AgBl
A102 — A1D2 = Blcg, A102 = AQCl
A1Dy — A1 Dy = BQCla A1Dy = B1Cy
AsBy — ADy = B1Cy, A1By = AxBy
AsCy — AsDy = BoCy, A1Cy = AxC
BBy — B1Dy = BoDy, A1By = A8,
B\Cy — A3Dy = B0, A1Dy = B0y
B1Dy — B1Dy = ByDy, ADy = B1Cy
ByCy — AsDy = ByCy, A1Dy = By(Cy
BaDy — B1Dy = BaDy, A3Dy = ByCy
Ci1Cy — C1Dy = CaDy, A1Cy = AyC
C1Dy — C1Dy = Cy Dy, A1 Dy = ByCy
CoDy — C1Dy = C2D1, Ay Dy = B,Cy
D1D2 — ClDQ = CQDl, BlD2 = B2D1

5.2 Analysis of ModFD-Algorithm for Random Polynomials

We now provide a theoretical analysis of ModFD-algorithm. The complexity
estimations we describe here are conservative and, therefore, they give an upper
bound greater than O(]F|?) of the original FD-algorithm. However, the approach
presented here could serve as a basis to obtain a more precise upper bound, which
would explain the gain in performance in practice; we report on a preliminary
experimental evaluation in Sect. 6.

Our estimation is based on

Theorem 1 (Akra and Bazzi, [1]). Let the recurrence

k
T(z) = g(x) + Z ANT (wix + hi(z)) for x> C

i=1
satisfy the following conditions:

1. T(x) is appropriately defined for x < C;
2. \i >0 and 0 < w; <1 are constants for all i;
3. |g(z)| = O (z°); and

4 hi(z)| = O ((kﬁ) for all i.

Then
ri=e(or 1+ [ 20a))

where p is determined by the characteristic equation Zle Aw! = 1.
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For the complexity estimations, we assume that polynomials are represented

by alphabetically sorted lists of bitscales corresponding to indicator vectors for
the variables of monomials. Hence, to represent a polynomial F' over n variables
with M monomials |F'| = nM 4 cM bits are required, where ¢ is a constant over-
head to maintain the list structure. This guarantees the linear time complexity
for the following operations:

— computing a derivative with respect to a variable (the derived polynomial

©w

also remains sorted);

evaluating to zero for a variable with removing the empty bitscale representing
the constant 1 if it occurs (the derived polynomial also remains sorted);
identity testing for polynomials derived from the original sorted polynomial
by the two previous operations.

For IsEqual we have

x = |A|+|B|+|C|+|D|. By taking into account the employed representation
of monomials (the bitscale is not shortened when a variable is removed), we
may also assume that |Q] = |Q1] + |Q2]-

Vi, A = 1.
g(x) = O(nx). Therefore, the total time for lines 1-10 consists of the constant

numbers of linear (with respect to the input of IsEqual) operations executed
at most n times. Apparently, n is quite a conservative assumption, because
at a single recursion step, at least one variable is removed from the input set
of variables.

. We need to estimate wq, ws, w3, ws.

Among all the possible choices of the multipliers mentioned in Sect.5.1, let
us consider those of the form @1Q52. They induce two equations that do not
contain one of the input parameters of IsEqual: A, B, C, D result in the
absence of the parts of D, C, B, A, respectively, among the parameters of
IsEqual in lines 13 and 14. Hence, the largest parameter can be excluded by
taking an appropriate @; lines 13—14 of ModFD-algorithm are to be rewritten
with the help of this observation.

Without loss of generality, we may assume that the largest parameter is D
and thus, we can take @) equal to A. In this case, wi, ws, w3, wy represent
the relative lengths of the parameters |Ay| + |B1| + |Cy| + | D1, |A2| + | B2| +
|Ca| + D2, |A| +|B|, |A| +|C] for the recursive calls to IsEqual with respect
to |A| +|B|+ |C| + |D|.

Since |A|,|B|,|C| < |D|, we obtain |A| + |B|, |A| + |C|, |B| + |C| < 2|D|.
Then the lengths |A| + |B| and |A| + |C|, respectively, can be estimated in
the following way:

_ A+ 1B

Al +1B| =z —[C| = |D| Sz —0—

hence, |A] + B, |A| +[C] < 2.
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Let F be a multilinear polynomial over n variables with M monomials such
that no variable divides F'. A random polynomial consists of monomials ran-
domly chosen from the set of all monomials over n variables. Variables appear
in monomials independently. For each variable x from var(F'), we can con-
sider the following quantity u, = g—i (i.e. the part of monomials containing
this variable). We want to estimate the probability that among p,. there exist

. ter . M
at least one, which is (approximately) equal to %-. Hence

IP [there exists x such that j, is a median] = 1 —P [\, {15 is not median]
=1—P[u is not median]”
=1—(1—-"P[p is a median])"
Sy

on

Thus, with a high probability one can pick from a large polynomial (in our
case, from D) a variable such that |D1| = |Ds|.
Let us consider the following multicriteria linear program:

at+b+c+d=1

a;+b+c+dy dy = ds

.. as + ba + co + ds . a<d, b<d, c<d
maximize atb subject to ath S%
a-+c a+c< 2

all nonnegative

Since the objective functions and constraints are linear and the optimization
domain is bounded, we can enumerate all the extreme points of the problem
and select those points that give the maximum solution of the characteristic
equation of Theorem 1. By taking into account the symmetries between the
first and the second objective functions and between the third and fourth
ones, we obtain that

3 1
47 w2 = 4a
Hence, the characteristic equation is

3 p 1 p 1 p 1 p
- - - -] =1
() ()
Its unique real solution is p ~ 2.226552. Finally, the total time for the ModFD-

algorithm obtained this way is

T = O(n2|F|2‘226552).

1
Wy = 5 (*)

1
w1 = w3:§a

6 Preliminary Experiments and Discussion

For a computational evaluation of the developed factorization algorithms, we
used Maple 17 for Windows run on 3.0 GHz PC with 8 GB RAM. The factor-
ization algorithm implemented in Maple Factor (poly) mod 2 can process mul-
tilinear polynomials over Fy with hundreds of variables and several thousands

mmonagan@cecm.sfu.ca



174 P. Emelyanov and D. Ponomaryov

of monomials in several hours. But many attempts of factorization of polynomi-
als with 103 variables and 10° monomials were terminated by the time limit of
roughly one week of execution. In general, a disadvantage of all Maple imple-
mentations is that they are memory consuming. For example, the algorithm that
requires computing products of polynomials fails to work even for rather small
examples (about 10? variables and 10* monomials). Although GCD-algorithm is
conceptually simple, it involves computing the greatest common divisor for poly-
nomials over the “poor” finite field Fy. A practical implementation of LINZIP
is not that simple. An older version of Maple reports on some inputs that
“LINZIP /not implemented yet”. We did not observe this issue in Maple 17. It
would be important to conduct an extensive comparison of the performance of
GCD- and FD-algorithm implemented under similar conditions. The factoriza-
tion algorithm (FD-based) for sparsely represented multilinear polynomials over
Fy demonstrates reasonable performance. BDD/ZDD can be considered as some
kind of the black box representation. We are going to implement factorization
based on this representation and to compare these approaches.

A careful study of the solution (*) given at the end of Sect.5.2 shows that
it describes the case when |A| ~ |D| = § and |B| ~ |C| ~ 0. This means that
at the next steps the maximal parameter is A: |A| ~ Z, while the remaining
parameters are smaller. Thus, one can see that the lengths of the inputs to the
recursive calls of IsEqual are reduced at least twice in at most two levels of the
recursion. This allows for obtaining a more precise complexity bound, which will
be further studied.

Yet another property is quite important for the performance of the algo-
rithm. Evaluating the predicate IsEqual for the variables from the same factor
requires significantly less time compared with evaluation for other variables.
For polynomials with 50 variables and 100 monomials in the both components,
the speed-up achieves 10-15 times. The reason is evident and it again confirms
the importance of (Zero) Polynomial Identity Testing, as shown by Shplika and
Volkovich. Testing that the polynomial AD + BC' is not zero requires less reduc-
tion steps in contrast with the case when it does equal zero. The latter requires
reduction to the constant polynomials. Therefore, we used the following app-
roach: if the polynomials A, D, B, C are “small” enough then the polynomial
AD + BC was checked to be zero directly via multiplication. For the polyno-
mials with the above mentioned properties, this allows to save about 3-5% of
the execution time. The first practical conclusion is that in general, the algo-
rithm works faster for non-factorable polynomials than for factorable ones. The
second is that we need to investigate new methods to detect variables from the
“opposite” component (factor). Below we give an idea of a possible approach.

It is useful to detect cases of irreducibility before launching the factorization
procedure. Using simple necessary conditions for irreducibility, as well as test-
ing simple cases of variable classification for variable partition algorithms, can
substantially improve performance. Let F' be a multilinear polynomial over n
variables with M monomials such that no variable divides F'. For each variable
x, recall that the value u, corresponds to the number of monomials containing
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z, i.e. the number of monomials in 2. Then a necessary condition for F' to be

ox *
factorable is
Vo ged (pg, M) > 1.

In addition, we have deduced several properties, which are based on analyzing
occurrences of pairs of variables in the given polynomial (for example, if there is
no monomial in which two variables occur simultaneously then these variables
can not belong to different factors). Of course, the practical usability of these
properties depends on how easily they can be tested.

Finally, we note an important generalization of the factorization problem,
which calls for efficient implementations of the factorization algorithm. To
achieve a deeper optimization of logic circuits we asked in [5,7] how to find
a representation of a polynomial in the form F(X,Y) = G(X)H(Y)+ D(X,Y),
where a “relatively small” defect” D(X,Y") extends or shrinks the pure disjoint
factors. Yet another problem is to find a representation of the polynomial in the
form

FX,Y)=> Gi(X)Hi(Y), XnY =g,
2

i.e., a complete decomposition without any “defect”, which (along with the pre-
vious one) has quite interesting applications in the knowledge and data mining
domain. Clearly, such decompositions (for example, the trivial one, where each
monomial is treated separately) always exist, but not all of them are meaningful
from the K&DM point of view. For example, one might want to put a restriction
on the size of the “factorable part” of the input polynomial (e.g., by requiring
the size to be maximal), which opens a perspective into a variety of optimiza-
tion problems. Formulating additional constraints targeting factorization is an
interesting research topic. One immediately finds a variety of the known com-
putationally hard problems in this direction and it is yet to be realized how the
computer algebra and theory of algorithms can mutually benefit from each other
along this way.
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Abstract. We introduce tropical Newton—Puiseux polynomials admit-
ting rational exponents. A resolution of a tropical hypersurface is defined
by means of a tropical Newton—Puiseux polynomial. A polynomial com-
plexity algorithm for resolubility of a tropical curve is designed. The
complexity of resolubility of tropical prevarieties of arbitrary codimen-
sions is studied.

Keywords: Tropical Newton-Puiseux polynomials
Resolution of tropical hypersurfaces

Introduction

Recall (see e. g. [6]) that in the tropical semiring, @& denotes min and ® denotes
the (classical) addition +. As examples of tropical semirings one can take Z, R.
A tropical (respectively, tropical Laurent) monomial has the form

a® x®! ::a®x?“ ® - ® 2N

where a € R and 0 < 4y,...,4, € Z (respectively, i1,...,i, € Z). Thus, classi-
cally a ® 2®! equals a linear function a + Z1gjgn ij-x;. A tropical polynomial f
has the form @, a; ® x®1 being classically a convex piece-wise linear function.

A vector x = (z1,...,2,) € R™ is a tropical root of f if the minimum of
ar ® x®1 is attained at least for two different tropical monomials of f. The set
of all tropical roots of f constitutes a tropical hypersurface T'(f) C R™ being a
finite union of polyhedra of dimensions n — 1.

We extend the concept of a tropical polynomial by allowing the exponents
i1,---,1, to be rational calling it a tropical Newton—Puiseux polynomial. Assume
that

f= @ fi @ y® (1)

0<i<d

for some tropical polynomials fy,..., fq in the variables z1,...,x,. We call a
Newton—Puiseux polynomial y a resolution of f (or of the tropical hypersurface
T(f)) if for any point x € R™ the point (x,y(x)) € R**! provides a tropical root
of f (one can find the formal definitions below in Sect. 1).

© Springer Nature Switzerland AG 2018
V. P. Gerdt et al. (Eds.): CASC 2018, LNCS 11077, pp. 177-186, 2018.
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This resembles Newton—Puiseux series from algebraic geometry with the dif-
ference that we consider finite supports since in the tropical semiring, one takes
min. One can view tropical Newton—Puiseux polynomials as a tropical analog of
algebraic functions.

In Sect. 1, we show that the set of all the resolutions of a tropical hypersurface
is finite and closed under taking min. Thus, there exists a minimal resolution,
and in case of a monic tropical polynomial

f=v*e @ fioy®

0<i<d

we provide a simple formula for the minimal resolution. In addition, a geometric
description of resolutions is given. Also we show that the resolubility of a tropical
hypersurface belongs to the complexity class NP.

In Sect. 2, a polynomial (bit-size) complexity algorithm is exhibited for resolv-
ing degree 1 tropical polynomials of the form f; ® y & fo, which is equivalent to
the divisibility of fo by fi.

In Sect. 3, we design a polynomial (bit-size) complexity algorithm for testing
resolubility of a tropical curve in a real space of a fixed dimension, moreover,
the algorithm provides a succinct description of the set of all the resolutions.

In Sect. 4, we study the problem of resolubility of a system of tropical polyno-
mials in a single variable x and in several indeterminates y1, ..., ys and establish
its N P-hardness.

In Sect. 5, we study tropical Newton—Puiseux rational functions, being trop-
ical quotients (or in other words, the classical subtraction) of pairs of tropical
Newton-Puiseux polynomials. An algorithm is suggested which tests resolubility
of a tropical curve by means of tropical Newton—Puiseux rational functions. The
complexity of the algorithm is polynomial for a fixed dimension of the ambient
space.

1 Resolution of a Tropical Hypersurface

Let an algebraic (classical) equation

Fi= Y F-Y'=0 (2)

0<i<d

where the coefficients F; € K[Xi,...,X,] for the field K = C((t'/*)) of
Newton-Puiseux series, have a Laurent polynomial solution

V=Y A X' (3)
I

with a finite sum over multiindices I € Z™ and the coefficients A; € K.
Denote the tropicalization

Trop(Y) := @ Trop(Ar) @ X®! (4)
I
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where for a Newton—Puiseux series A; = Zo<j<oo b; - 5/4 with b; €C, by #0
and increasing integers so < s1 < ... its tropicalization Trop(Ar) := so/q € Q.

Remark 1. Trop(Y') is a solution of the tropical equation

P Trop(F) @ (Trop(y))®* (5)
0<i<d
This means that for any point x = (x1,...,2,) € R", the minimal value of

Trop(F;) ® (Trop(Y))®" at x for 0 < i < d is attained at least for two different
0<iy <ig <d.

Remark 2. Observe that the validity of (5) does not change if one multiplies all
the rational coefficients in Trop(F;), 0 < ¢ < d by their common denominator
m and simultaneously all Trop(A;) (see (4)) by m to make all the coefficients
in Trop(F;), 0 < i < d integers.

Remark 1 motivates the following definition.

Definition 1. A tropical hypersurface T(f) C R"*! defined by a tropical poly-
nomial (1) where f; are tropical polynomials in the variables 1, . . ., x, with inte-
ger coefficients (cf. Remark 2) has a resolution being a tropical Newton—Puiseux
polynomial

y:@@]@ﬂ?@I (6)
I

for a finite sum over multiindices I € Q™ and a; € Q, if for any point x =
(21,...,2,) € R™, the minimal value among f; @y®*, 0 < i < d (treated as piece-
wise linear functions) at x is attained at least for two different 0 < i; < ig < d.

Denote by N the common denominator of all the rational coordinates of
multiindices I from (6). Then y®¥ is a tropical (Laurent) polynomial which is
equal classically to N - ming{a; +é121 + - + inZn }-

Proposition 1. Lety be a resolution of f (see (1), (6)), then (x,y(x)) € T(f).

Ezxample 1. The tropical polynomial f = y @& x & 0 has a resolution y = =z & 0.
Its graph {(x,y(x)) : x € R} C T(f) C R? consists of two half-lines, while the
tropical curve T'(f) consists of three half-lines.

Proposition 2. Let y (see (6)) and @, by @ 2®! be resolutions of (1). Then
@D;(a; & br) @ 221 is also a resolution of (1).

The proof follows from an observation that for any point x € R™, the mini-
mum on the tropical monomials after opening the parenthesis in a power y®* (see
(6)) is attained on the powers of the kind (a;®x®7)®?. O

Below in Remark 4, we show that there is at most a finite number of resolu-
tions of (1). Hence according to Proposition 2, there exists a minimal resolution.
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Proposition 3. If
f=v*e @ fioy®

0<i<d

=@

1<i<d

(see (1)) is monic then

s the minimal resolution.

Proof. For any point x € R", the minimal yy € R such that (x, yo) belongs to the
tropical hypersurface T'(f) C R™ satisfies a (classical) equation d-yo = f;(x)+i-
yo for suitable 0 < i < d (due to analyzing the Newton polygon). a

Note also that if fy—; = @, c; ® 2®/ then fﬁ(;/i) =@, (cs/i) @ 2@/,

Remark 3. When f is not monic, a resolution does not necessarily exist as in
the example f = (z ® 0) ® y & 0. On the other hand, one can write a similar

formula ]
y= P (fai @ f0)®/"
1<i<d

where @ stands for the tropical division, i.e., the classical subtraction. In this
case, y is not necessarily a convex function, while being piecewise linear (cf.
Sect. 5).

Now we proceed to a geometric description of resolutions. Let (6) be a res-
olution of (1). Assume that for some I, the (convex) polyhedron M; C R™ of
points at which the (tropical) monomials {a; ® 2®7} ; of y attain the minimum
for a; @ ®7, has the full dimension n. Observe that if M; has a dimension less
than n one can discard the monomial a; ® z®! from y.

Assume that for some 0 < 47 < iy < d and a pair of monomials ¢;, 5, ®
@0 ¢;, 1, ® @2 from the polynomials f;,, fi,, respectively, it holds

Ii+ip- I =1Ir+i2-1I; ¢y 1, +i1 a5 = Ciy 1, +i2 - ay, (7)
in other words, the monomials
(i1, ®29M) @ (a1 ® %)% = (Ciy,1, ® 2%72) ® (a7 ® 2®7) 9

coincide. Consider the convex polyhedron My i, 1, .51, C My of the points from
M at which the minimum of the monomials (¢; ; ® 2®7) ® (a; ® 2®7)®? for the
monomials ¢; ; ® ®! from fi, 0 < i < d is attained for (¢;, 5, ® 2%71) ® (ar ®
@)@ We get the following lemma.

Lemma 1. Let (6) be a resolution of (1) and the polyhedron My C R™ have
the full dimension n. Then the polyhedra M ;, 1, i,,1, having the full dimension
n constitute a partition of My, i. e., every two elements of the partition either
coincide or intersect by a set (face) of dimension less than n.
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It would be interesting to clarify, how many resolutions a tropical hypersur-
face might have?
Let the tropical degrees trdeg(f;) < D, 0 <1i <d.

Remark 4. The problem of resolving a tropical polynomial (1) belongs to the
complexity class N P. This follows from the observation that each coefficient a;
satisfies (7) (or equals infinity), and therefore, there are at most d?- (D :{") possi-
bilities for ay, taking into account that (D :") bounds the number of monomials
in each f;.

Note that when f;, 0 < i < d are in sparse encoding, in the latter bound
one can replace (D:") by the number of monomials in f;, 0 < i < d. Thus, the
problem of resolubility of (1) belongs to N P for both dense and sparse encodings
of (1).

It would be interesting to say more about the complexity of resolubility of

(1).

Remark 5. One can extend the results of this section to an input tropical
Newton—Puiseux polynomials in place of (1).

2 Polynomial Complexity Testing Divisibility of Tropical
Polynomials

If (1) has degree 1, ie., f = f1 ® y ® fo, then according to (7), a resolution
(6) is equivalent to the divisibility f; ® y = fo with y being a tropical Laurent
polynomial. We agree that two tropical (Laurent) polynomials are equal if they
are equal as (convex piece-wise linear) functions.

We describe an algorithm for testing divisibility within polynomial com-
plexity. First the algorithm deletes from fy all the monomials of the form
b® xlil ® - ® 2% which do not change fy as a function. Geometrically, it
means that the hyperplane defined as the graph

{1, mn, Y bjx+b) (21, 2,) €R"}

1<j<n

of this monomial in R™*! is higher (with respect to the last coordinate) than
the polyhedron P defined by the other monomials of fy (observe that P is the
graph of fy as a function). The latter is a problem of linear programming. Thus,
one can suppose fo to be reduced, i.e., do not contain unnecessary monomials.
Also we suppose that f; is reduced.

For every candidate I = (i1,...,in) € Z", > 1<, |i5| < D (see (7)) to
be in the support of a resolution y the algorithm calculates (again involving
linear programming) the minimal a; such that for each monomial ¢ ® 2®¢ of
f1, the hyperplane in R"*! defined by the monomial (¢ ® 29°) @ (a; ® ®7) is
(non-strictly) higher than P.

Then y = P, ar ® z®! is a resolution of f; ® y @ fy iff for each monomial
b@x®8 of fy, there exists I and a monomial c® x®% of f; such that (a; @2%)®
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(c®2®Y) = b® 2®P. Reducing further y as described above, we conclude that
there is a unique reduced resolution y (provided that it does exist).
Summarizing, we obtain the following proposition.

Proposition 4. One can test resolubility of degree 1 tropical polynomial f1 ®
y® fo (or equivalently, the divisibility fr ®y = fo) within polynomial complexity.
In case of the divisibility, the algorithm yields the unique reduced resolution y.

3 Polynomial Complexity Algorithm for Resolving
Tropical Curves

Let a system of tropical polynomials

in n variables x, ¥, . . ., y,—1 with integer coefficients determine a tropical preva-
riety T :=T(f1,..., fr) C R™. Let the tropical degrees trdeg(f;) <d,1<i<k
and the bit-sizes of the coefficients of f;, 1 <7 < k do not exceed L.

First, the algorithm constructs T as a union of polyhedra (see e.g. [6]). Each
of these polyhedra (including faces of all the dimensions) is defined by specifying
the monomials of f;, 1 <4 < k (treated as linear functions) on which the min-
ima are attained (cf. e.g. [4]). The algorithm can find the partition of R™ into
polyhedra defined by given feasible tuples of signs (i.e., either the positive, either
the negative or zero) of all the differences of the monomials of f;, 1 < i < k
(in other words, by all the feasible orderings of the monomials of f;, 1 <i < k).
Namely, the algorithm finds the partition by recursion on the number of the
differences. If for a current subset of the differences, the partition of R"™ w.r.t.
this subset is already constructed, the algorithm picks up the next difference
and for each element (being a polyhedron) of the current partition verifies which
signs of the picked up difference are feasible on this polyhedron (with the help
of linear programming). Thereupon, the algorithm discards the unfeasible tuples
of signs, which completes the recursive step.

The number of the elements of a current partition at every step of the recur-
sion is bounded by

2
n?.om. (k (%) ) < k" a2
n

due to the Buck’s formula on the number of faces in an arrangement of hyper-
planes [3]. Hence the complexity of the recursion is bounded by a polynomial in
L, k™, d"Z, taking into the account that the algorithm invokes linear program-
ming (k" - d" )P times.

Since the tropical prevariety 7 is a union of appropriate subset of the elements
of the constructed partition of R™, we get the following proposition.

Proposition 5. There is an algorithm which constructs the tropical prevari-
ety T(f1,..., fx) C R™ determined by (8) within the complexity polynomial in
L, k", dv.
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Now we assume that dim7" = 1, thus T is a tropical curve. We design an
algorithm which verifies the resolubility of 7', i.e., whether there exist tropical
Newton—Puiseux polynomials y1 (z), . . ., yn—1 () assuring a resolution of (8). The
latter is equivalent to the condition that every piecewise linear function y;, 1 <
j <mn—1is convex.

The algorithm produces a directed graph G whose vertices are the edges of
T (including the unbounded ones) not lying in a hyperplane of the form x = c.
Two edges e(=), e(t) of T (being vertices of G) with the same endpoint of the
kind

¢ = (@7 ), @y pe)),

€(+) = ((.T, Y1, 7yn71)7 ($(+)a y§+)7 s 7yflt)1))
are linked by an edge directed from e(=) to e(*) in G if

(=) (+)

(=) #., 7Y S YiTY o,
< <a\; :r—x(*)_x—x(ﬂ’l_]_n 1. (9)
when () (respectively, e(+)) is unbounded with an endpoint (z,%1,...,Yn_1)

(so, is a half-line), which we call unbounded from the left, we take an arbitrary
point of (=) with () < z (respectively, if et) is a half-line, we take a point of
e) with () > 2, and we call e(t) unbounded from the right). When an edge
of T has no endpoints, so is a line, it provides a resolution of 7.

After that the algorithm produces a subset S of the vertices of G. It starts
with including into S all the edges of T' (so, the vertices of G) unbounded from
the left (denote this set by Sp). Thereupon, the algorithm includes into S all
the vertices of G reachable from Sy. If a vertex of G corresponding to an edge
of T unbounded from the right, belongs to S, a path in G leading to such a
vertex from Sy provides a resolution of T' (i.e., each piece-wise linear function
yj(z), 1 <j <n—1 corresponding to the path is convex due to (9)). Moreover,
the paths in G from Sy to the vertices corresponding to the edges of T" unbounded
from the right, are in a bijective correspondence with the resolutions of 7.

Summarizing and taking into account Proposition 5, we obtain the following
theorem.

Theorem 1. There is an algorithm which tests resolubility of a tropical curve
T C R"™ determined by (8), and in case of the resolubility yields a resolution.
The complexity of the algorithm is polynomial in L, k™, ", In particular, the
complezity is polynomial for a fized ambient dimension n.

Remark 6. Let a system of tropical polynomials of the form (8) depend on
the variables z1,...,Zm,¥1,- .., Y and the tropical prevariety 7' C R™*" have
dimension m. Then one can try different subsets of all m-dimensional faces of T’
as candidates to constitute a graph of a resolution

(1, Zm) = (X1, T, Y1( @1, o )y e Yn (T, o Tm)) €T
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of T similar to Remark 4. The latter, in fact, means that firstly, the projec-
tions of the chosen m-dimensional faces on R™ with the coordinates z1, ...,z
form a partition of R™ and secondly, that each piece-wise linear function
yi(@1,...,2m), 1 <j <n—11is convex.

4 Resolution of Systems of Tropical Polynomials
with Several Indeterminates

In this section, we consider the systems of tropical polynomials (instead of a
single polynomial (1)) in one variable z and several indeterminates yi, ..., ys.
Thus, in a resolution (cf. (6)), each y; is a tropical Newton—Puiseux polynomial.
We show the following proposition.

Proposition 6. The problem of resolubility of a system of tropical polynomials
i a single variable and in several indeterminates is N P-hard.

Proof. We reduce 3-SAT to the problem under consideration, so we construct
a system R of tropical polynomials. For an instance of 3-SAT problem in n
variables u1, ..., u,, we introduce indeterminates y1,...,Yn, 21,--.,2, and add
to R tropical polynomials

Yi®zidr,1<i<n (10)

Formula (10) means that the resolutions of y; and of z; are both monomials in
z. Informally, 0 = 2®° encodes the truth and z = z®! encodes the falsity, y;
corresponds to u; and z; corresponds to —u;.

For every jth 3-clause of the 3-SAT formula, say, u,, V —u V u;, we add to
R the following tropical (linear) polynomials

Ym DB 2k D Y1 O vy (11)
v; ® 2% @ wy; (12)
w; ® 2% ® 0 (13)

with indeterminates v;, w;. Note that (13) ensures that in a resolution, the
reduced w; = ®160, then (12) ensures that the reduced v; contains the constant
monomial 0 (and possibly, monomials of the form c® z®* with 0 < b < 1, ¢ > 0).
Finally, (11) ensures that one of the resolutions of y,,, zx, y; equals 0.

Thus, existence of a resolution of the system R for all j implies the solvability
of the initial 3-SAT formula.

The converse is obvious: for a Boolean vector (uq, .. ., u,) providing a solution
of the initial 3-SAT formula put y; = 0, z; = ®' when u; is true and y; =
x®1, z; = 0 for u; being false. Thereupon put Vj = Ym D2 DY O

We mention that the problem of solvability of a system of tropical polyno-
mials is N P-complete [8].

It would be interesting to understand more about the complexity of the
problem under consideration in this section.
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5 Tropical Newton—Puiseux Rational Functions

Any tropical Newton—Puiseux rational function fi @ fo, where f1, fs are tropical
Newton—Puiseux polynomials, is a piece-wise linear (continuous) function (cf.
Remark 3). The converse is also true (see e.g. [1], [5]): any piece-wise linear
continuous function is a difference of two piece-wise linear convex functions. In
[7], an algorithm is suggested which represents a piece-wise linear function as
a difference of piece-wise linear convex functions with the complexity bound
being exponential. In case of one-variable functions, a polynomial complexity
algorithm for this problem is exhibited in [2].

Let a tropical curve T C R™ be determined by system (8). As in Sect. 3,
the algorithm finds T'. Thereupon, similar to Sect. 3 it constructs a graph which
comprises all the paths consisting of the edges of T' of the form

l l l l
{($l7y§)>«~'»yflz1)» ($l+1ay§ +1)7"'ay7(7,j—11)) : 0 < l < 5}

where zg := —00 < 1 < -+ < x5 < Tsy1 := 00, thus, this path contains s 4 1
edges. The difference with Sect. 3 is that now we do not impose a requirement
on convexity.

The algorithm can pick up any such path (provided that it does exist), then
this path yields n — 1 piece-wise linear functions y;(z), 1 < i < n. Making use
of [2] the algorithm represents y;(z) = g;(x) — h;(z) with piece-wise linear con-
vex functions g;, h;. This produces a tropical Newton—Puiseux rational function
resolution of T'.

Summarizing and invoking the complexity bounds from Sect.3, we get the
following proposition.

Proposition 7. There is an algorithm which tests resolubility of a tropical curve
determined by (8) by means of tropical Newton—Puiseux rational functions within
the complexity polynomial in L, k™, d”’. The algorithm yields a resolution, pro-
vided that it does exist. Therefore, the complexity is polynomial for a fixed dimen-
sion n of the ambient space.

It would be interesting to estimate the complexity of resolubility of tropi-
cal prevarieties or arbitrary dimensions by means of tropical Newton—Puiseux
rational functions.
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Abstract. We study the operation A1 of tropical orthogonalization,
applied to a subset A of a vector space (RU{co})™, and iterations of this
operation. Main results include a criterion and an algorithm, deciding
whether a tropical linear prevariety is a tropical linear variety formulated
in terms of a duality between AL and A1, We give an example of a
countable family of tropical hyperplanes such that their intersection is
not a tropical prevariety.

Keywords: Tropical linear prevarieties + Tropical linear varieties
Orthogonalization

Introduction

We study some aspects of tropical linear prevarieties and varieties. General con-
cepts of tropical algebra can be found in [17,18]. Specific questions of tropical
linear algebra were considered in [5,6,19,20].

We introduce the operation A1 of tropical orthogonalization applied to a
subset A of a vector space (R U {o0})™. The special interest to us presents
an interplay between the tropical linear prevariety A+ and its orthogonalization
A++. Our main results include a criterion and a deciding algorithm for a tropical
linear prevariety to be a tropical linear variety formulated in terms of a duality
between A+ and AL+, In this note, we present our results without proofs which
can be found in [13].

In Sect. 1 we list basic definitions, including the concept of a tropical hull of a
subset in (RU{oo})™. We recall a fundamental theorem proved in [2,8], stating
that any tropical linear prevariety is the tropical hull of a finite set of vectors.
We give an example showing that the restriction of a tropical linear prevariety to
R™ may not be representable in this way. We describe a simple algorithm, with
polynomial complexity, testing the membership of a vector in a tropical hull.

In Sect. 2, we study some properties of double orthogonalization. In partic-
ular, we state that A" is the minimal tropical linear prevariety containing a
finite set A and that dimensions of tropical hulls of A and of A++ coincide.

© Springer Nature Switzerland AG 2018
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In Sect. 3, we present a theorem stating that, given two mutually complemen-
tary and orthogonal linear subspaces P and @ of the vector space (C((t'/>)))"
over Puiseux series, there exists a finite A C (R U {c0})™ such that tropicaliza-
tions of P and @ coincide with A+ and AL, respectively.

Section4 contains a criterion and a deciding algorithm for a tropical linear
prevariety to be a tropical linear variety. The algorithm has a doubly exponential
complexity. We also give a brief description of algorithms which for a given
tropical linear variety A' produces a linear subspace P whose tropicalization
coincides with AL,

Finally, in Sect. 5, we give an example of a countable family of tropical hyper-
planes in (RU{00})% such that their intersection is not a tropical prevariety. This
strengthens examples in [7] (example of T. Theobald) and [12] about countable
intersections of nonlinear tropical hypersurfaces.

1 Tropical Hull

We use the notation R, for R U {oo}. We assume that for all @ € R the rules
a < o0, a+ 00 =00, 00+ 00 = oo, and, for positive a, a - o0 = oo hold. The
element oo is a “tropical zero”, being the neutral element with respect to taking
minimum.

Definition 1. For a given (ai,...,a,) € R, a tropical hyperplane in RY is
the set of all points (x1,...,x,) € R at which a set {x1 + a1,...,2n + an}
has at least two minimal elements. A tropical linear prevariety in RZ is the

intersection of a finite number of tropical hyperplanes.

Remark 1. The point (co,...,00) belongs to every tropical linear prevariety.
A tropical hyperplane according to Definition 1 corresponds to the notion of a
codimension one linear subspace in classical linear algebra. It can be identified
with a special case, when a,4+1 = o0, of a more general notion of a tropical
hyperplane defined as a set of all points (z1,...,z,) € R% at which a set {z1 +
A1, ..., Ty + Gy, ani1}, Where a; € Ry, 1 <i<mn+1, has at least two minimal
elements.

Definition 2. Vectors v = (vi,...,vy), a=(a1,...,a,) € RY are called trop-
ically orthogonal if among numbers v; + a;, 1 < i < n there are at least two
minimal. Note that (0o, . ..,00) is tropically orthogonal to every vector a € R™..
For a set of vectors A = {ay,...,a;} C R denote by AL the set of all vectors
in RY tropically orthogonal to each a;, 1 <i <k.

It is clear that {a}* is a tropical hyperplane for a vector a € R, while A+
is a tropical linear prevariety when A C RY is finite. Conversely, every tropical
linear prevariety in R” coincides with AL for a suitable finite set of vectors
ACRL.

mmonagan@cecm.sfu.ca



Orthogonal Tropical Linear Prevarieties 189

Definition 3. For a finite set of vectors A = {a;,...,ar} C R define its
tropical hull Trophull(A) as the set of all vectors in R, of the kind

min {¢;1,, +a;},

1<i<k
where t1, ..., 1, are arbitrary elements in R, mini<;<i denotes the component-
wise minimum of a set of vectors, and 1,, = (1,...,1) is the unit vector in

R™. For an arbitrary subset X C RZ define Trophull(X) as the union of sets
Trophull(A) over all finite subsets A C X.

Note that Trophull(A) always contains the point (oo, ...,00) € R, because
all t;, 1 < i < k can be chosen to be co.

Lemma 1 ([5,6]). If B is finite and B C A, then Trophull(B) C A+.

Definition 4. For every partition {i1,...,ip} U {ipt1,...,0n} of {1,...,n}, a
chart is an open convex polyhedron

Ciy,.iy = Aws, = -~ =2, =0} N{x;,,, <oo}n---N{z;, <oo} CRY.

Clearly, R is the union of all 2™ pairwise disjoint charts.

One can extend the standard concepts of a convex polyhedron and a finite
polyhedral complex to the case of the subsets of the space R (see [8]). Restric-
tion of a convex polyhedron P C R7, to a chart Cj,  _;, coincides with a usual
convex polyhedron in R™7P translated by a vector in {0,00}" P with oo in
positions i1, ...,%,. Hence, P is a finite union of translated usual convex poly-
hedra, and we define the dimension dim(P) as the maximum of the dimensions
of restrictions of P to all charts. The dimension of a finite polyhedral complex
is defined as the maximum of dimensions of its convex polyhedra.

The following theorem directly follows from [8, Theorem 1] (part (2) of the
theorem was proved earlier in [2, Proposition 2]).

Let A={aj,...,ar} C RZ be a set of vectors.

Theorem 1 ([2,8]).

1. The set Trophull(A) is a union of all convex polyhedra of a polyhedral complex
in RY.

2. For any tropical linear prevariety A+ C R, there exists a finite set of vectors
{by,...,bx} C R such that A+ = Trophull({by,...,bx}).

Corollary 1. Any tropical linear prevariety A~ C R™ is a union of all convex
polyhedra of a polyhedral complex in R .

Remark 2. There is an algorithm, with polynomial complexity, which for a given
set A = {aj,...,a;} C RZ and a vector x = (z1,...,2,) € R tests the
inclusion x € Trophull(A). We assume bit complexity, if all input vectors are in
(Z U {o0})™, or the complexity of BSS model, if the input vectors are in RZ.
Let, for definiteness, input vectors be in R7 .
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The algorithm attempts to find a vector (t1,...,t;) € RE such that

X = lrﬁni'gk{tiln +a;}, (1)
where minimum is componentwise.

Fix i, 1 < i < k. If a; = (00,...,00), then choose t; € RX arbitrarily.
Otherwise, let, for definiteness, elements a;1,...,a;s be all different from oo for
1 < s < n. Choose t; € Ry as maxi<;<s(z; — a;;) (note that ¢; will turn out to
be oo if at least one of 2; = oo, where 1 < j < s). Chosen ¢; is the minimal such
that ¢;(1,...,1) + a; > x, where the inequality is componentwise.

Repeating the procedure for each i, 1 < ¢ < k, we obtain the vector
(t1,...,tx). The vector x € Trophull(A) iff the equality (1) takes place.

Theorem 1, (2) states that any linear tropical prevariety A+ = {a;,...,a,}*
C RY, coincides with the tropical hull of a finite subset of its vectors. The
following example shows that this fact is not necessarily true for the restriction
At NR™.
Ezample 1 (cf. [11]). Let Ag = {ai,...,a,_1} C R", where

a;=(1,...,1,0,1,...,1,0,0) for1 <i<n—2anda,_; = (1,...,1,0,0).
~——

%

It is easy to see that every vector x = (1, ...,7,) € Af C R” should have min-
imal elements z,,_1,z,, and, conversely, every vector x with minimal elements
Ty_1,Ty is in A(J)-. Therefore,

Ag ={t1, + (c1,...,¢n_2,0,0)| for all0 < ¢; € Ryy and t € Ry }.

Directly from definitions it follows that Az = Trophull({by,..., b, 1}),
where

b; = (00,...,00,0,00,...,00,0,0)for1 <i<n—2andb,_; = (c0,...,00,0,0).
———
i
On the other hand, for restrictions Aé NR", such a representation, as a tropical
hull, is generally not true already when n = 3.

Proposition 1. For any finite set {v1,..., vy} C Ag NR3 we have

Ag NR? ¢ Trophull({vy,...,vn}).

2 Dual Tropical Linear Prevarieties

We extend the operation X+ introduced in Definition 2 so that it can be applied
to arbitrary (not necessarily finite) subsets X C RZ . Namely, denote by X+
the set of all vectors in R} orthogonal to each a € X. We will use notations
Xll — (XL)L and Xlll = (XLL)L.
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Remark 3. Observe that by the definition, for a finite subset A C R%, the set
A+L is an intersection of an infinite number of tropical hyperplanes in R” . As
we will show in Sect. 5 below, not every intersection of even a countable number
of tropical hyperplanes is a union of cells of a finite polyhedral complex, let alone
linear tropical prevariety. However, in the special case of a finite A, the set A++
is a linear tropical prevariety (Proposition 2).

Lemma 2. For any subset X C RY we have:

1. Trophull(X) ¢ X++;
2. X+ =X+t

Proposition 2. Let A be a finite set of vectors in R . Then A+~ is the minimal
tropical linear prevariety containing A.

For the proof of the next theorem, we recall the following definition.

Let A = {ay,...,a;}. Since, by Proposition 2 and Corollary 1, both A++ and
Trophull(A) have the structure of polyhedral complexes in R”, dimensions of
these sets are defined. By Lemma 2, (1), dim(Trophull(4)) < dim(A++).

Theorem 2. dim(Trophull(4)) = dim(A++).

Remark 4. Lemma 12 in [11] implies that trk(A) + dim(A+) > n for a finite
ACRL.

Ezample 2. Consider the set of vectors Ag C R™ from Example 1. Arguing as in
that example, we see that every vector y = (yi,...,y,) € Agt C RZ should
have minimal elements ¥, _1,y,, and, conversely, every vector y with minimal
elements y,, 1,y is in AgL. It follows that A3+ = Ag. Observe that dim(Ag) =
dim(Agt) =n—1.

By Lemma?2, (1), Trophull(A4) C Ag*. On the other hand, Trophull(A4g) #
Agt. Indeed, we have Ay C Azt = Agf, hence, by Lemma 1, Trophull(4g) C
Ag . Then, by Proposition 1, Az-NR™ = Af NR"™ ¢ Trophull(4p). In particular,
Trophull(Ay) is not a tropical linear prevariety, by Proposition 2.

3 Tropicalization of Linear Subspaces

Let F denote the field C((£!/>°)) of Puiseux series over C. For an element 3 € F
different from 0, let val(y) € Q denote the valuation of the element y in I, i.e., the
power in the lowest term of the Puiseux series y. Separately define val(0) = co.

Definition 5 ( cf. [17]). Consider a linear form f := ajx1 + -+ anxy, where
0# a; €F for all 1 < i < n. The formal tropicalization of the hyperplane
{f =0} C F™ is the tropical hyperplane, Tropt({f = 0}) C R", defined by the
set {y1 +val(a1),...,yn +val(a,)} (see Definition1).
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By Kapranov’s Theorem [17, Theorem 3.1.3], Tropf({f = 0}) coincides with
the (Euclidean) closure in R™ of the countable set

{(val(@1), ..., val(@n)| (215 ., 2a) € {f = O}}.
The following definition is “dual” to Definition 4.

Definition 6. For every partition {i1, ..., } U {iry1,...,in} of {1,...,n}, a
chart in F” is an open set

Diy,. i =A{xiyy = =z, =0} N {zy, ., #0} NN {x;, #0} CF".

Let P C F™ be a linear subspace of arbitrary dimension. Clearly,

P= U (PNDyy...4),

{i1,0sir}
where the union is taken over all subsets {i1,...,4.} of {1,...,n}.
Definition 7 (cf. [17]). The tropicalization Trop(P N Dy, .. ;.) of PN Dy .. .
is the set of all points (y1,...,yn) € R such that y;;, = --+ = y;, = 0o and

(Yiyirs- - Yi,) belongs to the Buclidean closure in R™™" of the set
{(val(zi, ., ), ..., val(zs, )| (i, oys -5 2i,) € PO Dy i}

The tropicalization Trop(P) of P is defined as |y,

iy

y Trop(P N Dy, i )-

Remark 5. Definition 7 immediately implies that for any two sets A, B C F",
there is the inclusion Trop(A N B) C Trop(A) N Trop(B). The inverse inclusion
D is not generally true even for linear subspaces.

Let dim(P) = d, and z;,...,24 € P be a basis in P. Recall that Plicker
coordinates of P in the Grassmanian Gr(d,F") are all (d x d)-minors pj, .. ;, of
the matrix with rows z1, . .., z4, corresponding to columns 1 < j; < -+ < jg < n.
Any z = (21,...,2,) € P satisfies Pliicker relation

Z (_1)ipj1;<-~7ji—17ji+l;44-7jd+lzji =0, (2)
1<i<d+1

for every subset of columns 1 < j; < -+ < jg41 < n. Note that relations (2) do
not depend on the choice of the basis in P.

Denote the set of points z satisfying (2) by P, .. j,. .-

The following statement is a strengthening of [19, Proposition 4.2].

Lemma 3.
TI‘Op(P) = ﬂ Trop(Pj17-~,jd+1)' (3)

J1s--sdd+1

Let @ C F™ be a linear subspace orthogonal to P with dim(Q) = n — d.
According to [1,19], the tropicalizations Trop(P) and Trop(Q) are orthogonal,
with dim(Trop(P)) = d and dim(Trop(Q)) = n — d.
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Theorem 3. There is a finite subset A C R such that Trop(P) = A+ and
Trop(Q) = A++.

Corollary 2. Let Trop(P) = At for a linear subspace P C F™ and Q C F" be
the subspace which is complementary orthogonal to P. Then Trop(Q) = A++.

4 Criterion and Deciding Algorithm for Being a Tropical
Linear Variety

Let A C (QU {c0})™ be a finite set of vectors. Since A+ and A+~ are tropical
linear prevarieties (see Proposition 2), Theorem 1 implies that

A+ = Trophull({x1,...,%,}) and A** = Trophull({yy,...,¥,})
for some vectors x1,...,%Xp,¥1,...,¥q € (QU {c0})".

Definition 8. Let x € (QU {oco})™ and v € F™ such that Trop(v) = x. Then v
1s called the lifting of x.

Theorem 4. The following three statements are equivalent.

1. There exist mutually complementary and orthogonal linear subspaces P,Q in
F" such that A+ = Trop(P), and A*+ = Trop(Q) (in particular, A+ , A+
are tropical linear varieties ).

2. There exist liftings

Vi,...Vp, Wi,...,Wq €EF"  of vectors xi1,...%Xp,¥1,...,¥q € (QU {oo})",

respectively, such that (v;,w;) =0 forall1 <i<p, 1<j<gq.
3. At is a tropical linear variety.

Corollary 3. There is an algorithm which for a given tropical linear prevariety
At = Trophull({x,...,%,}) where x1,...,%, € (QU{co})", decides whether it
18 a tropical linear variety.

Proof. The input of the algorithm under construction is the set {xi,...,x,} C

(QU {o0})™. Using the algorithm from the proof of Theorem 1 in [8], construct

the set {y1,...,¥4} C (QU {o0})" such that A+ = Trophull({y1,...,¥4})-
Consider, over F* 2 F \ {0}, the system of equations

1<v<n
foralll1 <i<p 1<3j<gq,1<v<nsuchthat z;, # oo and y;, # oo,
where V; = (Vi1,...,Vin), W; = (Wj1,...,Wj,) are vectors of variables. Using
[1,14], or [16], the algorithm constructs the tropical basis of the system of Eq.
(4), which is a finite set of polynomials Hy, 1 < ¢ < N, where N < (p + q)n,
with integer coeflicients and variables V;,, W, such that z;, # oo and y;,, # oo.
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(See a detailed definition and properties of a tropical basis in [17, Sect. 2.6].) The
algorithm checks whether, for all 1 < ¢ < N, vectors Xi,...Xp,¥1,...,¥q, from
which coordinates ;, = oo and y;, = oo are removed, satisfy tropicalizations
Trop(Hy). If yes, then, by the definition of tropical basis, there exist liftings
Vi, wj, € F* of all 2, # 00, y;j, # 00, respectively, which satisfy system (4). Let
P be the linear hull of vectors vy,...v, such that in every v;, each coordinate
corresponding to x;, # oo is the lifting v;,,, while each coordinate corresponding
to x;, = oo is 0. Similarly, let @ be the linear hull of vectors wy,...w, such
that in every w;, each coordinate corresponding to y;, # oo is the lifting w;,,
while each coordinate corresponding to y;, = oo is 0. Then, by Theorem4, P
and @ are mutually complementary and orthogonal linear subspaces of F", while
A+ = Trop(P) and A++ = Trop(Q). In particular, A* and A++ are tropical
linear varieties. If vectors x1,...Xp,¥1,...,yq from which coordinates x;, = oo
and y;, = oo are removed do not satisfy Trop(H,) for all 1 < ¢ < N, then A+ is
not a tropical linear variety, by Theorem 4.

The complexity of the algorithm is polynomial in the maximum of absolute
values of numerators and denominators of rational coordinates of vectors x;, 1 <
i < p, and doubly exponential in n. In this regard, we note that the complexity
of the algorithm for computing the tropical basis in [16] is doubly exponential.

Remark 6. There is an algorithm which for a tropical linear prevariety A+ =
Trophull({x1,...,x,}), where xq,...,%x, € (QU{o0})", produces bases of linear
subspaces P and @, such that A+ = Trop(P) and A++ = Trop(Q), in case these
subspaces exist.

More precisely, as in the proof of Corollary 2, construct, using the algorithm
from the proof of Theorem1 in [8], the set {y1,...,yq} C (QU {oo})" such
that A+ = Trophull({y1,...,y,}). Apply the algorithm from [15] to vectors
X, ¥, 1 <1 <p, 1< j < g, from which coordinates z;, = oo and y;, = oo are
removed, and to system (4). The algorithm from [15] will either produce liftings
Vi, wj, € F* of all z;, # 00,y;, # 00, respectively, which satisfy (4), or will
indicate that liftings don’t exist, i.e., vectors x;,y; with removed coordinates do
not belong to the tropicalization of (4). If liftings exist, then P is the linear hull of
vectors vy, ... Vv, such that in every v;, each coordinate corresponding to x;, # oo
is the lifting v;,,, while each coordinate corresponding to xz;, = oo is 0. Similarly,
@ is the linear hull of vectors wy,...w, such that in every w;, each coordinate
corresponding to y;, # oo is the lifting w;,, while each coordinate corresponding
to y;, = oo is 0. Herewith, all coordinates of vectors v;, w; are Puiseux series in
Q((t'/*°)) and the algorithm computes their expansions up to a given power of
t, representing complex algebraic coeflicients as zeroes of irreducible univariate
polynomials with integer coefficients.

We sketch briefly an alternative algorithm for producing P and Q. A proce-
dure in [15] reduces the construction of liftings to finding all points in a zero-
dimensional algebraic set in (Q((t'/>°)))N, by adding generic linear forms to
the tropical basis. All such points (absolutely irreducible components of the
zero-dimensional algebraic set) can be computed with singly exponential com-
plexity using algorithms from [3,9] (these algorithms have much more general
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scope). Zero-dimensional components are represented as elements of a finite
extension of the field Q(t) via a primitive element. Then, using a procedure from
[4] for Puiseux extension of solutions of polynomial equations over Q((t*/>)),
the algorithm checks whether the tropicalization of a solution coincides with
X1,...Xp,¥1,---,Yq. Because this algorithm uses the procedure from [15], its
complexity is doubly exponential in n. The digest of symbolic manipulation
technique with Puiseux series can be found in [10].

5 Infinite Intersections of Tropical Linear Prevarieties

By the definition, the intersection of a finite number of tropical hyperplanes is a
tropical linear prevariety. In this section, we give an example of a countable family
of tropical hyperplanes in RS such that their intersection is not a finite union
of convex polyhedra, in particular, not a tropical prevariety. This strengthens
examples in [7] (example of T. Theobald) and [12], in which intersections of
a countable families of tropical (non-linear) prevarieties were shown not to be
finite unions of convex polyhedra.

Choose a sequence {g;}"_; of pairwise distinct real numbers &; such that
0 < &; < 1/4, and consider a tropical hyperplane L; C RS, defined by the set

{—i+a1,—t+x2,—1/2 —; + Y1, —1/2+ Y2, 21, 22}

(see Definition 1).
Let
M = ﬂ L; cRS,.

1<i<o0o

Proposition 3. The set M NRS is not a finite union of convex polyhedra. In
particular, M is not a tropical prevariety.
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Abstract. We propose new symbolic-numerical algorithms imple-
mented in Maple-Fortran environment for solving the self-adjoint
elliptic boundary-value problem in a d-dimensional polyhedral finite
domain, using the high-accuracy finite element method with multivari-
ate Lagrange elements in the simplexes. The high-order fully symmetric
PI-type Gaussian quadratures with positive weights and no points out-
side the simplex are calculated by means of the new symbolic-numerical
algorithms implemented in Maple. Quadrature rules up to order 8 on
the simplexes with dimension d = 3 — 6 are presented. We demonstrate
the efficiency of algorithms and programs by benchmark calculations of
a low part of spectra of exactly solvable Helmholtz problems for a cube
and a hypercube.

Keywords: Elliptic boundary-value problem - Finite element method
Multivariate simplex lagrange elements

High-order fully symmetric Gaussian quadratures

Helmholtz equation for cube and hypercube

1 Introduction

The progress of modern computing power offers more possibilities for setting and
numerical solution of multidimensional elliptic boundary-value problems (BVPs)
with high accuracy. 3D BVPs have wide applications in such areas as vibrating
membrane, electromagnetic radiation, motion of thermal neutrons in the reac-
tor, seismology, and acoustics, see, e.g., [4], while multidimensional BVPs have
applications in nuclear physics, see, e.g., [7]. For this purpose, novel numerical
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methods of high accuracy order are being developed. When reducing the bound-
ary value problem to an algebraic one in the finite element method (FEM) of
the order p, one of the problems is the calculation of integrals on a finite element
(we consider only simplicial finite elements) containing the products of two basis
functions of Lagrange or Hermite interpolation polynomials of the order p by
the coefficients for the unknown functions [5,9]. There are three possible ways
to calculate the integrals:

(i) using analytical calculation, which is possible for a limited number of cases;
(ii) using quadrature formulas with products of two basic functions used as a
weight function;
(iii) using quadrature formulas with a single weight function.

It is well known [20] that as a result of applying the pth order FEM to the
solution of the discrete spectrum problem for the elliptic (Schrédinger) equation,
the eigenfunction and the eigenvalue are determined with an accuracy of the
order p+ 1 and 2p provided that all intermediate quantities are calculated with
sufficient accuracy. It follows that for the realization of the FEM of the order
p in the third case, the integrals must be computed at least with an accuracy
of the order 2p, depending on the problem considered. The most economical
calculation of such integrals is achieved using the quadratures of Gaussian type.
In the one-dimensional case, the nodes and the quadrature Gaussian weights
are expressed analytically; in the two-, three- and four-dimensional case, the
high-order quadrature formulas are determined numerically [2,6,8,10,17-19,21].
Note that for multidimensional integrals, numerous quadrature formulas of the
Newton—Cotes and third-order Gaussian type are known, too (see Ref. [1]).

The paper presents a new method for constructing fully symmetric multidi-
mensional Gaussian-type quadratures on a standard simplex. The main idea of
the method is replacing the coordinates of nodes with their symmetric combina-
tions obtained using the Vieta theorem, which simplifies the system of nonlinear
algebraic equations. The construction of the desired systems of equations is per-
formed analytically using an original algorithm implemented in Maple [13]. The
derived systems up to the sixth order are solved using the built-in procedure
PolynomialSystem, implementing the technique of Grébner bases, and the sys-
tems of higher order are solved using the developed symbolic-numerical algorithm
based on numerical methods, implemented in Maple-Fortran environment. We
demonstrate the efficiency of algorithms and programs by benchmark calcula-
tions of the lower part of spectra in exactly solvable Helmholtz problems for a
cube and a hypercube.

The paper is structured as follows. In Sects. 2 and 3, the FEM schemes and
algorithms for solving the d-dimensional BVP are presented. In Sect. 4, the algo-
rithms for constructing the d-dimensional fully symmetric Gaussian quadratures
are presented. In Sect.5, the benchmark calculations of the exactly solvable
Helmholtz problems for the cube and hypercube are presented. In Conclusion,
we discuss the results and perspectives.
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2 Setting of the Problem

Consider a self-adjoint boundary-value problem for the elliptic differential equa-
tion of the second order:

0
z)afzj +V(z)— E)@(z) =0. (1)

(- B = -

For the principal part coefficients of Eq. (1), the condition of uniform ellipticity
holds in the bounded domain z = (21,...,24) € 2 of the Euclidean space R9,
i.e., the constants u > 0, v > 0 exist such that p&? < 22:1 gij(2)&&; < V€2,

£ = Z?Zl €2, V¢, € R. The left-hand side of this inequality expresses the
requirement of ellipticity, while the right-hand side expresses the boundedness of
the coefficients g;;(2). It is also assumed that go(z) > 0, g;i(2) = ¢:j(2) and V (2)
are real-valued functions, continuous together with their generalized derivatives
to a given order in the domain z € 2 = 2 U 942 with the piecewise continuous
boundary S = 9f2, which provides the existence of nontrivial solutions obeying
the boundary conditions [5] of the first kind

P(z)|s =0, (2)
or the second kind
09 (z) 0B(2) . . 09 (z)
=0 = i)9ij(2)—F%—, 3
g a0 g = 200 3)
where a(g%(z) is the derivative along the conformal direction, n is the outer

normal to the boundary of the domain S = 042, é; is the unit vector of z =
Zle é;zi, and (7, é;) is the scalar product in R

For a discrete spectrum problem, the functions @,,(z) from the Sobolev space
H32H (), &,,(2) € H3=(2), corresponding to the real eigenvalues E: B <
By, <...<E, <...satisfy the conditions of normalization and orthogonality

(P (2)| P (2)) = /Q dzg0(2)Pm (2) P (2) = Oy, dz=dzy...dzq. (4)

The FEM solution of the boundary-value problems (1)—(4) is reduced to the
determination of stationary points of the variational functional [3,5]

S, B / d200(2) P (2) (D — Epp) B(2) = (S, En),  (5)

where IT(®, E) is the symmetric quadratic functional

d

10.5) = [ 2| 3 0 5 4 a0V ) - By

ij=1
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3 FEM Calculation Scheme

In FEM, the domain 2 = 2;,(2) = UqQ=1 Ag, specified as a polyhedral domain,
is covered with finite elements, in the present case, the simplexes A, with d 41

vertices 2, = (%1, %i2,...,%i4), ¢ = 0,...,d. Each edge of the simplex 4, is
divided into p equal parts, and the families of parallel hyperplanes H (i, k) are
drawn, numbered with the integers k = 0, . .., p, starting from the corresponding

face (see also [5]). The equation of the hyperplane is H (i, k): H(i;2) — k/p =0,
where H(i;z) is a linear function of z.
The node points of hyperplanes crossing A, are enumerated with the sets

of integers [ng,...,nq4], n; > 0, ng + ...+ ng = p, where n;, i = 0,1,...,d are
the numbers of hyperplanes, parallel to the simplex face, not containing the ith
vertex Z; = (Z1,...2iq). The coordinates &. = (&41,...,&q) of the node point

A, € Ay are calculated using the formula

ni

o A n o . R Ng
&1y 6rd) = (201,---72001)?0 + (21155 214) — » +... 4+ (Za1, -+, 2da)

o (6)

from the coordinates of the vertices Z; = (£;1,..., 2;j4). Then the Lagrange inter-
polation polynomials (LIP) ¢P(z) are equal to one at the point A, with the
coordinates & = (&71,...,&rd), characterized by the numbers [ng,n1,...,nq|,
and equal to zero at the remaining points &, i.e., P(§) = Oy, have the
form

d n;—1
I —ni/p
H)nH gr —n’/p (7)

As shape functions in the simplex A, we use the multivariate Lagrange inter-
polation polynomials ¢} (z) of the order p that satisfy the condition ¢} (x1y/, z21/)
= Oy, i.e., equal 1 at one of the points A; and zero at the other points. In this
method, the piecewise polynomial functions N/ (z) in the domain {2 are con-
structed by joining the shape functions ¢7(z) in the simplex A,:

Ni(z) ={gi(2), A1 € Ag;0, Ay & Ay}

and possess the following properties: the functions N/ (z) are continuous in the
domain £2; the functions N/ (z) equal 1 at one of the points A; and zero at the
rest of the points; Nlp(zl/) = 0y in the entire domain (2. Here [ takes the values
l=1,...,N.

The functions N} (z) form a basis in the space of polynomials of the pth order.
Now, the function ®(z) € H!(£2) is approximated by a finite sum of piecewise
basis functions N/ (z):

N
=Y OINF(2). (8)
=1
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Table 1. The orbits and their number of permutations for d = 3,4, 5, 6.

d=3 d=4 d=5 d=6

Orbits | Perm. | Orbits | Perm. | Orbits | Perm. | Orbits |Perm. |Orbits|Perm.|Orbits |Perm.
Sa 1 Ss 1 Se 1 S3111 120 S7 1 S4111 210
S31 4 Sa1 5 |Ss1 6 So211 180 | Se1 7 | S3211 420

Sa9 6 S32 10 S0 15 S21111 | 360 Sso 21 S2991 630
Sa11 |12 S311 20 | Ss3 20 S111111 (720 | S43 35 | S31111 840

S1111 |24 S221 30 |Sa11 |30 Ss11 42 | Sa2111 1260
S2111 | 60 | S321 60 Sa21 |105 | Sa211111 2520
S11111 {120 | S222 90 Szz1 140 | S1111111 5040

S329 210

After substituting expansion (8) into the variational functional (5) and minimiz-
ing it [3,20], we obtain the generalized eigenvalue problem

APP" = "B, (9)

Here AP is the symmetric stiffness matrix; B? is the symmetric positive definite
mass matrix; @ is the vector approximating the solution on the finite-element
grid; and " is the corresponding eigenvalue. The matrices A? and BP have the
form:

= {ap 3=y, B = {bj b=y, (10)

where the matrix elements al), and b}, are calculated for simplex elements as

0=y / 0%‘;22 Wg;i 0o (2) . /A Go(2)el () (2)V (2) d,

17=1 q

= [ w2k )z (1)
Aq

The economical implementation of FEM is the following.

The calculations, including those of FEM integrals for mass and stiffness
matrices at each subdomain A, are performed in the local (reference) system of
coordinates x, in which the coordinates of the simplex vertices are the following;:
SE’J‘ = (.’fﬁjl,...,.’fﬁjd), .’i‘jk :(Sjk,j:(),...,d, k=1,...,d.

Let us construct the Lagrange interpolation polynomial (LIP) on an arbitrary
d-dimensional simplex A, with vertices 2, = (£i1, 2i2,..., %), ¢ = 0,...,d. For
this purpose, we introduce the local system of coordinates x = (1, 22,...,24) €
R?, in which the coordinates of the simplex vertices are #;. The relation between
the coordinates is given by the formula:

N)

d
Z Jij = 2 — 20i, i=1,...,d. (12)
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Table 2. Quadrature rule on tetrahedra.

Orbit | Weight

Abscissas

14-points 4-order rule

S31 |0.0801186758957551214557967806191 | 0.0963721076152827180679867982109
S31 0.1243674424942431317471251193937 | 0.3123064218132941261147265437508
S22 |0.0303425877400011645313853999915 | 0.0274707886853344957750132954191

14-points 5-order rule

S31 0.0734930431163619495437102054863 | 0.0927352503108912264023239137370
S31 |0.1126879257180158507991856523333 | 0.3108859192633006097973457337635
Sa2  0.0425460207770814664380694281203 | 0.0455037041256496494918805262793

24-points 6-order rule

S3110.0399227502581674920996906275575 | 0.2146028712591520292888392193863
S310.0100772110553206429480132374459 | 0.0406739585346113531155794489564
S31 |0.0553571815436547220951532778537 | 0.3223378901422755103439944707625
Sa11 |0.0482142857142857142857142857143 | 0.0636610018750175252992355276057

0.6030056647916491413674311390609

35-points 7-order rule

Sa 0.0954852894641308488605784361172 | 0.2500000000000000000000000000000
S310.0423295812099670290762861707986 | 0.3157011497782027994234299995933
Sa2 0.0318969278328575799342748240829 | 0.0504898225983963687630538229866
S211 |0.0372071307283346213696155611915 | 0.1888338310260010477364311038546

0.5751716375870000234832415770223
S211 |0.0081107708299033415661034334911 | 0.0212654725414832459888361014998

0.8108302410985485611181053798482

46-points 8-order rule

S31 |0.0063972777406656176515049738764 | 0.0396757518582111225277078936298
S31 0.0401906214382288067038698161802 | 0.3144877686588789672386516888007
S31 0.0243081692121760770795396363192 | 0.1019873469010702748038937565346
S31 | 0.0548586277637264928464254253584 | 0.1842037697228154771186065671874
Sa2 |0.0357196747563309013579348149829 | 0.0634363951662790318385035375295
S211 |0.0071831862652404057248973769332 | 0.0216901288123494021982001218658

0.7199316530057482532021892796203
S211 |0.0163720776383284788356885983306 | 0.2044800362678728018101543629799

0.5805775568740886759781950895673

The inverse transformation and the relation between the differentiation operators

are given by the formulas

wi =Y (T2 = 205), 5 -

d

j=1

d
- = Z(J_l)jia?j~
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Table 3. Quadrature rule on d = 4 dimensional simplex.

Orbit | Weight

Abscissas

20-points 4-order rule

Sq1

0.0379539224206539610831511760634

0.0784224645320084412701860095372

Sq1

0.0681384495140965073072374189421

0.2449925002516506829747267241998

S32

0.0469538140326247658048057024973

0.0657807054017604429326659923627

30-points 5-order rule

Sq1

0.0492516801753157409383956672833

0.0853466308308594082516329452526

Sq1

0.0325114606587393649369493738878

0.2369600116614607056460832163398

S32

0.0175327109958004508766635908927

0.0412980141318484010482052159450

S32

0.0415857185871719961856638885218

0.2997443384790352862963354895649

56-points 6-order rule

Ss

0.0732792367435547721884408088550

0.2000000000000000000000000000000

Sq1

0.0047429121713183739117905941798

0.0417033817484816144703679735243

S32

0.0371671124025330069869448829255

0.2956227971470980491911963343462

S311

0.0133362480184817717166547744056

0.1543949248731168427369921195673
0.5227506462276968325151584695712

S311

0.0132305059002443927025030951440

0.0478156751378274921515148624255
0.2819739419928806028716278777811

76-points T-order rule

Ss

0.0282727667597935101461654674137

0.2000000000000000000000000000000

Sq1

0.0171637920155537955591265968365

0.2494020893093779695674000557470

S32

0.0084262904177368737487641566458

0.0390279956601069690478223468028

S32

0.0151633627560453145809862914879

0.1283114044638121921594658569279

Ss11

0.0041099348414815560204478025486

0.0338474709865642635279969618386
0.7462624286813390611020624803775

Sa21

0.0189271014864994836117247005365

0.0448337964557961849763900084527
0.2098710857162324764262981778162

110-points 8-order rule

Sa1

0.0209889631062033488284471858741

0.1064160632601420588468274348524

Sq1

0.0025569304299619087111133529054

0.0405432824126613113549340882657

S32

0.0153364140237452308225281532013

0.0553205204859791157778648564000

S32

0.0143413703554045577679712361587

0.1329849247207488765271172398305

S32

0.0219839063571691797013874119590

0.2921649623679039933512390863408

S311

0.0036998351176104420717284969383

0.0333398788668747287190327986033
0.6960284779140254845117282473257

S311

0.0102875153954967332446050836803

0.1749055465990825034189472406388
0.4713583394803434080155451322627

Sa21

0.0028635538231280174352219226847

0.2139955562978852147651302856947
0.0055794471455235244097015787040
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Table 4. Quadrature rule on d = 5 dimensional simplex.

Orbit | Weight

Abscissas

27-points 4-order rule

Se

0.2380952380952380952380952380952

0.1666666666666666666666666666667

Ss1

0.0476190476190476190476190476190

0.0833333333333333333333333333333

S33

0.0238095238095238095238095238095

0.3110042339640731077939538617922

37-points 5-order rule

Se

0.1537202203084293617727126367247

0.1666666666666666666666666666667

Ss1

0.0289106224493151615615928162885

0.0750000000000000000000000000000

S42

0.0272301053298578547025239158396

0.0620931177937680448262436473512

S42

0.0176242976698541232213247818634

0.2494113069849930171206590075161

102-points 6-order rule

Ss1

0.0220609777699918416385171809216

0.0936784796657907179507883184494

Ss1

0.0010288939840293747752001192602

0.0270566434340766625713558698570

Sq2

0.0156264172618719457418380080610

0.0653950986037339179722692404805

Sq2

0.0278282494445825546266341924031

0.2298844181626658901051213339390

S321

0.0034940128146509199331768865324

0.0182868036924305667708203585711
0.1963426392615138866458359282858

137-points 7-order rule

Ss1

0.0251079912995851246690568379932

0.1962505998027202386302784835916

Ss1

0.0268181773072546325688248594140

0.1073064529494792948889112833415

Sq2

0.0088856106397381008037487732556

0.0499693465734168548516130660759

S33

0.0155965105537609568596496409074

0.2812294050576655725449341659515

Sa11

0.0013215130252633881273492640567

0.0287356582492413683812555969369
0.7243025794534749187969716773294

S321

0.0033930537821628193917167912812

0.1573270862326151676898601262299
0.0036548286115748769147071291765

257-points 8-order rule

Ss1

0.0176303711895221798359615170829

0.1062079269440531427851821818230

Ss1

0.0022261212103870366035563829745

0.0445128753938546747539305403018

S42

0.0166747305797216127029493671085

0.2215271654487921945556436076078

Ss3

0.0039660204626209654516270279365

0.0287362439702382298273521354305

Sq11

0.0013712761289024193505102030670

0.0302807316628161184245512327246
0.5742625240747101119061964222732

S321

0.0009261971752463936292941257741

0.0178653742410041824343316617132
0.1599485035546596050768099856676

S321

0.0048311921097760693226621205033

0.0971175464224689537586197747871
0.3509135920039025566598219642999

S321

0.0027473006113980140692238444274

0.1542598417836536904457879818959
0.0175301902661063495789625995714
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Table 5. Quadrature rule on d = 6 dimensional simplex.

Orbit | Weight

Abscissas

43-points 4-order rule

S7

0.1668996242406426424065553487802

0.1428571428571428571428571428571

Se1

0.0271661981514270076903673620086

0.0712015434701090173255254362504

Sy3

0.0183696282485533801074535176331

0.0378762710421960021962053657298

64-points 5-order rule

St

0.1055608940320069322326417879346

0.1428571428571428571428571428571

Se1

0.0242990419532018650013794612051

0.0715539250843990305857473101707

Ss2

0.0117134616879203157617441588591

0.0506772832103077178123184150643

S43

0.0136675176242643823360307042168

0.2304358521244036512024566237956

175-points 6-order rule

Se1

0.0004610493156525528548408228337

0.0250990960487081544700908516534

Se1

0.0130199167458605046501306895616

0.1640882485030238802990581503886

Ss2

0.0020306497109021799567911952305

0.0278440785001665193354091212251

Sy3

0.0162220926263431272900952737070

0.0542711738847223476721544566326

S421

0.0028115843020805082211357117490

0.1203196589728741910526848418155
0.0037549817118180216976885119286

266-points 7-order rule

Se1

0.0103583726453788825261551030659

0.1655537069170340713573624387430

Ss2

0.0127946542771734405339991326892

0.0800416917413849453828158790868

Ss2

0.0038665797691560684680540249746

0.0462060207372654835707639356206

Sy3

0.0068482273738159415062980403942

0.2251626772370571673652419443913

S43

0.0013006546667652760792540506406

0.0140208383611713481747343760562

Ss11

0.0005321899098570485728489000218

0.0246678063639990490447074776734
0.1759636130065151239491183217936

S421

0.0025718345607151378830459140997

0.1242831811867119456481842408470
0.0063723131014287473559192490677

553-points 8-order rule

Se1

0.0119576998439189095322140668380

0.1646768753323421340942870425551

Se1

0.0170033855208889021739988777538

0.1010702610627718250051913258275

Se1

0.0015763271020889357220309420300

0.0445013301458845571180677283528

S43

0.0029960134851163901478666677698

0.0444259533505434743654069329655

Sy3

0.0057810264432097073309950803359

0.221105127160745266073956 7583653

Ss11

0.0007096981072933306194796057518

0.0303842211182356803799849235650
0.2575978419615841769164822870809

S421

0.0003172772160146728270743668040

0.0126686383758556644736172343255
0.2101770124793451029895811597503

S421

0.0015276586289853906949163952851

0.1232675348992300327954722629436
0.0050316009864769548591929730662

S322

0.0012167434809951561924521816620

0.0955868297374816410778226310866
0.3377885686906383657970155568362
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The integrals that enter the variational functional (5) on the domain 2;,(2) =

U?Zl Ay, are expressed via the integrals, calculated on the element A,, and
recalculated to the local coordinates x on the element A,

/A dzgo(Z)@i’(Z)wff(Z)V(Z)=J/ dgo(2(x)) ] (x)ey, (2)V (2(x)), (13)

q A

07 (2) 0y (2)
/A ngsls2(Z) aZSI 8252

Ol (x) L, (x
IS S /A Qg (2(a)) 2202) 020 (@)

thotae1 thl (‘3xt2

q

where J = det J>0 is the determinant of the matrix .J from Eq. (12), JS_1 saitits =
(J_l)tlsl(J_l)t2527 dr =dx; ...dxg.

In the local coordinates, the LIP ¢P(z) is equal to one at the node point &,
characterized by the numbers [ng, n1,...,nq], and zero at the remaining node
points &/, i.e., p,.(£.) = 0, are determmed by Eq.(7) at H(0;2) =1—21—...—
zq, H(1; z)—x“1—1 ,d:

d n;—1

no—1
=111 = "i“’n““ —ramelp gy

1o /P —nifp no/p—no/p

Integrals (13) are evaluated using the Gaussian quadrature of the order 2p.
Let &, and ®@,,(2) be exact solutions of Eq.(9) and " and ®" be the
corresponding numerical solutions. Then the following estimations are valid [20]

lem — eml| < calem h®, [P (2) = Ppllo < col Em|A7H, (15)

where [|a(2)]|3 = (a(2)|a(z)), h is the maximal step of the finite-element grid, m
is the number of the corresponding solution, and the positive constants ¢; and
co do not depend on the step h.

To solve the generalized eigenvalue problem (9), we choose the subspace iter-
ation method [3,20] elaborated by Bathe [3] for the solution of large symmetric
banded-matrix eigenvalue problems. This method uses the skyline storage mode
which stores the components of the matrix column vectors within the banded
region of the matrix, and is ideally suited for banded finite-element matrices.

4 Construction of the d-dimensional Quadrature
Formulas

Let us construct the d-dimensional p-ordered quadrature formula

/sz \A|ij (z), =(z1,...,24), dz=dz ...dzq, (16)

q
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for integration over the d-dimensional simplex A, with vertices 2; = (2.1, 2i2, - . -,
%), 1 =0,..., d, which is exact for all polynomials of the variables z1,..., 24
of degree not exceeding p, where n; is the number of nodes that is determined
during the calculation process. In Eq. (16), w;, j = 1,...,n; are the weights and
zj = (zj1,%52, - ., %jq) are the coordinates of nodes. |A4| denotes the volume of
A,. For each node z;, instead of sets of d coordinates we use the sets of d + 1
barycentric coordinates (BC) (zjo,zj1,...,%jq):

Zj :$j020+-~-+17jd5d, Ij0+---+mjd: 1. (17)

For this purpose, we introduce the local coordinate system x = (1, 22,...,2q)
and (12). Therefore, without loss of generality, we construct the d-dimensional
p-ordered quadrature formula (16) on the standard simplex A with vertices
;= (Tj1,.--,%5d), Tjk = Ojk, j = 0,...,d, k = 1,...,d, which is exact for
all polynomials of the variables z1,...,z4 of degree not exceeding p:

/ dxV (x = ij (@jos -y Tjd)- (18)
A
Since the following formula is valid for all permutations (lg,. .., lq) of (ko,. .., kq):

d 1
/ da:mlll...xild(l—mf...fxd)lo :41_[71:3]%. )
A (d+2i:0 ki>!

we consider the fully symmetric Gaussian quadratures

/Asz d'ij Z V(Zjo0, Tjr1,- - s Tjgd), (19)

-Jd
where the internal summation by jo, ..., jq is carried out over the different per-
mutations of (z;o, z;1,...,%;q). Table 1 presents the orbits and the corresponding

number of different permutations for d = 3,4, 5, 6. Here, for example, the orbit
S331 at d = 6 contains BC («, o, o0, 3,5, 8,7), « # B # v, a #7v,3a+38+y=1
and their different 140 permutations.

Substituting a monomial of the order not exceeding p in Eq. (19) instead
of V(x), we arrive at a system of nonlinear algebraic equations, that using the
Vieta theorem reduces to the form:

1 I
/Adxsl;séf X ..o X s = 7 Zw]QJ stjg X ... X s]ffﬁll, (20)
212 + 3[3 + ...+ (d + 1)ld+1 S p, (21)

where

d d
Z TiTj, ..., Sdt1 = qu (22)
=0

i=0,j#i
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Sji, t =2,...,d+1, are their values in the BC (xjo, xj1, - .., q), and Q; is the
number of different permutation of the BC. As in Ref. [15], instead of Eq. (22),
we can use

sp=» al, j=2...d+1 (23)

The number of all [; > 0 solutions of Eq. (21) provides the minimal num-
ber of independent nonlinear equations for the quadrature formula of the order
p. It means that we can obtain a set of independent polynomials by adding
new polynomials when increasing the order p. Below the first few independent
polynomials of the order not exceeding p < 6 for d > 5 are presented:

Vi(z) = s, for p =1,
Va(z) = 52, for p =2,

Vi(x) = s3, for p = 3, (24)
‘/21(1'):33,‘/5(1')284, fOI‘p:4,
Vs(z) = sas3, V7(x) = s5, for p =5,

Va(x) = 83, Vo(z) = 82, Vip(x) = 5284, V11(x) = s6, for p = 6.

We consider fully symmetric rules with positive weights, and no points are
outside the simplex (the so-called PI-type).

The n,-points p-order quadrature rules are constructed with Algorithm 1 [21]
implemented by us in Maple and Fortran:

— for each decomposition n, do

repeat
1. Randomly choose an initial guess for the unknowns n;.
2. Find a least square solution to Egs. (20), (21) using a quasi-Newton
algorithm.
3. If a PI-type solution is found satisfying Eqgs. (20), (21), with sufficient
accuracy, go to Step 4.
until maximum number of initial guesses tried.
— end for
— Stop.
— 4. Minimize the nonlinear equation for unknowns n; using the Levenberg—
Marquardt algorithm with high accuracy [12,14].

The Levenberg—Marquardt Algorithm 2:
Let f(x) be twice differentiable with respect to the variable x = (z1, ..., 2,).
We consider the minimization

min (). (25)

1. Start with an initial value xg, in .S, an initial damping parameter Ay, and a
scaling parameter p. For £ > 0 do the following:
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2. Determine a trial iterate y, using
y = xi — (Hy(xp) + A diag(Hy(x1))) ™ Vf(xa), (26)

with A = A\gp~ L.

3. If f(y) < f(xx), where y is determined in Step 2, then set x4 = y and
Akt1 = MApp L. Return to Step 2, replace k with k + 1, and compute a new
trial iterate.

4. If f(y) > f(xx) in Step 3, determine a new trial iterate, y, using (26) with
A=Ak

5 If f(y) < f(xx), where y is determined in Step 4, then set xx411 = y and
Ak+1 = Ag. Return to Step 2, replace k with k£ + 1, and compute a new trial
iterate.

6. If f(y) > f(xx) in Step 5, then determine the smallest value of m so that when
a trial iterate y is computed using (26) with A = App™, then f(y) < f(xx).
Set xip+1 =y and A\p41 = Agp™. Return to Step 2, replace k with k + 1, and
compute a new trial iterate.

7. Terminate the algorithm when ||V f(xx)|| < €, where € is the specified toler-
ance.

In the above Algorithm 2, V f(x), Hy(x) are the gradient vector and the Hes-
sian matrix functions of f(x), respectively. diag(Hs(x)) is the diagonal matrix
of the Hessian matrix function Hy(x).

The weights (W) and the BC of PI-type rules of order p are presented in
Tables 2, 3, 4 and 5. Here, for example, for the orbit S42; at d = 6 contains the
BC (o, o, 0, 3, 3,7), @ # B # v, a # v and their different 105 permutations.
We present « in the first line and 3 in the second line, since « is expressed in
terms of «, 0, i.e., v = 1 — 4a — 2(6. The rules of the fifth and sixth order on
tetrahedra coincide with the results of Ref. [2]. We believe that at least some of
the rules presented in this paper are new. But we can not guarantee that the
presented numbers of points of high-order quadrature rules are minimal. Note
that up to the order p = 6 W and BC were calculated using Maple with 32
significant digits. For p > 6, W and BC were calculated using Fortran with 10
significant digits (the first three steps of Algorithm 1). These calculations were
performed using the Central Information and Computer Complex, and HybriLIT
heterogeneous computing cluster at JINR. Starting from the approximate values
found with the Fortran code, W and BC were then calculated in Maple with 32
significant digits.

5 BVP for Helmholtz Equation in a d-dimensional
Hypercube

For benchmark calculations, we use the BVP for the Helmholtz equation (HEQ)
with the boundary condition (II) in a d-dimensional hypercube with the edge
length 7. Since the variables are separated, the eigenvalues E,, = Ey,, ... m, are
sums of squared integers, E,, = Ep,.  m, = m3 + ... +m3 mp = 0,1,...,
k=1,...,d.
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Fig.1. (a) Division of a 3D cube into 3! = 6 equal tetrahedrons (T1,...,T6). (b)
The error APg(z1, 22,23) = |€15§ (21, 22, 23) — Ps(z1, 22, 23)| for the eighth eigenfunction
DL (21,22, 23) at fixed z3 = 7/9, calculated using FEM with third-order LIPs versus
the exact eigenfunction @s(z1, 22, 23) corresponding to the eigenvalue Eg = 3. Here the
cube is divided into 2% cubes, each comprised of 6 tetrahedrons. The isolines marked 1
correspond to the values of Ad®g(z1, 22, z3) = APF** /10, the isolines marked 2 corre-
spond to the values of A®g(z1, 22, 23) = 2AP5**/10,..., at APF** ~ 0.018.

Assertion (see also [16]). The hypercube is divided into d! equal simplices. The
vertices of each simplex are located on broken lines composed of d mutually
perpendicular edges, and the extreme vertices of all polygons are located on one
of the diagonals of the hypercube (for d = 3 see Fig. 1a).

Algorithm 3.

Input. A single d-dimensional hypercube with vertices the coordinates of
which are either 0 or 1 in the Euclidean space R%. The chosen diagonal of the
hypercube connects the vertices with the coordinates (0,...,0) and (1,...,1).
Output. z,?) = (z,(jl), o z,(jd)), the coordinates of the ith simplex.

Local. The coordinates of the vertices of the polygonal line are z;, = (2k1, .
de)7 kZO,,d

1. For all ¢ = (i1, ...,iq), the permutations of the numbers (1,...,d):

1.1. Forallk=0,....dand s =1,...,d: 2", = {1,i, < k,;0,i, > k}

1.2. If de‘c(z',(js))zsz1 = —1 then z,(;d) o z,igfl.

3D HEQ for the cube. In Fig. 1b, we show the error APg(z1, 29, z3) for the
eighth eigenfunction ®f (21, 22, 23) at fixed 23 = 7/9, calculated using FEM with
third-order LIPs versus the exact eigenfunction ®g(z1, 22, 2z3) corresponding to
the eigenvalue Eg = 3. In Fig. 2a, we also show the maximal error A®g?* for
the exact eighth eigenfunction ®g(z1, 22, 23) calculated using FEM with LIPs of
the orders p = 3,4,5 versus the number N of piecewise basis functions N/ (z)
in the expansion (8). In Fig.2b, we show the error of eigenvalues of the 3D
BVP for the HEQ at d = 3 with the boundary condition (II) using the FEM
scheme with 3D LIP of the order p = 6. As seen from Fig. 2, the errors of the
eigenfunctions and eigenvalues lie on parallel lines in the double logarithmic scale

ey
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Fig. 2. (a) The maximal error A®F** = max,, € (0,7),22 € (0,7),2z3 € (0,7)]

@g(zl,ZQ,z;:,) — Pg(z1,22,23)| for the exact eighth eigenfunction ®g(z1,22,23) calcu-
lated using FEM with LIPs of the orders p = 3,4, 5 versus the number N of piecewise
basis functions N7 (z) in the expansion (8). (b)The error AE,, = E, — E,, calculated
using FEM with sixth-order LIPs versus the exact eigenvalue E,,. Squares: the cube
divided into 6 tetrahedrons. Circles: the cube divided into 23 cubes, each comprised
of 6 tetrahedrons. Solid circles: the cube divided into 4% cubes, each comprised of 6
tetrahedrons.

Table 6. The lower part of the exact spectrum E,, and the calculated spectrum E”,
for the 6D hypercube.

E.| El,

0 |0.183360983479286 e—10

1 | 1.00023, 1.00034, 1.00034, 1.00034, 1.00034, 1.00034

2 2.04760, 2.04760, 2.04760, 2.04760, 2.04760, 2.04760, 2.04760, 2.04760,

2.04760, 2.07391, 2.08478, 2.08478, 2.08478, 2.08478, 2.08478

3 |3.15060, 3.15196, 3.15196, 3.15196, 3.15196, 3.15196, 3.15780, 3.15780,
3.15780, 3.15780, 3.15780, 3.16319, 3.16319, 3.16319, 3.16319, 3.16319,
3.16319, 3.16319, 3.16319, 3.16319

which agrees with the theoretical error estimates (15) for the eigenfunctions and
eigenvalues depending on the maximal size of the finite element. For a cube with
the edge 7 divided into 43 cubes, each of them comprising 6 tetrahedrons, the
matrices A and B had the dimension 15625 x 15625. The matrices A and B were
calculated in two ways: analytically or with Gaussian quadratures from Sect. 4
using Maple 2015, 2x 8-core Xeon E5-2667 v2 3.3 GHz, 512 GB RAM, GPU Tesla
2075. For the considered task, the values of matrix elements agree with Gaussian
quadratures up to the order 10 with given accuracy. The generalized algebraic
eigenvalue problem (9) was solved during 20 min using Intel Fortran.

6D HEQ for the hypercube. We solved HEQ at d = 6 with the boundary
condition (II) using FEM scheme with 6D LIP of the order p = 3. The 6D
hypercube having the edge m was divided into n = d! = 6! = 720 simplexes
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(the size of the finite element being equal to 7). On each of them Np(p) =
(p+ d)!/(d!p!) = 84 third-order LIPs were used. The matrices A and B had the
dimension 4096 x 4096. The lower part of the spectrum F,, is shown in Table 6.
The errors of the second, the third, and the fourth degenerate eigenvalue are
equal to 0.0003, 0.05, and 0.15, respectively. Note that applying the third-order
scheme for solving the BVPs of smaller dimension d, we obtained errors of the
same order. The calculation time was 9234.46 s using Maple 2015.

6 Conclusion

We have elaborated new calculation schemes, algorithms, and programs for
solving the multidimensional elliptic BVP using the high-accuracy FEM with
simplex elements. The elaborated symbolic-numerical algorithms and programs
implemented in Maple-Fortran environment calculate multivariate finite ele-
ments in the simplex and the fully symmetric PI Gaussian quadrature rules.
We demonstrated the efficiency of the proposed finite element schemes, algo-
rithms, and codes by benchmark calculations of BVPs for Helmholtz equation
of cube and hypercube. The developed approach is aimed at calculations of the
spectral characteristics of nuclei models and electromagnetic transitions [7,11].
This will be done in our next publications.
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Abstract. The dynamics of the rotational motion of a satellite, sub-
jected to the action of gravitational, aerodynamic and damping torques
in a circular orbit is investigated. Our approach combines methods of
symbolic study of the nonlinear algebraic system that determines equi-
librium orientations of a satellite under the action of the external torques
and numerical integration of the system of linear ordinary differential
equations describing the dynamics of the satellite. An algorithm for the
construction of a Grébner basis was implemented for determining the
equilibria of the satellite for specified values of the aerodynamic torque,
damping coefficients, and principal central moments of inertia. Both the
conditions of the satellite’s equilibria existence and the conditions of
asymptotic stability of these equilibria were obtained. The transition
decay processes of the spatial oscillations of the satellite for various sys-
tem parameters have also been studied.

1 Introduction

The study of the satellite dynamics under the influence of gravitational and aero-
dynamic torques is an important topic for practical implementation of attitude
control systems of the artificial satellites. The gravity orientation systems are
based on the result that a satellite with unequal moments of inertia in the cen-
tral Newtonian force field in a circular orbit has stable equilibrium orientations
[1-3]. An important property of the gravity orientation systems is that these
systems can operate for a long time without fuel consumption. However, at alti-
tudes from 250 up to 500 km, the rotational motion of a satellite is subjected to
aerodynamic torque too. Therefore, it is necessary to study the joint action of
gravitational and aerodynamic torques and, in particular, to analyze the possi-
ble satellite equilibria and conditions of stability of these equilibria in a circular
orbit. The dynamics of a satellite subjected to gravitational and aerodynamic
torques was considered in many papers indicated in [2]. The problem of deter-
mining the classes of equilibrium orientations for general values of aerodynamic
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torque was considered in [4-6]. In [7,8], some equilibrium orientations were found
in special cases, when the center of pressure is located on a satellite’s principal
central axis of inertia and on a satellite’s principal central plane of inertia. In
[9], all equilibrium orientations were found in the case of axisymmetric satellite.
In [10], all cases when the center of pressure is located in the satellite’s principal
central plane of inertia were considered using Computer Algebra methods. The
basic problems of the satellite dynamics with an aerodynamic attitude control
system have been presented in [2,6,11]. In [11], necessary and sufficient condi-
tions for the stability of the aligned equilibrium position of the satellite with the
aerodynamic orientation system using the damping moments of the gyroscopes
were obtained.

In this paper, we consider a new problem, when the satellite is subjected
to aerodynamic, gravitational, and active damping torques. The dynamics of
the gravitationally-oriented satellite under the action of the damping torque,
without taking into account the influence of the atmosphere on the motion of
the satellite, was studied in detail in [12]. The main extension here, in comparison
with [12], is the consideration of the additional influence of the atmosphere on
the dynamics of the satellite under the action of the damping torque. Adding the
action of the aerodynamic moment to the satellite leads to the appearance of new
parameters in the equations of motion, which complicates their solution, but at
the same time, it allows us to obtain new equilibrium solutions. In particular, the
appearance of an additional aerodynamic parameter in the algebraic equations
determining the stationary motions of the satellite seriously affects the runtime
and memory requirements of symbolic computations for solving these equations.

We assume that the center of pressure of aerodynamic forces is located on
one of the principal central axes of inertia of the satellite and the damping
torque depends on the projections of the angular velocity of the satellite. This
damping torque may be provided by using the angular velocity sensors. The
action of damping torques can ensure the asymptotic stability of the equilibria
of the satellite with aerodynamic attitude control system. The investigation of
satellite equilibria was performed by using the Computer Algebra Grébner basis
methods. The regions with an equal number of equilibria were specified by using
the Meiman theorem [19] for the construction of discriminant hypersurfaces. The
conditions of equilibria stability are determined as a result of an analysis of the
linearized equations of motion using the Routh—-Hurwitz criterion [20]. The types
of transition decay processes of spatial oscillations of the satellite at different
aerodynamic and damping parameters have been investigated numerically.

The question of finding regions of parameter space with certain equilibria
properties also occurred in relevance to a biology problem and was presented at
the CASC 2017 Workshop [21].

2 Equations of Motion

Consider the attitude motion of the satellite subjected to gravitational, aerody-
namic, and damping torques in a circular orbit. We assume that the satellite is
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a triaxial rigid body, and active damping torques depend on the projections of
the angular velocity of the satellite.

To write the equations of motion we introduce two right-handed Cartesian
coordinate systems with origin at the satellite’s center of mass O. The orbital
coordinate system is OXY Z, where the OZ axis is directed along the radius
vector from the Earth center of mass to the satellite center of mass; the OX axis
is in the direction of the satellite orbital motion. Then, the OY axis is directed
along the normal to the orbital plane. The satellite body coordinate system is
Ozyz, where Oz, Oy, and Oz are the principal central axes of inertia of the
satellite. The orientation of the satellite body coordinate system Ozyz with
respect to the orbital coordinate system is determined by means of the aircraft
angles of pitch («), yaw (8), and roll (y) (Fig. 1), and the direction cosines in
the transformation matrix between the orbital coordinate system OXY Z and
Oxyz are expressed in terms of aircraft angles using the relations [2]:

os(x, X ) = cosacos 3,

Q

ail =
a1 = cos(y, = sin asiny — cos a sin 3 cos 7,

)
X)

ays = cos(z, X) = sina cosy + cos asin §sin 7,
Y)

ag1 = cos(z, = sin 3,

= cos 3 cos ", (1)
as3 = cos(z,Y) = —cos Bsiny,
as1 = Ccos = —sinacos 3,

asa = cos(y, Z) = cos asiny + sin o sin 3 cos 7y,

(
(
(
(
asy = cos(y,Y)
(2,Y)
(z,2)
(y,2)
(2, 2)

aszs3 = cos(z, = cos oSy — sin asin (3 sin 7.
For small oscillations of the satellite, the angles of pitch, yaw, and roll correspond
to the rotations around the OY, OZ, and OX axes, respectively.

In the derivation of the equations of motion, we will make the following
assumptions [2]:

(1) the atmospheric effect on the satellite is reduced to the drag force applied
at the center of pressure and directed against the velocity of the satellite
center of mass relative to the air; the pressure center is located on the axis
Oz of the satellite. This assumption is fulfilled accurately enough for the
shape of the satellite close to the spherical;

(2) the atmospheric effect on the translational motion of the satellite is negligi-
ble;

(1) the atmospheric drag by the rotating Earth is neglected.

These assumptions make it possible to simplify the mathematical model of
the effect of the atmosphere on the rotational motion of the satellite and neglect
its influence on the parameters of the circular orbit.

Let the damping torque, in addition to the aerodynamic torque, act on the
satellite. Their integral vector projections on the axis Oz, Oy, and Oz are equal
to the following values: M, = kip1, M, = k2g1, and M, = ksri. Here kq, ko, and

mmonagan@cecm.sfu.ca



Symbolic-Numeric Simulation of Satellite Dynamics 217

k3 are the damping coefficients; p1, ¢1, and 7| are the projections of the satellite
angular velocity vector onto the axes Oz, Oy, and Oz; wy is the angular velocity
of the orbital motion of the satellite’s center of mass. Then the equations of
satellite attitude motion can be written in the Euler form:

Api + (C = B)qir1 — 3w3(C — B)assass + kipr = 0,
Bq, + (A — C)rip1 — 3wi (A — C)aziazs + wiHyays + keqy = 0,
Cri + (B—A)piq1 — 3w§(B — A)azjazs — ng1a12 + kg, =0, (2)

where

p1= (O/ + wo)azg1 + ’Y',
1 = (&' + wp)age + B sin~, (3)
r1 = (o +wo)azs + ' cos.

Moreover, here A, B, and C are the principal central moments of inertia of the
satellite. And H; = —Qa/w3, Q is the drag force acting on the satellite, and
(a,0,0) are the coordinates of the satellite center of pressure in the reference
frame Ozyz. For the aerodynamically stable construction of the satellite, the
center of pressure lies behind its center of gravity and, therefore, a < 0. The
prime denotes the differentiation with respect to time ¢.

Over the systems (2) and (3) applying the change of variables (p,q,7) =
(p1/wo, q1/wo,r1/wp) and after this introducing dimensionless parameters 04 =
A/B 90 = C/B kl = kl/me kz = kQ/Bwo, ]{33 = kg,/BuJ(), h1 = H1/B and
T = wopt, we can rewrite (2) and (3), and finally put respectively (because it is
transforming (2) and (3))

04p + (00 — 1)gr — 3(0c — 1)azsass + kip = 0,
G+ (0a—0c)rp—3(0a — Oc)asiass + hiaiz + kag =0, (4)
Ocr 4+ (1 —04)pg — 3(1 — Oa)aziazz — hiarz + ksr =0,

where

p=(&+1az +7,
q=(&+ 1)ags + Bsiny, (5)
r = (& + 1)ags + Bcos.

The dot denotes the differentiation with respect to 7.

3 Equilibrium Orientations of Satellite

Assuming the initial condition («, 3,7) = (g = const, By = const,yy = const)
and also A # B # C (04 # 0c # 1), we obtain from (4) and (5) the equations
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a22a93 — 3az2a33 + kasy = 0,
(1 — v)(ag1a23 — 3asziass) + h(aziase — azzasy) + kaze =0, (6)

V(a21a22 - 3a31a32) - h(a23a31 - 021033) + kazz =0,

which allow us to determine the satellite equilibria in the orbital coordinate
system. Here we consider the special case when k1/(6c —1) = ko/(1 — 6¢) =
ks3/(1 — O¢) = k. This reduction in the number of parameters makes it possible
to simplify the system of equations and solve the problem. In (6), h = hy/(1—6¢)
and v=(1-04)/(1—-0¢c).

Substituting the expressions for the direction cosines from (1) in terms of the
aircraft angles into Eq. (6), we obtain three equations with three unknowns «,
3, and ~y. Another way of closing Eq. (6) is to add the following three conditions
for the orthogonality of direction cosines:

a3 + a3y +a33 — 1 =0,
a3 + a3y +a3s —1=0, (7)

ag1a31 + az2a32 + azzasz = 0.

Equations (6) and (7) form a closed system of equations with respect to the
six direction cosines identifying the satellite equilibrium orientations. For this
system of equations, we formulate the following problem: for given values of
h, k, and v, it is required to determine all the nine directional cosines, i.e., all
satellite equilibrium orientations in the orbital coordinate system. After as1, aso,
as3, asi, ase, and asz are found, the direction cosines a1, a12, and a3 can be
determined from the conditions of orthogonality.

To find solutions of the algebraic system (6), (7) we used the algorithm
for constructing the Grébner bases [13]. The method for constructing a Grébner
basis is an algorithmic procedure for complete reduction of the problem involving
systems of polynomials in many variables to consideration of a polynomial in one
variable.

In our study, for Grébner bases construction, we applied the command
Groebner [Basis] from the package Groebner implemented in the computer
algebra system Maple 15 [14]. We constructed the Grobner basis of the system of
six second-order polynomials (6), (7) with six variables a;; (i = 2,3;j =1,2,3),
with respect to the lexicographic ordering of variables by using option plex. In
the list of polynomials F:=[f;,i = 1,2,3,4,5,6], f; are the left—-hand sides of the
algebraic equations (6), (7). Thus, the Maple command used was as follows:

G:=map(factor,Groebner[Basis] (F,plex(a31,a32,a33,a21,a22,a23)));

Here, calculating the Grobner basis over the field of rational functions in h,
k, and v we compute the generic solutions of our problem only. In our task from
the area of the satellite dynamics with aerodynamic attitude control system, the
main goal of the study is to estimate a range of system parameters for which the
satellite’s equilibria exist.

It should be taking into account that in practice, it is difficult to ensure a
constant value of the aerodynamic moment on the orbit and there are errors
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of the angular velocity sensors and the errors of the signals, which generate
damping torques, the exact bifurcation values of the coefficients are very difficult
to obtain. We are interested in estimating the size of regions in the space of
system parameters where equilibria exist. In the case of parametric dynamical
system solving, when the parameters reach non-generic solutions, the symbolic
application based on comprehensive Grobner bases [15], discriminant varieties
[16], and comprehensive triangular decomposition [17,18] methods are used. In
our task, we did not use these methods because we did not consider the cases
of bifurcation values of the parameters, and for our problem, these methods are
rather complicated.

Here we write down the polynomial in the Grobner basis that depends only
on one variable x = ag3. This polynomial has the form

P(z) = Py(z)Py(x) =0, (8)

where

=ax(x? - 1),

pox* + p1a® + po =0,

(16(k* + (1 — v)?)(k* + v2)h*
— 24(k? + v(1 — 1)) (K — 20(1 — v))* B2
+9(k2 — 2v(1 — u))4)27

p1 = —h? (64(k2 + 402 (k? 4+ (1 — v)?)?R8
+ 16((2 + 8v)k® + (720 — 500 + 8v + 7)k°
— 4(1 — v) (48" — 58v° + 2002 — 8v + 1)k*
+ 4v(1 — v)?(32v* — 10402 + 10002 — 25v + 6) k>
+1920°((1 — v)®)h® +12(k* — 2v(1 — v))*((40v — 21)k°
+ 4(320° — 280% + 50 4 6)k*
+ 4(1 — v)(560* — 7803 + 24v° 4 13v + 3)k?
+ 2880%(1 — v)*)n*
— 36(k* — 2v(1 — v)*(2(8v — 5)k* + (161° — 241 4 17)
+48u(1 — v)?)h? + 27(k* — 20(1 — 1)) °((8v — B)k?
+ 12(1 = v)?)),
P2 = pP21P22;

po1 = —h*E*(K? + 4% — 6v)?

poo = 4(k* + 4v?)h0 — 4(4k* + (1402 — 2v 4+ 1)k?
+ 4% (1 + 4v — 5v2)h?
+3(k2 — 20(1 — ) (TK* + 8v + 4)h? — 9(k* — 20(1 — 1)) ™.

The left-hand side of (8) becomes zero under the conditions P; (z) = 0, P2(x) = 0.
Whence follows that in order to determine the equilibria it is required to consider

Py(x)
( )
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separately the three cases: the first a3, = 1, the second a3 = 0, and the third
P5(az3) = 0. It should also be taken into account that equilibrium solutions are
determined only by such real roots (8) whose absolute values should be less than
or equal to 1.

In the first case, when ags = £1, (a21 = a2 = 0), system (6), (7) takes the
form

— 3vaziazz — haziazs + kazz = 0,
agl + a§2 = ]-a
0,33 = la (9)

asz = ag1 = az = 0.
The first two equations of system (9) can be written in a simpler form

Ps(azz) = 9v%a3, + 6vhad, + (h? — 9v%)a2, F 6rhasy + k* —h%* =0, (10)
k

T L—
431 (31/@32 + h)

Having solved system (10), one can determine all six direction cosines of system
(9). The number of real roots of equations (10) does not exceed 8. It is possible
to show that each real root ags of equations (10) corresponds to one equilibrium
solution of the original system (6), (7).

In studying the satellite equilibrium orientations in the first case, we deter-
mine the conditions for the existence of real roots of equations (10). To identify
these conditions, we use the Meiman theorem [19], which yields that the decom-
position of the space of parameters into domains with equal number of real roots
is determined by the discriminant hypersurface.

In our case, the discriminant hypersurface is given by the discriminant of
polynomial Ps(ass). This hypersurface contains a component of codimension 1,
which is the boundary of domains with equal number of real roots. The set of
singular points of the discriminant hypersurface in the space of parameters k, h,
and v is given by the following system of algebraic equations:

P3(y) =0, Ps(y) =0. (11)

Here y = ags, and the prime denotes the differentiation with respect to y.

We eliminate the variable y from system (11) by calculating the determi-
nant of the resultant matrix of Eq. (11) and obtain an algebraic equation of the
discriminant hypersurface as

Py(k, h,v) = h® —(E*+270%)h +90% (20> +270%)h? — 9% (4k* —9v?)? = 0. (12)

Now we should check the change in the number of equilibria when the surface
(12) is intersected. This can be done numerically by determining the number of
equilibria at a point of each domain Py(k, h,v) = 0 in the space of parameters
k, h, and v.
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Figure 2 presents an example of the properties and form of the discriminant
hypersurface Py(k,h,v) = 0, which are two-dimensional cross sections of the
surface in the plane (k,h) at the fixed value of parameter v = 0.5. Figure2
shows the distributions of domains with equal number of real roots of Eq. (10)
and indicates the domains where four and two real solutions exist as well as the
domains where no real solutions exist (marked by 0).

In the second case, when a3 = 0, system (6), (7) takes the form

kaz1 — 3azzazs = 0,
kazs — 3(1 — v)aziass + h(aziazz — asaz;) = 0,
v(az1a29 — 3asiass) + hagiass = 0, (13)
a3, + a3, =1, asiasi + asase = 0,
azy + a3y + a3z —1=0.
From (13) we can obtain the following solutions:

ag) = asg =azy =0, a3y =1,
Ps(aszs) = 9(1 — v)2ass £ 6(1 — v)hais
+(h? =91 —v)Ha2; F6(1 — v)hass + k* — h? =0, (14)
k

B30 D) £ h

Note that if in the expressions for the coefficients P5 from (14) the term (1 —v)
is replaced by v, we obtain the form of the coefficients of the polynomial P; from
(10). Therefore, the conditions for the existence of real roots of Eq. (14) will be
determined by the discriminant (12), in which the term v is replaced by (1 —v).
For example, for the value v = 0.5, the conditions for the existence of real roots
of Egs. (10) and (14) will be the same (see Fig. 2).

Now let us consider the third case for which the satellite equilibria are deter-
mined by the real roots of the biquadratic equation Ps(ags) = 0 from (8). The
number of real roots of the biquadratic equation Ps(as3) = 0 is even and not
greater than 4. For each solution, one can find from the second polynomial from
the constructed Grobner basis two values of ase and, then, their respective val-
ues ag1. For each set of values as1, age, and asz, one can unambiguously define
from original system (6), (7) the respective values of the direction cosines asq,
a3z, and agz. Thus, each real root of the biquadratic Eq. (6) is matched with two
sets of values a;; (two equilibrium orientations). Since the number of real roots
of biquadratic Eq. (6) does not exceed 4, the satellite at the third case can have
no more than 8 equilibrium orientations.

Real solutions of the biquadratic equation from (8) exist in the case when
the discriminant

D(k,h,v) :p% — 4pop2 (15)

is non-negative. Using symbolic computations, it is possible to factorize the
discriminant (15) in rather simple form

D(k, h,v) = h*Dy (k, b, v) (Da(k, h,v))?, (16)
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where

Di(k,h,v) = 4h* + 4(k* — (1 +4v(1 — v))k* — 6v(1 — v)]h*
— (4k* = 9)[k* — 2v(1 — 1)),
Do(k,h,v) =27(k* —4(1 — v)?) (K* = 2v(1 — v))
—32((K* + (1 = )?)* (K? + 40*)h®
+ 24(4k® + (2207 — 120 — 1)k°
+2(1 —v)?(1 4 4v + k!
—4v(1 —v)?(6v — 2107 + 19° — 1)k?
+ 48v%(1 — v)°)n*
—18(k* — 20(1 — 1))’ (5k* 4+ 2(* + Tv — 5)k?
— 24v(1 —v)*)R>.

5

For the existence of real roots of biquadratic equation from (8), it is nec-
essary to satisfy the inequality D(k,h,v) > 0 (Di(k,h,v) > 0). In case of
the Dy(k,h,v) > 0 (Do(k,h,v) # 0) and 0 < a3; < 1 inequalities fulfill-
ment, biquadratic Eq. (8) has four real roots as3. The boundary of the regions
of the necessary conditions for the existence of these solutions is the curve
Dl(k, h, I/) =0.

The regions of the necessary conditions for the existence of the real solutions
of biquadratic Eq. (8) on the plane (k, h) are presented in Figs. 3 and 4 for v = 0.2
and v = 0.5. For the values v and (1 — v) these regions coincide.

Thus, from Eq. (8), we can obtain all possible values of the direction cosine
as3 and corresponding values asy, as22, asi, asze, and assg satisfying the initial
system (6), (7). Once the set of six values ag1, age, ass, asi, ase, and asz is
found, the remaining three values a11, a12, and a3 can be uniquely determined
from the conditions of the orthogonality of the directional cosines. So we can
determine all the equilibrium orientations of the satellite under the influence of
aerodynamic, gravitational, and damping torques.

4 Necessary and Sufficient Conditions of Asymptotic
Stability Of the Equilibrium Orientations of Satellite

In order to study the necessary and sufficient conditions of asymptotic stability
of the equilibrium orientations of System (6) and (7), let us linearize the system
of differential Egs. (4) and (5) in the vicinity of the specific equilibrium solution,
from the case 2 (a35 = 1,a21 = asz = 0):

a=ag, fo==0. (17)
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X

Fig. 1. Orientation of body—fixed axes with respect to the orbital coordinate system

Fig. 2. The regions with the fixed number of equilibria for v = 0.5 for the cases 1, 2
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Fig. 3. The regions where the necessary conditions for the existence of equilibria are
satisfied for v = 0.2 in case 3

-3 -2 -1 0 1 2 3

Fig. 4. The regions where the necessary conditions for the existence of equilibria are
satisfied for v = 0.5 in case 3
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Fig. 5. The transitional process of damping oscillations for kK = 1.0; h = 5.0

Here ay = arccos(ags), where ass is a real root of algebraic Eq. (14). We
represent «, 3, and v in the form o = ag+ @, 8 = o+ 3, ¥ = Y0+ 7, where &,
and 7 are small deviations from the equilibrium orientation (17) of the satellite.
The linearized system of equations of motion takes the following form:

a+(1-
GCE +(1-
+(1-
—(1-

0ay — (1 -
+(1-

Gc)ka + ((1 —0c)hcosap + 3(04 — b¢) cos 2040)64 =0,
00)145 —(0a+0c —1)7+ ((1 — bc)hcos ag
04)(1 + 3sin’ap)) B + (1.5(1 — 0.4) sin 20
0c)((1 = 04)k + hsinag))y =0,
)
)

0c)kA + (04 + O — 1)B + (1 — 0c)(1 + 3cos?ag)7
0c)(1.5sin 200 — k) = 0.
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Fig. 6. The transitional process of damping oscillations for & = 1.0; h = 25.0

The characteristic equation of system (18)
(A2 4+ Agi A + Ag2) (Aot + A NP + Ao + A3\ + Ay) =0 (19)

decomposes into quadratic and 4th degree equations. Here the following nota-
tions are introduced:

Aot = (1 —=0c)k, Aoz =(1—60c)hcosag+ 3(04 — 0¢) cos 2ay,
Ag=040c, A= (1-00)04—00)k,
Ay = (04400 —1)* = (1 —0c)%k* + (1 — 0c)(04h + Oc(1 + 3cos®ag))
+ 9,4(1 — 9A(1 + 3Sin2a0),
Az = k(1 —0¢0)((1 — 0c)(1 + 3cos®ag — heosag) — (1 — 0.4)(1 + 3sin®ap))
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+ (04 +0c — 1)((1 — 6¢)(hsinag + 1.5sin2ap) — 1.5(1 — 6.4)sin2a],
Ay = (1=0c)(1+ 3cos®ag) ((1 — Oc)heosag + (1 — 04)(1 + 3sin®ay))
+ (04 +0c — 1)((1 — 0¢c)(k + hsinag — 1.5(1 — 6.4)sin2ay).

The necessary and sufficient conditions for asymptotic stability (Routh—
Hurwitz criterion) of the equilibrium solution (17) take the following form:

(1—=0c)k >0, (1—0c)hcosag+3(0a—0c)cos2ag >0,

Ay = A; >0,

Ay = Ay Ay — AgAs > 0, (20)
Ay = Ay AsAs — AgA2 — A2A, > 0,

Ay = AgAq > 0.

The detailed analysis of the fulfillment of inequalities (20), under which necessary
and sufficient conditions for stability are satisfied was performed numerically for
fixed values of the parameters 04, 0¢, k, and h. One should take into account
also the following triangle inequalities for the real bodies, which parameters (6 4
and f¢) should fulfill: 64 + 6 > 1, 0+ 1 > 04, 64 + 1 > 6. The triangle
conditions isolate the infinite half-band in the (64, 0¢c) plane.

The numerical integration of system (4) and (5) was carried out for the fixed
values of the parameters 04, 0¢, k, and h where the conditions of asymptotic
stability (20) and the triangle inequalities hold. The different types of transition
decay processes of spatial oscillations of the satellite at different inertial, aero-
dynamic, and damping parameters are presented in Figs.5 and 6. The initial
values of variables in the calculations were taken to be equal to 0.001.

Figure 5 shows that for rather small values of the damping coefficient and
for small values of the aerodynamic torque (k = 1,h = 5; 4 = 0.7,0c = 0.4),
the system reaches the equilibrium solution (18) for « angle, when the 7 value
exceeds 15, and for § and ~ angles, when the 7 values are equal to about 10.
Here equilibrium value «p = arccos(agz) = —0.155 and ass = 0.988 is the real
root of algebraic Eq. (14).

When the value of the aerodynamic torque h increases the satellite oscillation
frequency increases in angles a and # and the time of the transient process for
h=25 k=10, (0a =0.7,0c =0.4) (Fig.6) is close to 15 for « angle and less
than 10 for 8 and v angles. In Fig.6, ag = —0.0377. The value of the o angle
approaches zero when the aerodynamic moment significantly increases.

In the case of the satellite with an aerogyroscopic stabilization system, when
studying the dynamics of this system in [11] it was also shown that the satel-
lite oscillation frequency increased in angles @ and § when the magnitude of
aerodynamic moment increased.

When the value of the damping coefficient increases, the time of the transient
process of the system to the equilibrium solution decreases, for example when
k=15 h=25 (04 =0.7,0c = 0.4), the time of the transient process is less
than 10 for all three angles. For k = 2.0, h = 25 (04 = 0.7,0c = 0.4), the
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transition time becomes less than 7 also for all three angles, which corresponds
to one satellite turnover in the orbit.

5 Conclusion

In this paper, we present the study of the dynamics of the rotational motion
of the satellite subject to the gravitational, aerodynamic, and active damping
torques, which depend on the projections of satellite angular velocity.

The computer algebra method (based on the construction of Grébner basis)
of determining all equilibrium orientations of the satellite in the orbital coordi-
nate system with given values of aerodynamic torque, damping coefficients and
principal central moments of inertia was presented. The conditions for existence
of these equilibria were obtained. We have made a detailed analysis of the evo-
lution of domains of existence of equilibrium orientations in the plane of system
parameters h and k for the fixed values of parameter v.

For the special equilibrium orientation, when two axes of the satellite-center-
ed coordinate system coincide with two axes of the orbital coordinate system,
the necessary and sufficient conditions for asymptotic stability are obtained.

The numerical study of the character of transient processes of system, enter-
ing the special equilibrium orientation, has been carried out for various values of
aerodynamic and damping parameters. It has been shown that there is a wide
range of values of aerodynamic and damping parameters from which, choosing
the required values of parameters, one can provide the asymptotic stability of the
equilibrium orientation. The obtained results can be used to design aerodynamic
attitude control systems for the artificial Earth satellites.

Acknowledgments. The authors thank the reviewers for very useful remarks and
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Abstract. We explain how to compute all the solutions of a nonlinear
integer problem using the algebraic test-sets associated to a suitable
linear subproblem. These test-sets are obtained using Grobner bases. The
main advantage of this method, compared to other available alternatives,
is its exactness within a quite good efficiency.

1 Introduction

In many real-life combinatorial optimization problems it is of great interest for
the decision-maker to have not only one solution, but the set of all optimal
solutions (see [15] or [11], for example). The information provided by this set can
give some unexpected insights about the features of the solutions, and sometimes
stands as a first step for multi-objective optimization as well.

On the other hand, sometimes these problems require nonlinear constraints
to be modeled properly. In [14] a method for problems of the form

min cz?t

s.t. Azt < bt
zen (1)
r e N"

where A € Z™*"™ ¢ € Z™,b € Z™ (operator t stands for transposition) and
the region {2 is finite and defined by linear and nonlinear constraints, was pro-
posed. This method makes use of the so called test-sets associated to the linear
subproblem
min cx?
s.t. Azt < bt (2)
x e N
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Definition 1. A set T C Z" is a test-set associated to problem 2 if T C ker(A),
and for any non optimal x feasible for 2 there exists a t € T such that x —t is
feasible and c(x —t) < c(z).

As a consequence of this definition, starting from an optimal point % of
problem 2 you can recover the set of all the feasible points, adding elements of
the test-set until you eventually complete all the feasible region. In this way, you
can obtain the optimal points of problem 1 walking back from the linear optimal
point until you reach the region {2. Technical details can be found in [14]. The
feasible region will be supposed finite, although this is not strictly necessary.

There are several ways of computing test-sets (as a matter of fact, they can be
computed depending only on the cost and the matrix of constraints, not taking
into account the right hand side, for example). One of the most efficient and
manageable ways is using Grobner bases (see for example [7]) with the software
4ti2 (see [9]). This approach is based in the classical paper [4], that shows how
to solve a Linear Integer problem obtaining Grébner bases of a suitable binomial
ideal with respect to an ordering compatible with the cost function.

In [3,10] the method of [14] is applied to real-life size problems with very
competitive results. In this work, we (1) explain how to modify the walk-back
method to obtain all the optimal points, and (2) compare its performance with
the natural generalization of the algorithm presented in [15] and with the com-
mercial software BARON (see [1]).

Remark 1. The ideals corresponding to the method that we present in this work
are not zero-dimensional, so some efficient strategies as Triangular Decomposi-
tion can not be applied for the Grébner bases computations. In principle, the
method proposed in [2] would be an alternative to treat some Nonlinear Integer
Optimization problems with zero-dimensional ideals, but as soon as some con-
straints can not be expressed in terms of polynomials or the rank of values of
the variables is big the method is useless.

2 Finding All the Optimal Points with a General Integer
Cut

In [15] a method is introduced to show how to compute all the optimal points in
Integer Linear Problems. Once an optimal point is obtained, the idea is to add
some conditions to make it unfeasible and solve again. More precisely, if you are
solving the problem 1 and have obtained an optimal solution (29,...,2%) you

can add the constraint .
Z lz; — 2 > 1
i=1
0

to assure that (29, ...,2%) is unfeasible for this new problem. As you obtain new
optimal solutions you have to add a similar constraint for each solution. This
formulation can be linearized, as it is explained in [15, Prop. 1]. This method
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can be used for Nonlinear Integer problems simply considering problems of the
form
min cx?
s.t. Azt < b
St lei—al>1,j=1,...,N
xz €1
r e N"

with N constraints to try to obtain the (N + 1)-th optimal point. One of the
aims of this paper is to compare this natural approach to an alternative algebraic
method.

3 Finding All the Optimal Points with Test-Sets

Our algorithm is based on the algebraic algorithm of [14] that provides one
solution for a given nonlinear integer problem of the form

min cxt

s.t. Azt < bt
RS 04 P)
xr € N"

where A € Z™m*", c € Z™, and b € Z™. Let us describe the steps of our method:

— We start, as in the algorithm proposed in [14], in the optimal point for a
suitable linear subproblem

min ezt

s.t. Azt < bt (Pr)
zeN"

Remark 2. The selection of the subproblem has to do first with the computability
of the test-set, that can be a bottleneck as it is a computation of a Grébner basis
of a certain ideal (see [7]). Moreover, although the test-set of the whole linear
part of problem 1 is available, sometimes it is better to compute the test-set
associated to a submatrix of A that gives us a more manageable number of
directions to be considered at any point during the walk-back. The constraints
that are not included in the submatrix are simply added to the description of {2.

— Then we systematically add the elements of the corresponding test-set, thus
worsening the cost function trying to obtain in return feasible points for
problem 1, until we get into f2.

— The difference to the original method (that was designed to find only one
optimal point) is that now we have to manage the searching of new possible
optimal points inside (2, once we have reached a candidate. While in the
algorithm of [14] you discard new points with the same optimal value, we
instead stock them in a provisional list. This list will be the set of optimal
points as long as we find a new better value inside the region (2.
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— If we eventually find an improvement in the cost we delete the provisional
list. Otherwise, we already have the set of optimal points.

The pseudocode of our algorithm is the following one:

INPUT: ¢, A, b; £2; optimal point 3 of 2; T associated test-set of problem 2.

Opt := 0;
Leaves := {f +t|Vt € T} NN"
costOpt = oo

IF gen
THEN Opt := {3};
costOpt := cf3*

WHILE (Leaves # () DO
FOR h € Leaves DO
IF ¢(h) < costOpt
Leaves = (Leaves \ {h}) U ({h + |Vt € T} NN")
IF he 2
THEN Opt = {h};
costOpt = ch?;
Leaves = (Leaves \ {h}) U ({h +t|Vt € T} NN")

f the list of old candidates is deleted
f and updated with a new candidate

ELSE IF c¢(h) > costOpt
THEN Leaves = Leaves \ {h}
f these branches are discarded

ELSE IF c¢(h) = costOpt
THEN Leaves = (Leave \ {h}) U ({h +¢t|Vt € T} NN")
IF h e 2
THEN Opt = Opt U {h};
f a new candidate to be an optimal point has been obtained

END WHILE

OUTPUT: Opt the set of all optimal points of problem 1 with cost costOpt

Remark 3. Tt is straightforward to modify this algorithm to obtain the K best
optimal points for a given K, as in [11].

4 Computational Experiments

We have run all the examples to test our algorithm coded in Python in a com-
puter with an Intel Core i5, 3.5 Ghz, 8 Gb of RAM, under Ubuntu. The examples
with BARON [1] and COUENNE [6] have been sent to neos-server.org.

We have studied two families of examples: the integer portfolio problem and
the problem of reliability in series-parallel systems.
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4.1 Integer Portfolio Problem

In the integer portfolio problem (see [3]) we have to solve problems of the form

n

max y . ¢x;
i=1

st. 2Cxt < Ry
n

i=1

r e N"

where b; are the prices today of n alternative investments or assets; ¢; a forecast
for their future prices; the matrix C' has to do with the covariance matrix of the
historical returns of the assets and it is a way of measuring the risk of a portfolio;
Ry stands for the maximum admissible risk; B is the available budget.

This so called mean-variance portfolio model was introduced by Markowitz
with continuous variables (see [12] for the model and [5] or [16] for the mixed-
integer case), but it is interesting to consider the case of integer variables: first
to take into account the finite divisibility of the assets and second to consider
some logical conditions that appear in these problems.

If you consider tailored examples for which two or more variables have the
same price and risk you obtain many different optima and can compare our
method to the generalization of [15]. As a general outcome we have obtained
that as the number of optimal points increases our method overcomes by far
the general cut method (coded in GAMS for COUENNE). Thereby, you can
consider for example the simple case

max 2x1 + a9 +ax3+ -+ 1+ Ty
st. rvi1+xo+2a3+ -+ THh_ 1+, <B
T

(z1--2,)C| : | <R (4)

Zn
x e N"

with C defined by ¢;; = 0.05,¢;; = —0.01 if ¢ # j for n = 10,15, 20, 50, 100,
B = 10 and a not very tight Ry to include many points. In this family of
examples you can obtain thousands of optimal points. In average our method is
more than a hundred times faster for big numbers of optimal points.

Remark 4. Comparing with the commercial software BARON, that has the
option of computing the K best optimal solutions, we obtain better running
times only in 15% of the cases. Nevertheless, our method obtains exactly the
complete set of optimal points in all cases. BARON, in contrast to our method,
fails in 11% of the cases: in 5% of the cases it does not obtain the optimal cost
and in 6% does not find the complete set, due to rounding problems.
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4.2 Reliability Problems

The redundancy allocation problem can be formulated as the minimization of the
design cost of a series-parallel system with multiple component choices, while
ensuring a given system reliability level. The obtained model is a nonlinear inte-
ger programming problem with a nonlinear, nonseparable constraint (see [8,13]
or [10]). It has the form

. n k
min > > ¢T;
i=05=1
s.a. R(z) > Ry

k 5
wazL V’L:].,,Tl ()
j=1

OSZEijSuij, Vi:L...,TL, jZl,...,k

xij€Z+

n k
with R(z) = [] (1 - J11- rij)’”iﬂ'). In this problem n is the number of sub-
i=1 j=1
systems (in series); k; the number of different types of available components (in
parallel) for the i- th subsystem, 1 <4 < n; r;; the reliability of the j-th com-
ponent for the i-th subsystem, 1 < ¢ < n,1 < j < k;; ¢;5, the cost of the j-th
component for the i-th subsystem, 1 < i < n,1 < j < k;; l;;, u;;, lower/upper
bounds of number of j components for the i-th subsystem, 1 <i <n,1 <j <k;
Ry, an admissible level of reliability of the whole system; z;;, number of j com-
ponents used in the ¢-th subsystem, 1 <7 <n,1 <j < k;.

We have studied about 100 examples with 2, 3 and 4 subsystems and with
2 or 3 components in each subsystem (the costs and reliabilities generated ran-
domly, r;; € [0.90,0.99] and Ry = 0.90). The summary is in Tables1, 2 and 3
and contains only the information about the examples with multiple number of
solutions.

Table 1. Reliability examples n = 3, k = 2, 3.

Average CPU Time | % Complete set of optimal solutions found
Test-set 0.2 100 %
BARON K-best | 0.2 100 %
General cut 0.54 100 %

Table 2. Reliability examples n =4, k = 2.

Average CPU Time | % Complete set of optimal solution found
Test-set 0.46 100 %
BARON K-best | 0.21 72.72 %
General cut 0.98 100 %

mmonagan@cecm.sfu.ca



236 M. 1. Hartillo et al.

Table 3. Reliability examples n =4, k = 3.

Average CPU Time | % Complete set of optimal solution found
Test-set 1.1 100 %
BARON K-best | 0.19 61.54 %
General cut 1.29 100 %

We can observe that:

— The test-set method and the general cut method are exact. BARON, on the
contrary, does not give the complete set of optimal points or even one (in
fact, usually provides only one although you ask for the best 3 or 4 best) in
about 30 % of the cases.

— BARON is better in CPU time than the test-set method, and this is better
than the general cut method, and much better as the number of optimal
points increases substantially. If, for example, you treat an example with a
hundred optimal points you have to solve 99 problems with 1, 2, ..., 99 new
constraints, respectively.

5 Conclusions

We have presented an exact method to obtain the set of all optimal points for a
given Nonlinear Integer problem as problem 1. A convenient linear subproblem is
selected and then, walking back from an optimal point of this linear subproblem
with the help of a test-set, the feasible region of the original problem is reached
in all different ways, updating a list of optimal points. In this work we have
studied two families of examples:

— Portfolio integer problems that can produce a huge number of optimal points
and for which our algorithm overcomes a general cut approach as the one
proposed in [15].

— Reliability problems, in which we point out problems of lack of exactness in
the commercial software BARON compared with our approach.
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Abstract. We consider systems of strict multivariate polynomial
inequalities over the reals. All polynomial coefficients are parameters
ranging over the reals, where for each coefficient we prescribe its sign.
We are interested in the existence of positive real solutions of our system
for all choices of coefficients subject to our sign conditions. We give a deci-
sion procedure for the existence of such solutions. In the positive case our
procedure yields a parametric positive solution as a rational function in
the coefficients. Our framework allows to reformulate heuristic subtrop-
ical approaches for non-parametric systems of polynomial inequalities
that have been recently used in qualitative biological network analysis
and, independently, in satisfiability modulo theory solving. We apply our
results to characterize the incompleteness of those methods.

1 Introduction

We investigate the problem of finding a parametric positive solution of a system
of signed parametric polynomial inequalities, if exists. We illustrate the problem
by means of two toy examples:

f(:c) = sz2 — 1% + ¢, g(x) = —czsc2 + c1x — cg,

where ¢, ¢1, g are parameters. An expression z(c) is called a parametric positive
solution of f(z) > 0 if for all ¢ > 0 we have z(c) > 0 and f(z(c)) > 0. One
easily verifies that z(c) = ¢l is a parametric positive solution of f (z). However,
g(z) > 0 does not have any parametric positive solution since g(z) > 0 has no
positive solution when, e.g., co = ¢; = ¢g = 1. Of course, we are interested in
tackling much larger cases with respect to numbers of variables, monomials, and
polynomials.

The problem is important as systems of polynomial inequalities often arise
in science and engineering applications, including, e.g., the qualitative analysis
of biological or chemical networks [7,20,21,40] or Satisfiability Modulo Theories
(SMT) solving [1,22,32]. In both these areas, one is indeed often interested in
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positive solutions. For instance, unknowns in the biological and chemical context
of [7,20,21,40] are positive concentrations of species or reaction rates, where
the direction of the reaction is known. In SMT solving, positivity is often not
required but, in the satisfiable case, benchmarks typically have also positive
solutions; comprehensive statistical data for several thousand benchmarks can
be found in [22]. In many areas systems have parameters and one desires to have
parametric solutions. Hence, an efficient and reliable tool for finding parametric
positive solutions can aid scientists and engineers in developing and investigating
their mathematical models.

The problem of finding parametric positive solutions is essentially that of
quantifier elimination over the first order theory of real closed fields. In 1930,
Tarski [38] showed that real quantifier elimination can be carried out algorith-
mically. Since then, there has been intensive research, producing profound the-
ories with dramatically improved asymptotic complexity, e.g., [5,10,14,24,33].
Practical complexity was improved as well, often in combination with highly
refined implementations, e.g., [2,8,11,13,17,23,25-28,30,35,36,41]. Today sev-
eral implementations of real quantifier elimination are available in well-supported
computer algebra software such as Maple [11,43], Mathematica [42, later editions
online], Qepcad B [9], or Reduce [18,28]. However, existing general quantifier
elimination software is still too inefficient for finding parametric positive solu-
tions with relevant problem sizes in our above-mentioned fields of applications.

The main contribution of this paper is to provide simple and practically effi-
cient algorithmic criteria for deciding whether or not a given signed parametric
system has a parametric positive solution. To be precise, we reduce the prob-
lem to SMT solving over quantifier-free linear real arithmetic (QF_LRA). In case
of existence we provide an explicit formula (rational function) for a parametric
positive solution. The main challenge was eliminating many universal quantifiers
in the problem statement. We tackled that challenge by, firstly, carefully approx-
imating/bounding polynomials by suitable multiple of monomials and, secondly,
tropicalizing, i.e., linearizing monomials by taking logarithms in the style of [39].
However, unlike standard tropicalization approaches, we determine sufficiently
large finite bases for our logarithms, in order to get an explicit formula for para-
metric positive solutions.

Our main result also shines a new light on recent heuristic subtropical meth-
ods [22,37]: We provide a precise characterization of their incompleteness in
terms of the existence of parametric positive solutions for the originally non-
parametric input problems considered there. Furthermore our approach is appli-
cable to generalized polynomials with real exponents. Such polynomials have
been studied for related but different questions, also in the context of chemical
reaction networks, in [31].

The paper is structured as follows. In Sect.2, we motivate and present a
compact and convenient notation for a system of multivariate polynomials, which
will be used throughout the paper. In Sect. 3, we precisely define the key notions
of signed parametric systems and parametric positive solutions. Then we present
and prove the main result of this paper, which shows how to check the existence
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of a parametric positive solution and, in the positive case, how to find one. In
Sect. 4, we apply our framework and our result to re-analyze and improve the
above-mentioned subtropical methods [22,37].

2 Notation

The principal mathematical object studied in this paper are systems of multi-
variate polynomials over the real numbers. In order to minimize cumbersome
indices, we are going to introduce some compact notations. Let us start with a
motivation by means of a simple example. We are going to use hat accents, like
f , for naming polynomials and systems with concrete coefficients in contrast to
parametric ones, which we will introduce and discuss in the next section.

Ezxample 1. Consider the following system of three polynomials in two variables:
fi = —ad + 4a2xy — 202 + 2
fg = 67 + 2329 + 723 — 323
f3 = 433? + x%xz — 296% — 5:10%.

We rewrite those polynomials by aligning their signs, coefficients, and monomial
support:

fi=-11 twy + —1-2- 292 +
fo= 1-6-2%23+1-1-2%323 + 1.7 232§ + —
1-4 jxh + 2 xiz) +

fs

where signs are represented by —1, 0, and 1. Note that we are writing 0 coeffi-
cients as 0-1 for notational uniformity. Rewriting this in matrix-vector notation,
we have

fi ~11-10 1 14211 227,
fo| = 111 -10/0(61731 3zl |,
s 11-1-10| [41251]/ |23

where o is the component-wise Hadamard product. Pushing this even further,
we finally obtain

50
~ 21
N1 -11-101 142117\ [%g]
Ll=1l111-10|0|61731 {1} 02l
fs 11-1-10] [41251|)L"

This concludes our example.

mmonagan@cecm.sfu.ca



Positive Solutions of Systems of Signed Parametric Polynomial Inequalities 241

In general, a system f € R[xy,...,24]" of multivariate polynomials over the
reals will be written compactly as
f=(so0é)xf,
where
bil $11 7+ S1v ¢11 ++ Cp
f = E b S = ) é = )
fu Sul *** Suw éul T éuv
Z1 €1 €11 "+ €1d
xr = s e = =
Td =) €yl " €ud

We call s € {—1,0,1}**" the sign matriz, ¢ € R} the coefficient matriz, and

e € Nv*? the exponent matriz of f . The rows of the exponent matrix are named
€1,..., €Ey.

3 Main Result

Definition 2 (Signed Parametric Systems). A signed parametric system is
given by
f=(soc)x®

where the sign matrix s € {—1,0,1}**¥ and the exponent matrix e € NV*4 are
specified but the coefficient matrix ¢ is unspecified in the sense that it is left
parametric. Formally, ¢ is a u X v-matrix of pairwise different indeterminates.

When names of parameters and indeterminates are not important, signed
parametric systems are uniquely determined by the sign matrix s and the expo-
nent matrix e.

Ezxample 3. The following is a signed parametric system derived from the system
in Example 1:

50

21
f -11-101 C11 C12 C13 C14 C15 2 |:% g‘|
fo] = 1 11 —10|o0 |car o2 co3 Caq o5 [scl} 024
fs 1 1-1-10] |51 csz csscsacas] ) W2

This corresponds to

5 2 2 2
J1 = —c112] + c1207T2 — €1377 + €157
5 2 2 3
fo= cax] + coaxix2 + c2377 — o4
5 2 2 3
fa = c31%] + C3227T2 — C33T] — C34T5.
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Definition 4 (Parametric Positive Solutions). Consider a signed paramet-
ric system f = (soc¢)a®. A parametric positive solution of f(x) > 0 is a function
z: Rﬁ_x” — Rff_ that maps each possible specification of the coefficient matrix ¢
to a solution of the corresponding non-parametric system, i.e.,

C‘ZO f(z(e)) >0

Theorem 5 (Main). Let f = (s oc¢)z® be a signed parametric system. Let
/\ /\ \/ —ep)n > 1.
i 8:<0 5;5>0

Then the following are equivalent:

(i) f(x) > 0 has a parametric positive solution.
(ii) C(n) has a solution n € R?.
(i4) C(n) has a solution n € Z°.

In the positive case, the following function z is a parametric positive solution of

flx) > 0:

s
z(c) =t", where t=1+ Zik |
Cij
535>0
sik<0
In fact, we even have ¥V VY r’™) > 0.
f c>0 r>t f( )
Proof. We first show that (i) implies (ii):
(i) < V 3 (soc)z®*>0
c>0 >0
= Vv 3 ST ot > Y cpatk
c>0 >0 /1,\ S”>O & $ik<0
= 4 /\ > oa% > Y 2vx®, by instantiating c
z>0 i Sq‘,j>0 sk <0
= 3 /\ v max % > max 2uzx®*
x>0 . Sij>0 Sk <0
1
— 1 /\ max % > max 2z°*
x>0 . Sij>0 sik<0
3
€, €L
= 3 A NV 9>
7 $;ik<0  54;>0
6'78)c
= 3 /\ AV iTer > 9
;<0 54;>0
= 3 A A VAN k) logy > 1
i $;k<0  54;>0
<— i—ep)n>1, using log, : Ry < R
3NNV (e g log, : Ry
i 5;k<0  545>0
= (ii).
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Assume now that (ii) holds. The existence of solutions n € R% and n € Q? of
C(n) coincides due to the Linear Tarski Principle: Ordered fields admit quantifier
elimination for linear formulas, and therefore QQ is an elementary substructure of
R with respect to linear sentences [29]. Given a solution n € Q?, we can use the

243

principal denominator § > 1 of all coordinates of n to obtain a solution én € Z<.
Hence (iii) holds.
We finally show that (iii) implies (i):

(i)

=

—

!

!

P—

<~

V 3 (soc)z®>0
c>0 >0
v 3 /\ DTt > > cipact
c>0 >0 5,50 sip <0
3 /\ max ¢;; x4 > > ¢k | max x*
c>0 >0 i 5;5>0 J 8,07 <0 $ik<0
T N R VAP (A
c>0 x>0 . 5.7 <0
2 5:£<0  s;;>0 ik
23N AV s w
c>0 x>0 . 5., <0 Cij
i 5ik<0  54;>0 ik! J
- C*/k:/
Y 3 /\ /\ \/ x97% >t wheret=1+ Y -~
c>0 >0 . sy />0 C’L'j/
i 5:£<0  5;;>0
S/k/<0
LA AV ez
c>0 >0 ( k) St -
sik<0  si5>0
E| /\ /\ \/ ej —eg)n > 1, using log, : Ry < R
i 5;<0  5;;>0
A AV oz
d
”EZ i sik<0 5,50
(iii).

In the proof of the implication from (iii) to (i) we have applied log, so that

n = log, v and, accordingly, x = ¢", where ¢ is as stated in the theorem. Notice

that any larger choice r > t would work there as well.

Ezample 6. Consider {f ;} with fi, fo taken from Example 3:

_ 5 2 2 2
fi = —cuix] + craxiT2 — c1377 + ci57;

5 2 2
fo = ea12] + cooxix2 + Co377

This gives us

[-11-101
f=1111 =10
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(set-option :produce-models true)

(set-logic QF_LRA)

(declare-const nl Real)

(declare-const n2 Real)

(assert (or (>= (+ (x (- 3) n1) (* 1 n2)) 1)
(>= (+ (*x (- 5) n1) (*x 2 n2)) 1)))

(assert (or (>= (+ (x 0 n1) (x 1 n2)) 1)
(= (+ (x (- 2) n1) (x 2 12)) 1))

(assert (or (>= (+ (* 5 n1) (x (- 3) n2)) 1)
(= (+ (x2 n1) (*x (- 2) n2)) 1)
(>= (+ (x 2 n1) (x (- 3) n2)) 1)))

(check-sat)

(get-model)

Fig.1. An SMT-LIB input file for Example 6

We obtain C(n) as follows:
((21] =[p0])n=1v([02] = [50])n>1) A
((21] = [20])n=1Vv ([02] = [20])n>1) A
(([p0] = [03])n=1Vv([21] —[03

S~—
\%
—_
<

—
[\)

=)

—
jen)
W

(B

~—
S
\Y
=

~—

which simplifies to
([—3 l]nz 1v [—5 2]n > 1)/\([0 1}11 >1vVv [—2 2]712 HA
([5 —3]71 >1vVv [2 —2]71 >1vVv [2 —3]n >1).
This straightforwardly yields the input file shown in Fig. 1. It uses the stan-
dardized SMT-LIB language [4] so that it can be directly processed by highly
optimized SMT solvers like CVC4 [3], MathSat [12], SMT-RAT [15], Yices [19],

or Z3 [16]. All these tools certify satisfiability and give a possible solution for n,
which is called a model in the SMT world:

_5
— |72
" [_2} |
Hence (s o ¢)z® > 0 has a parametric positive solution, e.g.,

5
t72 C11 C13 C13 C24 C24 C24
2c)= "5, where t=1+ AL LG8 a8 o4, O O
t c12 €15 C2 €15 C21 Ca2  C23

With this solution, in particular the non-parametric subsystem [;1} of
2

Examplel is feasible. If ¢ denotes the coefficient matrix there, then we can

compute t = % and

1568 0.0015|"

7841/20132
2(6) = l37169491591 ~ {0.0003}
516961

Fig. 2 illustrates the situation.
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8 T2 8 x2 8 Z2
7 7 7
6 6 6
5 5 5
4 4 4
3 3 3
2 2 2
1 1 1
X1 X1 X1
1 2 3 4 1 2 3 4 1 2 3 4
(a) fi and f5 (b) fi and fs (c) fi and fs

Fig. 2. Implicit plots of varieties of polynomials from Examples6 and 7. (a) Both
polynomials are positive in the region containing (0.0003,0.0015). Since this point is
an instance of a parametric positive solution, there will be a suitable point under all
modifications of absolute values of coefficients of the polynomials. (b) Both polynomials
are positive in the region containing (1.5,1.5). (c) After modifying the absolute value
of the leading coefficient of fl the polynomials are not simultaneously positive in the
first quadrant anymore.

Ezxample 7. We slightly modify Example 6 and consider the subsystem [g} of

Example 3:
fi= —01196? + 01296%3?2 - 013$% + 01596%
f3 = 031:5? + 0321'?(52 — 033x% — 03413.
That is
50
L {111 0 1] i
11-1-10 03
02

Computing C(n) and generating SMT-LIB input analogously to Example6,
SMT solvers will return “unsat,” which means that C'(n) does not have a solu-
tion n € R2. Hence (soc)x® > 0, i.e. fi > 0, f3 > 0, does not have a parametric
positive solution.

Nevertheless, with the concrete instantiations fl, f3 from Example 1 the cor-
responding system f1 > 0, fg > 0 of inequalities is feasible in R2 One possible

solution is [ ]
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However, if we change the absolute value of the leading coefficient of f1 from 1
to 4 yielding f1 = —429 + 42229 — 222 + 23, then f1 >0, f3 > 0 is infeasible in
R2 . Figure 2 illustrates the situation.

4 A Re-analysis of Subtropical Methods

For non-parametric systems of real polynomial inequalities, heuristic Newton
polytope-based subtropical methods [22,37] have been successfully applied in
two quite different areas: Firstly, qualitative analysis of biological and chemical
networks and, secondly, SMT solving.

In the first area, a positive solution of a very large single inequality could
be computed. The left hand side polynomial there has more than 8 - 10° mono-
mials in 10 variables with individual degrees up to 10. This computation was
the hard step in finding an exact positive solution of the corresponding equation
using a known positive point with negative value of the polynomial and apply-
ing the intermediate value theorem. To give a very rough idea of the biological
background: The polynomial is a Hurwitz determinant originating from a sys-
tem of ordinary differential equations modeling mitogen-activated protein kinase
(MAPK) in the metabolism of a frog. Positive zeros of the Hurwitz determinant
point at Hopf bifurcations, which are in turn indicators for possible oscillation
of the corresponding reaction network. For further details see [21].

In the second area, a subtropical approach for systems of several polynomial
inequalities has been integrated with the SMT solver veriT [6]. That incomplete
combination could solve a surprisingly large percentage of SMT benchmarks very
fast and thus establishes an interesting heuristic preprocessing step for SMT
solving over quantifier-free nonlinear arithmetic (QF_NRA). For detailed statistics
see [22].

The goal of this section is to make precise the connections between subtropical
methods and our main result here, to use these connections to improve the
subtropical methods, and to precisely characterize their incompleteness.

4.1 Subtropical Real Root Finding

In [37] we have studied an incomplete method for heuristically finding a posi-
tive solution for a single multivariate polynomial inequality with fixed integer
coefficients:

fi] = (soé)a® where se{—1,0,1}"*", eez*¥, eeNX
+

The method considers the positive and the negative support, which in terms of
our notions is given by

+:{ej|51j>0}a ST ={er|s1x <0}
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Then [37, Lemma 4] essentially states that fi(x) > 0 has a positive solution if

=V oAk | b= A leuf]so

e; €St er€STUST
epF#e;

Unfortunately, in [37, Lemma 4] vectors ¢; = [0 e O] corresponding to absolute
summands are treated specially. We have noted already in [22, p. 192] that an
inspection of the proof shows that this is not necessary. Therefore we discuss here
a slightly improved and simpler version without that special treatment, which
has been explicitly stated as [22, Lemma 2].

The proof of the loop invariant (Iy) in[37, Theorem 5(ii)] shows that the
positive support need not be considered in the conjunction:

/ ) n . n o
¢ =\ N 1]M§1A /\7[@@ 1]M§ 1
e_j€S+ e €S

Starting with Fourier—-Motzkin elimination [34, Sect. 12.2] of ~, we obtain

C = \/ 3 /\ (ex, —ej)n < =2

e;€EST ners er€ES™
= 3 ;- >1
Vi A o
e; €St er€ES—
= | ;- >1
G VoA e
ej€S+ erES—
< 3  max(e;n) > max (egn +1)
neR? e;eSt eLES—
= | - >1
A AV e
er€S™ e;EST
<~ 3 Cn
b (n),

with C'(n) as in Theorem 5.

Corollary 8. Let f € L]z, ..., z4], say, f= (soé)x®, where s € {—1,0,1}1*?,
¢ € Zlfv, e € N"X4, Let f = (s oc)x®, where ¢ is a 1 x v-matriz of pairwise
different indeterminates. Then the following are equivalent:

(i) The algorithm find-positive [37, Algorithm 1] does not fail, and thus
finds a rational solution off > 0 with positive coordinates.

(i) There is a row e; of e with si1; > 0 such that the following LP problem has
a solution n € Q%:

/\ (ej —ex)n > 1.

81, <0
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(i1i) f > 0 has a parametric positive solution.

In the positive case, f(r”) >0 forallr>1+v > ¢k
51, <0

Proof. The equivalence between (i), (ii), and (iii) has been derived above.
According to Theorem 5, a solution for f > 0 can be obtained by plugging ¢

into the parametric positive solution z(¢) = t™ for f. Since we have positive
integer coefficients, we can bound ¢ from above as follows.

1k .
E T <l+4+w E Clk- O
C
51;>0 1y 51;>0 51, <0
91k<0 81 <0

In simple words the equivalence between (i) and (iii) in the corollary states
the following: The incomplete heuristic [37, Algorithm 1] succeeds if and only
if not only the inequality for the input polynomial has a solution as required,
but also the inequality for all polynomials with the same monomials and signs
of coefficients as the input polynomial.

We have added (ii) to the corollary, because we consider this form optimal
for algorithmic purposes. Our special case of one single inequality allows to
transform the conjunctive normal form provided by Theorem 5 into an equivalent
disjunctive normal form without increasing size. This way, a decision procedure
can use finitely many LP solving steps [34] instead of employing more general
methods like SMT solving [32].

Finally notice that the brute force search for a suitable ¢ in
find-positive [37, Algorithm 1, 1.10-12] is not necessary anymore. Our corol-
lary computes a suitable number from the coefficients.

4.2 Subtropical Satisfiability Checking

Subsequent work [22] takes an entirely geometric approach to generalize the
work in [37] from one polynomial inequality to finitely many such inequalities.
Consider a system with fixed integer coefficients in our notation:

h

= (s0é&)z®, where s€{—1,0,1}"*", ¢eZ¥", eeN

~
|

fu
Then [22, Theorem 12] derives essentially the following sufficient condition for
the existence of a positive solution of f > 0:

u
" = 3 /\ Voemn+r>0)n J\ enty<0
neRa 1€R 'YueR i=1 51>0 $ik <0
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After an equivalence transformation, we can once more apply Fourier-Motzkin
elimination [34, Sect. 12.2]:

" = 3

~.

\/ ’YElelR (ejn—|—%->0/\ /\ ekn+’yz'<0>
5;5>0 ‘

d
nER =1 sk <0
u
= 2 A VA e
nERT ] 530 si<0
u
—= 3 /\ max e;n > max exn
neRd . 57,]>0 $; k<0
=1
u
= 3 A A Vs
MERT 1 6k<0 81,50
u
= 3 A AV Goanz
MERT 1 6k<0 8,50
— 3 C(n),
neR

with C(n) as in Theorem 5.

Corollary 9. Let f € Zlz1, ..., xq]", say, f= (soé)x®, where s € {—1,0,1}"*",
ceZy, ec NvXd, Let f = (soc)x®, where c is a u X v-matriz of pairwise
different indeterminates. Then the following are equivalent:

(i) The incomplete subtropical satisfiability checking method for several inequal-
ities over QF_NRA (quantifier-free nonlinear real arithmetic) introduced
in [22] succeeds on f > 0.

(ii) The following SMT problem with unknowns n is satisfiable over QF-LRA
(quantifier-free linear real arithmetic):

A A Vo -am>1

i=1 s;x<0 s;;>0
(i5i) f > 0 has a parametric positive solution.

In the positive case, f(r”) >0 foralr>1+v >, éi.
8ik<0

Proof. The equivalence between (i), (ii), and (iii) has been derived above. About
the solution r see the proof of Corollary 8. O

The equivalence between (i) and (iii) in the corollary states the following;:
The procedure in [22] yields “sat” in contrast to “unknown” if and only if not
only the input system is satisfiable, but that system with all real choices of
coefficients with the same signs as in the input system. While there are no
formal algorithms in [22], the work has been implemented within a combination
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of the veriT solver [6] with the library STROPSAT [22]. Our characterization
applies in particular to the completeness of this software.

We have added (ii) to the corollary, because we consider this form optimal for
algorithmic purposes. Like the original input C” used in [22] this is a conjunctive
normal form, which is ideal for DPLL-based SMT solvers [32]. Recall that w is
the number of inequalities in the input, and d is the number of variables. Let
¢ and k be the numbers of positive and negative coefficients, respectively. Then
compared to [22] we have reduced d + u variables to d variables, and we have
reduced ux clauses with ¢ atoms each plus u unit clauses to some different ux
clauses with + atoms each but without any additional unit clauses.

With the :produce-models option the SMT-LIB standard [4] supports the
computation of a suitable n in (ii), from which one can compute r" using the
bound at the end of the corollary. The work in [22] does not address the com-
putation of solutions. It only mentions that sufficiently large r will work, which
implicitly suggests a brute-force search like the one in [37, Algorithm 1, 1.10-12].
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Abstract. We conduct qualitative analysis for a completely integrable
system of differential equations with irrational first integrals. These equa-
tions originate from gas dynamics and describe adiabatical motions of
a compressible gas cloud with homogeneous deformation. We study the
mechanical analog of this gas dynamical system — the rotational motion
of a spheroidal rigid body around a fixed point in a potential force field
described by an irrational function. Within our study, equilibria, pen-
dulum oscillations and invariant manifolds, which these solutions belong
to, have been found. The sufficient conditions of their stability in Lya-
punov’s sense have been derived and compared with the necessary ones.
The analysis has been performed with the aid of computer algebra tools
which proved to be essential. The computer algebra system “Mathemat-
ica” was employed.

1 Introduction

Many different natural phenomena and processes can be described mathemati-
cally by the same equations. Such a mathematical analogy allows one to apply
the methods developed for studying and an interpretation of phenomena and
processes of one type to phenomena and processes of other type. Let us con-
sider, e.g., the equations of adiabatical motions of an ideal gas in the form [9]:

1 d
Vo= - InT
divo (W—I)dtn
av—v/\rotv+TVS—V(v—2+£) (1)
e 2 y—1

oS +v-VS=0,

where v is the vector of velocity of the gas, T is the gas temperature, v is the
adiabatical index, and S is the entropy.

As was shown [6,16], in a Lagrangian formalism, when S is a quadratic func-
tion of Lagragian coordinates, and v depends on these linearly, partial differential
equations (1) are reduced to ordinary ones and describe the motions of an ellip-
soidal cloud of a compressible gas expanding freely in vacuum. The mechanical
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interpretation of these equations was given [6]. They are identical with the equa-
tions of motion of a point mass in nine-dimensional Euclidean space. This gas
dynamical model was studied in a series of works, e.g., [1,15]. The present paper
is based on the results [7,9].

In [7], under some assumptions, such as the gas is monatomic with the adia-
batic index v = 5/3, and there is neither rotation nor vorticity of the gas cloud,
the above gas dynamical model was reduced to three second order ordinary dif-
ferential equations. It was shown that they are equivalent to the equations of
motion of a point mass on the unit 2-sphere, and an additional integral of 3rd
degree in momenta has been derived for them. More general case was considered
in [9] when the gas ellipsoid rotates around one of its principal axes. Then the
equations of motion possess an additional first integral of 6th degree in momenta.

The study of the gas dynamical model proposed [16], [6] is ongoing to the
present time towards generalizations of the found integrable cases [8]. A topo-
logical analysis of the integrable cases with the additional first integrals of 3rd
and 6th degree has been done in [4]. In this work, the mechanical analog for
the gas cloud — the motion of a point mass on the 2-sphere — was investigated.
According to [3], the dynamics of a point mass on the 2-sphere is equivalent to
the motion of a spheroidal rigid body in a potential force field at zeroth level of
area integral. Thus, one can use this mechanical analog to study the gas dynam-
ical model and to apply the methods developed for the analysis of dynamical
systems of such type.

In the present work, the latter mechanical model is used for the qualitative
analysis of the gas dynamical system. We analyze the differential equations of the
spheroidal body in the above-mentioned integrable cases and obtain new results
for both the gas system and the mechanical one. As is well-known, the problem
of the qualitative analysis of differential equations is to find special solutions
(equilibria, periodic motions, etc.) of these equations and to study their stability
and bifurcations. Based on computer algebra methods, the computer analysis of
the above problems can be performed in analytical form. The latter enables us to
investigate the properties of the solutions under continuous (smooth) variation
of their parameters. The research technique based on computer algebra methods
as applied to the qualitative analysis of differential equations with first integrals
is presented in the paper. The symbolic analysis is performed using built-in pro-
cedures of the computer algebra system “Mathematica” (CAS) and the “Math-
ematica” software package [2]. The procedures are used to solve computational
problems arising in the study and to manipulate mathematical expressions. The
package is employed to investigate the stability of the special solutions.

For finding the special solutions, the Routh-Lyapunov method [13] and its
generalizations [12] are applied. By these methods, the qualitative analysis of
differential equations with polynomial first integrals is reduced to algebraic prob-
lems solved efficiently by CAS. The first integrals in the problem under consid-
eration are irrational; that is a special feature of the given problem. To avoid the
use of fractional exponents and fractions (that is usually difficult in CAS), we
transform irrational expressions to polynomial ones by introducing new variables.
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In addition to the above methods for finding the special solutions, the chains of
differential consequences [10] are applied. This technique mainly uses symbolic
differentiation of expressions and is well suited for both algebraic expressions
and irrational ones.

The paper is organized as follows. In Sect.2, we analyze the equations of
motion of the body when these possess the additional cubic integral in momenta.
The special solutions of the equations are found and their stability is investigated.
In Sect. 3, the same problems are solved for the equations of motion of the body
when these have the additional integral of 6th degree in momenta. Finally, we
discuss the obtained results and give a conclusion in Sect. 4.

2 The Integrable Case with the Additional Cubic Integral

2.1 Formulation of the Problem

Euler—Poisson’s differential equations describing the motion of a spheroidal rigid
body around a fixed point in a force field with the potential 2V = 3a (72 +~2 +
72)(v172773) /% can be written as [5]

y — —-2/3 .

My =—[a(v2 =23 (2 +2 +23)]) (r213) "3 97> 41 = 12 M3 — 3 Ma,

y — —-2/3 .

My = [a(v? —2) (R +72 +12)] (1s) %375 2% 42 = v My — 11 Ms, (2)

y — —2/3 .
My = —[a (72 —3) (2 + 23 +92)] (n2) "3 1522, 45 = MMy — 7o My,

where M; are the components of the kinetic momentum vector, -; are the direc-
tion cosines of “the vertical”, a is some constant.

The above equations under the corresponding interpretation of the variables
describe an expansion of the gas ellipsoid (without rotation) in vacuum. In this
case, M; are the impulses, v; = 4;//>_ A%, where A; are the lengths of principal
axes of the ellipsoid.

Equation (2) admit the following first integrals:

2H = M} + M3 + M3 +3a (v} + 73 +73) (my27s) ">/ = 2h,
Vi="+7+7 =1, Vo= My + Moy, + Mays =0, (3)
Vs = MiMoMs — 3a (vi7273) 3 (Miny ' + Moy ' + Mg ) = cr.

Here V5 is the additional integral derived in [7]. It is cubic with respect to
My, M5, M3. This integral exists when the constant of the integral V5 is equal to
Z€ero.

We can use the integrals having fixed constants for eliminating a part of the
variables from differential equations (2) and the rest of the integrals to reduce
the dimension of the problem. Let us eliminate the variable M; from Eq.(2)
with the aid of Vo = 0. They become:

My =a (v} =3) (4 +93 +93) ()" 25 */%,

. _ —2/3

Mz = —a (73 —13) (V2 + 72 +43) (nr2) "3 73 %, (4)
A1 = Y2 Ms — v3 My, Yo = —[Maye + M3(v2 + ¥3)] 377 5,

3 = [Ma(7F +72) + Mays) yary
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The first integrals of the above equations are:

2H = (Moo + Mays) v 2+ M3 + M3+ 3a (37 +13 +73) (nyzys) >/ = 2h,
Vi=91+7 +7 =1,V = —MyM; (Mavs + Mzvy3) 7y "
=3a (N7298) P Mo + My ' = (Maya + Myys) 7 7] = éa. (5)

Further, we conduct the qualitative analysis of Eq. (4). In the general case,
this problem is to find special solutions (equilibria, periodic motions) and to
investigate their qualitative properties. In the case of conservative systems, the
variety of the special solutions is expanded through stationary sets. By these
sets, we mean sets of any finite dimension on which the problem’s first integrals
(or their combinations) assume a stationary value. Zero-dimensional sets having
this property are known as stationary solutions, while we shall call positive
dimensional sets the stationary invariant manifolds (IMs).

Our goal is to find the stationary solutions and the IMs of Eq. (4) and to
investigate their stability.

2.2 Finding Invariant Manifolds

According to the Routh—Lyapunov method, the stationary solutions and the
IMs of the differential equations under consideration can be obtained by solving
the conditional extremum problem for the first integrals of these equations. For
this purpose, a linear or nonlinear combination of the first integrals (a family
of the first integrals) is constructed and the necessary extremum conditions for
this family with respect to the phase variables are written. Thus, in the case of
algebraic first integrals, the problem of finding stationary solutions and IMs is
reduced to solving a system of algebraic equations.

Following the technique chosen, we take the complete linear combination of
the first integrals of the problem:

2K = 200 H — M V4 — 2)\3V3, (6)

where Ao, A1, A3 are the parameters of the family of the integrals K, and write
the necessary conditions for the integral K to have an extremum with respect to
the phase variables:

OK oMy = 0, 0K JOMs =0, 0K /9y =0 (i = 1,2, 3). (7)

The solutions of system (7), when it is degenerate (its Jacobian is identically
equal to zero), allow one to define the IMs (or their families) for differential
equations (4) which correspond to the family of the first integrals K.

System (7) is that of five irrational equations with the parameters a, \g, A1,
A3. We should transform these equations to polynomial ones to use computer
algebra methods, e.g., Grobner basis method, for finding their solutions. For this
purpose, we introduce the new variables:

My = My, My = My, 21 = 71, 70 = 73’ 71 /%, w5 = 33/ /2. (8)
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In the above variables, the equations of motion (4) and first integrals (5) take
the form

Mg —a(x§ — 1) (2§ + 2§ + 1) 252055, 3iy = —M; (2§ + 2§ +1) 52,
My = a(z§ — 1) (2§ + 2§ + 1) 25 °25°, iz = My (2§ + 2§+ 1) 3%, (9)
j?l =X (M3.13§ — ngg),

2H = M2+ M2 + (Mya3 + Msa3)? + 3a (2§ + 28 + 1) 252232 = 2h,
V1 _I1($2+x3+1)—1
V3——M2M3 (MQ.’BQ—F Mg.’lﬁg) — 3axsxs [MQ ( 5" — x%) + M3 (.Z‘gg — .Tg)] = ¢(q,

and the conditions for stationarity of the integral K can be written as:

—3axs (xg —-1))] 1:2_2 =0,

[Now3 (M3 + 23 (Maxs + Msa3)) + As (Maxi (Maxs + 2Msa3)

—3axs (xg — 1)) ]az2 =0, My (x§+ a5 +1) =0, (10)
[Ao (M, x2x3 (M2x2 + M3x3) +a (2x2 - x3 -1)) - /\gx%mgxg

+ X3 [M3 M3x2x3 —a (2M2x3 (225 + 1) + Msz3 (xg —1)] a:2_3x§2 =0,

Ao (a (x2 — 2963 +1)— nggxg (Mgmg + ngg)) + Agx%xgxg

—)3 [MQM x2x3 —a (ngg (acg -1+ 2M3x§ (2332 + 1))z 21’53 =0.

First, we find the IMs of maximal codimension for Eq. (9). As the first inte-
grals of the problem define IMs and families of IMs of codimension 1, we start
with the IMs of codimension 2. As said before, the IMs can be derived as the
solutions of system (10) when it is degenerate. To this end, we compute a lexi-
cographical basis for the polynomials in square brackets (10) with respect to a
part of the phase variables and the parameters, e.g., Ao, A\1, My, M3 (the polyno-
mials have least degrees with respect to these variables). Here the number of the
phase variables determines the codimension of the desired IM. This technique
enables us to obtain both the IMs and the conditions under which the stationary
equations become degenerate (see., e.g., [11]).

The “Mathematica” program GroebnerBasis is applied to compute the basis:

GroebnerBasis[ polys, {lambdaO, lambda2, M2, M3},
CoefficientDomain -> RationalFunctions]

Here polys is the list of the polynomials in square brackets (10). All computations
are performed on a computer with processor Intel Core 7i (3.6 GHz) and 32 GB
RAM. The program has returned the basis in 21s. So, we have the following
system:

UoMg + 02M36 + U4M§1 + 06M32 + 03 =0,

oMy + o1 M3 + o3 M5 + o5 M + o7 M3 = 0, (11)

A =0, f(Ms, 22,73, Ao, A3, a) =0, (12)

mmonagan@cecm.sfu.ca



Qualitative Analysis of a Dynamical System with Irrational First Integrals 259

where 0 (7 =0,...,8), o are the polynomials of a, x5, z3 (their full form is given
in the Appendix), f is a linear function of \g.

It is easy to verify by IM definition that Eq. (11) determine the IM of codi-
mension 2 of differential equations (9): the derivative of (11) calculated by virtue
of Eq. (9) vanishes on the given expressions.

The first of expressions (11) (A1 = 0) is the condition of degeneration of
system (10). The latter expression (f = 0) allows one to derive the first integral
for the equations of vector field on IM (11).

By this technique, one can also find an IM of codimension 3. First, under
the condition A\; = 0, we compute a Grobner basis with respect to elimination
monomial order for the polynomials in square brackets (10):

gb = GroebnerBasis[ polys, {x3}, {M2, M3}, CoefficientDomain ->
RationalFunctions, MonomialOrder -> EliminationOrder]

Then, we construct a lexicographical basis:

GroebnerBasis[ gb, { M2, M3, x3},
CoefficientDomain —-> RationalFunctions]

As a result, we have:

Axd? — 2)\2pjuxs — 12a1 M2 paxyay + A2 (16@15/\3% Aov?) =

2A3 322 [(AG% + 64a§A3%) 2§+ 8aZAGAS (232 + 1)) M3 + Ag (16a§A§ P2+ A?) uxy
—4a3); [16a‘f/\6 (A2 + 12a‘f)\3x2) )\(1)2 (v? — 28)] 22 — 201 AN2N2 (N2 — 3243
XS po] uzdzs — N0 py 252 — 201 A5 N2 [2a1)\é/\3 — p1a3a3] =0,

[2X0A30 (A2 + 8aiASxS (16a§A52S + A§ (237 — 20 + 1)))] M2 — 2a1 0] [8aiASv
“AS(v —2)] p3x2x3 -2 [)\lz(u + 2)v? — 64a$A3? (20 + 30?) x5

+8a3ASAS (5022 — 2u)] 23 + 4a§A4A3x2 [16a3AS((u + 1)v? — 3) (13)
+A5(4 — 3u? —v® 4+ 1625)] 25 — Aoak [2a1 \2x5p3 — Nipsa?

—4afAgA;(v? — 2) ada5] = 0,

where u = 2§ + 1, v = 2§ — 1, a1 = a/3, p1 = A\§ — 8a3\§, pa = A§ — 4a3)\§,
p3 = A\v? + 16ai{’)\3x2 The total time to compute the basis is 8s.

Likew1se as above, it is easy to verify by IM definition that Eq. (13) define
the family of IMs of codimension 3 for differential equations (9). Here Ao, A3
are the parameters of the family. In the terms of the paper, it is the family of
stationary IMs, since the integral K = MoH — \3V; assumes a stationary value
on the elements of this family.

One can show that the elements of IMs family (13) are the submanifolds of
IM (11). Let us find their intersection. To this end, we compute a lexicographical
basis with respect to the variables My, M3, x3 for the polynomials of the system
composed of Egs. (11), (13). The resulting equations are the family of IMs (13).
So, the original assumption is true.
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With (8), we can return to the initial variables Ms, M3, y1, 72, v3 in Egs. (11),
(13). In the initial variables, these equations define, respectively, the IM of codi-
mension 2 and the family of IMs of codimension 3 for differential equations (4)
that can be verified by IM definition.

Other IMs of codimension 2 for the equations of motion (4) have been
obtained by the chains of differential consequences of the kind [10]:

W(; = 901(37) Wl(x)’ Wll = 902(37) Wg(l‘), RE) Wl;—l = @k(x) Wk(x)v .- (14)

Here x = (M, M3,v1,72,73), and Wj(z) (j = 0,...), gm(z) (m = 1,...) are
some smooth functions of z, W} (j = 1,...) are their derivatives by virtue of
differential equations (4).

We call the chain of differential consequences (14) cyclical one if for some k:

Wi= > fila) Wile) (15)

where @;(z) are the smooth functions.

Statement 1. If system (4) admits cyclical chain (15) then it has the IM defined
by the equations Wy(z) = Wi(x) = ... = Wi(x) = 0. The proof is obvious.

In the given approach, computer algebra tools play an auxiliary role. They
give us a possibility to make computational experiments, e.g., for finding the
functions W; that would be most “suitable” to generate the chain. The “Math-
ematica” program PolynomialReduce is used to test criterion (15).

Let be Wy = My + Ms. On differentiating this expression by virtue of Eq. (4)
we obtain W; = =9 — 3. The subsequent differentiation of W; shows that dif-
ferential equations (4) admit the following cyclical chain:

Wi =[a (v} +7273) (7F +73 +73) (v27) /3 W,
Wi = ~[(7f +73 +727) 71 TWo + [Ms (2 + 73) 7 '] Wi
According to Statement 1, the expressions
My +M;=0, 2—73=0 (16)

determine the IM of codimension 2 of differential equations (4).
The vector field on IM (16) is given by

. —5/3 —7/3 . .
Ms=—a(vi—73) (i +293) / Yo / 1 =2M3rys, g3 = —Msyi. (17)

In the same way, the IM defined by the equations
My —M3;=0, 2+73=0 (18)

has been derived.
The vector field on this IM is described by

y —-5/3 —8/3
My = a(—3)3(2 = 43) (42 + 293) 77 245 2,

Y1 = —2M3zvy3, Y3 = M371. (19)
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Note that IMs (16), (18) are stationary. The integral 2 = Vi? takes a stationary
value on them.

All found IMs for differential equations (4) can be “lifted up” into the phase
space of system (2). For this purpose, it is sufficient to add expression Vo = 0
(3) to the equations of these IMs. In particular, equations IMs (16), (18) take
the form

My + M3 =0, 2 —v3=0, Mim =0 (20)

and My — M35 =0, v2 +v3 =0, Myy; = 0, respectively,

From the physical viewpoint, in the case of the spheroidal body, the above
equations together with (17), (19) define pendulum-like oscillations of the body.
From the formulation of the problem it follows that IM (20) is related to the prob-
lem of the expanding gas cloud only. Equation (20) together with (17) describe
the periodical changes of the cloud sizes.

2.3 Finding Stationary Solutions

As mentioned before, stationary solutions are usually found by the Routh—
Lyapunov method from the conditions for stationarity of a family of problem’s
first integrals. In the case of polynomial first integrals, this approach leads to
solving a system of polynomial equations. When the first integrals are not poly-
nomial or the polynomials have high degrees, the technique applied in [11] is
more suitable. The given technique is used in the present work.

Equate the right-hand sides of differential equations (4) to zero and add
relation V3 =1 (5) to them:

a(i =13 (7 + 73 +13) (rvs) =3, T2 213 = 0,799 Mz — 43 My = 0,
—a (9 =73) (1 + %5 +75) () 5370 =03 + 13 +13 —1=0, (21)
—7371 U [Mavye + M3(v2 +73)] = 0,

Yov; t [M2(7E + v2) + M3vys] = 0.

Next, construct a lexicographical Grébner basis with respect to Ms, M3, 1,
~2, v3 for the polynomials of the subsystem

M =73 =0, Mayo + Ms(vf +73) =0, Ma(77 +72) + Mzy3 =0,
1= =0, 12M3—v3My =0, /7 +73+73—-1=0

of system (21). As a result, we have:
372 -1=0,1-3y3=0,1-3y=0,My, =0, M3 =0.
The latter system has the following solutions:

My =0, M3 =0,y =+3"Y2 ~ny =g =312
My =0, My =0, =432 ~ny=n~3 =312 (22)
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M2 = Oa M3 = 0) "= j:3_1/2a Y2 = _3_1/2a V3 = 3_1/27
My=0, My =0,y =432 7y =3712 75 = —371/2, (23)

On substituting these solutions into Eq. (4) they are satisfied.

Now, let us derive the family of the integrals which takes a stationary value
on solutions (22), (23). When these solutions are substituted into Eq. (7), we
find that the equations are satisfied under \; = 0.

On substituting A; = 0 into (6), we have:

K = X H — \3Vs. (24)

Thus, the family of the integrals K assumes a stationary value on solutions (22),
(23). Each integral belonging to this family also takes a stationary value on the
above solutions. It is verified by direct calculation. In particular, the integral Vs
is identically equal to zero on all solutions (22), (23).

In the same way as the IMs in Subsect. 2.2, the stationary solutions can be
“lifted up” into the phase space of system (2). From the physical viewpoint,
in the original phase space, these solutions correspond to the equilibria of the
spheroidal body, and only one of these solutions is related to the problem of
the expanding gas cloud: My} = My = M3 =0, v = 79 = 3 = 3~ Y/2. It was
also found in [4]. This solution corresponds to the cloud of the spherical shape
without changing sizes.

One can show that stationary solutions (22), (23) belong to IM (11). To
this end, we substitute these solutions into the equations of the IM (they must
be written in the initial variables Ms, M3, v1,72,73). The equations turn into
identities. Thus, solutions (22), (23) belong to IM (11).

In the same way, we reveal that solutions (22) and (23) belong to IM (16) and
IM (18), respectively. Hence, IM (11) and IM (16) have the common points (i.e.,
the points of intersection of these IMs) defined by relations (22). Analogously,
relations (23) define the points of intersection of IM (11) and IM (18).

2.4 On Stability of Stationary Solutions

The integrals and their families, which take a stationary value on solutions
(22), (23), are used to investigate the stability of these solutions by the Routh—
Lyapunov method. The problem is to verify the sign-definiteness conditions for
the 2nd variation of the family of integrals which is obtained in the neighbor-
hood of the solution under study. These conditions are analyzed on the linear
manifold defined by the variations of the “conditional” integrals.

Let us investigate the stability of one of solutions (22), e.g.,

My= Mz =0,7 =7y =73 =32 (25)

which is related to the problem of the expanding gas cloud.
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We use the family of integrals K (24). In the deviations y; = v, — 371/2,
Yo =2 —3 V2 ys = 43 — 372 yy = My, y5 = M3 on the linear manifold
Vi = 2(y1 + y2 +y3)/V3 = 0, the 2nd variation of K in the neighborhood of
solution (25) can be written as:

62K = X [18a (v3 + 192 + ¥3) + y2 + vays + y2] + 6 V3ars [y1 (ya + 2us)
+y2 (Y5 — ya))- (26)

The conditions for the quadratic form 62K to be positive definite in the form
of Sylvester’s inequalities are given by alg > 0, a?A3 > 0, a®\g (A3 —6a)3) > 0,
a?(A\} — 6ar3)% > 0.

These inequalities are consistent under the following constraints on a, Ag, A3:

a>0,A3>0, )\0>\/6\/6)\3. (27)

Inequalities (27) are split up into 2 groups. The first (¢ > 0) is the sufficient
condition for the stability of solution (25), and the rest of the inequalities sepa-
rates some subfamily from the family of integrals K (24), the elements of which
give us a possibility to derive this condition.

Let us show that the sufficient condition of stability is also necessary. To this
end, we use Lyapunov’s linear stability theorem [14].

In the case studied, the equations of first approximation, in the deviations
yi (1 =1,...,5), are:

V391 = ys — ya, V392 = —(ya + 2y5), V393 = 2ys + ys,
Ja = 6V3a (y1 — y3), Us = 6V3a(y2 — y1).

The characteristic equation X (A% 4+ 18a)? = 0 of the above system has only
zero and pure imaginary roots when a > 0. On comparing the latter inequality
with (27), we conclude that the condition a > 0 is necessary and sufficient for
the stability of solution (25). For the rest of the stationary solutions, we have
obtained similar results.

Now, we investigate the stability of IM (16), which solution (25) belongs to.

For the equations of perturbed motion, in the deviations y; = My + M3,
Y2 = 72 — 73, on the linear manifold §V; = 2v3y2 = 0, the 2nd variation of the

integral 2 = Vi is:
20 = [3a (v —3) +27° M3 A (28)
On IM (16), the integral H assumes the form:
= (M +3a (08 + 2] (2919 = . (29)
Eliminate M3 from (28) with (29):

48%2 = (9" — 27y 7% g
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Equate the numerator of the latter expression to zero and eliminate ~; from the
resulting equation with the integral V7 = 1. As a result, we obtain the following

boundary value for v,:
2hq 3/4
e (Zn)”

9a
under which there exist the stable oscillations of the spheroidal body. As to the
gas ellipsoid, the latter relation allows one to determine the limit values for the
lengths of its principal axes under which the periodical changes of the cloud sizes
are stable.

When the stability of stationary solutions and IMs is studied on the base of
Lyapunov’s linear stability theorems and the 2nd Lyapunov method, we need
often to derive the sign-definiteness conditions for a quadratic form as well as the
characteristic equation for a system of linear differential equations with constant
coefficients. The computer program codes of these procedures are included in
the “Mathematica” software package [2]. This package has been developed to
do the qualitative analysis of conservative systems on the base of the approach
described in the this paper. It is applied as an auxiliary tool at different stages of
analysis of the systems. In the above calculations, for the given solution and the
given combination of the first integrals, the package has constructed the sign-
definiteness conditions for the quadratic form 62K (26) in the form of Sylvester’s
inequalities. The subsequent analysis of these inequalities was made by computer
algebra tools. In a similar manner, the package is used to investigate the stability
on the base of Lyapunov’s linear stability theorems.

3 The Integrable Case with the Additional 6th Degree
Integral
3.1 Formulation of the Problem

The equations of motion of the spheroidal body in a force field with the potential

2V =G [3a (myev3) "2 +4¢® (v +13) (0 —3) 77

can be written as:

: _ —2/3 _

My = =Gla (93 =13) (1278) */27, "% + 4278 (39 +3) (1 = 8) ),

My = Gla(9? =93) (n99) 292 "° = s (0F 4+ 393) (0F = 13) ). (g

M = ~Gla (7} =3) (n12) /25" —16¢> 7 (47 +13) (o —3) %)

Y1 =72 Ms — v3Ma, 2 = y3Mi — 11 Ms, Y3 =1 Mo — 2 M.
Here the variables M;,v; (i = 1,2, 3) are interpreted as in Sect.2, G =73 +73 +

2

73-

The first integrals of Eq. (30) are given by
2H = M} + M3 + M3 + G [3a (y17273) "2/% + 4¢3 (7F +43) (0 —23) %] = 2h,
Vi=+73+73 =1, Va = Mim + Mayz + Msys = 0, (31)
Vo = (Fy+ F)* +40[B97 152 +3a] (873 57 + 30| =1,
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where

F3 = MyMyM; — 3a (117273) "/ (Myy; ' + Moy, '+ Msvys ),
F, =4 Msy1v273 (F — 72)_2’

P = 42 (y273) Y2 (v —43) 72, @ = My Mo (17273) 2 97 st + @ — 3a.

Here V3 is the additional 6th degree integral with respect to My, My, M3. It has
been derived in [9]. This integral exists when the constant of the integral V5 is
equal to zero. Note that the potential energy V in this problem has a singularity
when 1 = va.

Likewise as in Sect. 2, we shall consider the equations of motion of the body
on the manifold V2 = 0. On this manifold, differential equations (30) and first
integrals (31) take the form:

=G la(3 —13) (hys) 3 2 7 + ety (371+72)(v1 ¥3)7%),
M2 Gla(F =13) (ny) "2 / — 43 (7 + 393) (07 72)‘3]; (32)
A1 = —[Miy1y2 + Ma (73 +~+3)] 73 , A2 = [My (43 +73)+M27172]’Y3 )
Y3 = 1Mo — o M;.

2H = M} + M3 + (Myy, + Mg:yg)Z 732 + G [3a (y1y2y3) /3

HA(F +13) (0 = 13) =2k, Vi=i+95 +13 =1,

Vs = (Fy + F.)? + 4@ | 893952 + 30 [83 75 + 3a] = &1, where  (33)

Fy = —M; M, (M1’)’1 + Myya) vz = 3a (ny273) 3 (Miyy ' + Mayg !
—(Mim + May2)752), Fe = —4c(Miy + Mavya) iy (03 —23) 72

They have been derived from (30), (31) by eliminating the variable M3 from
them with the aid of V5 = 0.

In the present work, we restrict our consideration to the problem of finding
the stationary solutions for Eq. (32) and the investigation of their stability.

3.2 Finding Stationary Solutions

We apply the same technique as in Subsect. 2.3 to obtain the stationary solutions
of differential equations (32). For this purpose, these equations are written in

the variables My = M;, My = M, x1 =71, T2 = 7, 1/3 771/3,
_ /818,
=7 N
A1y = ~Ga(a ~ 1)°(af - af) — dca5al (] + )] a0 "(of 1)

My = G (4230} (305 + 1) — a(a§ — 1) (a§ — 1)] 23223 (2§ — 1)~2,
iy = —[Myx3 + My(2§ + 2§)] w1232, 3de = G [My + Max3] vy %233,
3i3 = (2§ + 2§ + 1) Moayz?,

(34)

where G = z§ + 2§ + 1.
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Next, we equate the right-hand sides of Eq.(34) to zero and consider the
following subsystem

a(ay —1)° (2§ — 2§) — 4c®a5af (a5 + 3) =0,
(4ctx32s (325 4+ 1) —a(xs — 1)* (25 — 1) =0,
Myxs + My(2§ + 25) =0, My + Max3 =0, My =0 (35)

of the resulting system.

From the latter three equations (35), it follows that M; = My = 0. For the
polynomials of the rest of the equations, we compute a Grobner basis with respect
to the ordering x3 > wo. Taking into account the above values for My, My, we
have:

a®(x§ — 1) (232 4 625 + 1) — 16384 P23 (25 + 1)* = 0,

16384a*c*x3 — 16384c%232 (5 + 1)% (3125 + 32) (3325 + 32) + a®z5 (a5 — 1)*

x (1023257 — 102125% — 2148837 + 86920230 — 13685825 + 71014a3*
+7258423% — 138224237 + 8806725 — 22529) = 0,

M, =0, My =0. (36)

Tt is easy to verify by IM definition that Eq. (36) define the one-dimensional IM
of differential equations (34). The vector field on this IM is described by the
equation ©; = 0. It has the following solution:

z; = 29 = const. (37)
Equation (36) together with (37) and the condition
ai (a§+af+1) =1, (38)

which is the integral V; in the variables x1,x2,x3, determine the set of fixed
points for system (34).

In the initial variables My, M3, v1,72,7s, Egs. (36) and (36)—(38) determine
the one-dimensional IM and the set of fixed points for system (32), respectively.
In the same way as in Sect. 2, these solutions can be “lifted up” into the phase
space of system (30).

From the physical viewpoint, in the original phase space, the solutions defined
by (36)—(38) correspond to the equilibria of the spheroidal body (the gas ellip-
soid). From equations (36)—(38) it follows that the number of the equilibria is no
more than 336 V a # 0, ¢ # 0. One can also see from these equations that they
can have one real positive solution only. Thus, in the problem of the expanding
gas cloud, there exists no more than one equilibrium position for each fixed pair
of values of the parameters a # 0, ¢ # 0. The latter agrees with the result [4].
Further, we find the equilibria under some conditions imposed on the parameters
a and c.

System (34) is defined in the domain: 2% (2§ + 2§ +1) = 1, 2; # 0 (i =
1,2,3), 22 # 1. We choose a value of z from this domain, e.g. x5 = 1/21/6
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and then substitute it into the 1st equation of system (36). Whence, one can
obtain @ = 192 (6/17)'/3¢?. Under the above values of xs,a, from the rest of
Egs. (36)—(38), we find x1, z3. So, for the given values of z2, a, system (36)—(38)
has the following solutions:

My =My =0, 2, = (34/3)1/2571 2y = 27V/6 g = £21/3 (3/17)1/6,

My =M, =0, 2y = —(34/3)/2571 2y = 271/6 25 = £21/3 (3/17)1/6,

In the initial variables, the above solutions are:

My =My =0,y = (34/3)/257" 7y = (17/3)"/2 571, 45 = +2V257 1,
My =My =0,y =—(34/3)Y/2571 4 = —(17/3)/2 571,
vg = £2v/257 L. (39)
On substituting these solutions into differential equations (32) they are satisfied.
From the physical viewpoint, in the original phase space, solutions (39) cor-

respond to the equilibria of the spheroidal body. Only one of these solutions is
related to the problem of the expanding gas cloud:

My =My =M;=0,v = (34/3)"/2571, 70 = (17/3)/2571, 43 = 2257

It corresponds to the gas cloud of ellipsoidal shape. This ellipsoid is prolate along
its principal axis Oz.
As in Sect. 2, one can show that the family of integrals

K =X H — \3V; (40)

(and each integral of this family) assumes a stationary value on solutions (39).
The family of integrals K (40) is used for the investigation of stability of the
given solutions.

3.3 On Stability of Stationary Solutions

In order to study the stability of stationary solutions (39), we apply the same
approach, methods and computing tools as in Sect. 2.

First, let us investigate the stability of one of solutions (39) which is related
to the problem of the expanding gas cloud:

My =M, =0,y = (34/3)2571 45 = (17/3)Y/2571, v3 = 2v/257 1. (41)

In the deviations y; = My, yo = Mo, y3 = v1 — (34/3)1/2571 yy = vy —
(17/3)1/2 571 y5 = 43 — 2¢/2571, on the linear manifold 6V; = 2[v/51 (v2y3 +

Y1) + 64/2ys5]/15 = 0, the 2nd variation of the family of integrals K in the
neighborhood of the solution under study is written as: 62K = Qq + Q2, where
83521 Q; = 15000 2 [204 (221\¢ — 161792 ¢*A3) 32 + V102 (3961 )¢
+7651328 ¢* \3) yays + (198220 — 795295744 c*\3) 3],
816 Qo = (986X — 14450688 c* \3) y? + 2v/2 (289N + 10764288 ¢*\3) y172
+(697\o — 17842176 ¢*)\3) 2.
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The conditions for the family of the quadratic forms @, @2 to be positive
definite are sufficient for the stability of solution (41). In the form of Sylvester’s
inequalities, they are:

2210 — 161792 ¢* A3 > 0, 289A2 — 22282240 c* Mg A3 + 14495514624 B\2 > 0,
986X — 14450688 c*\3 > 0. (42)

Inequalities (42) are compatible under the following constraints on the parame-
ters Ao, A3, c: 17\g > 16384 (404-1/1546) c*\3. The latter condition separates the
subfamily from the family of integrals K (40), the elements of which enable us
to derive the sufficient conditions for the stability of solution (41). Comparison
of the above sufficient condition with the relation a = 192 (6/17)'/3¢? gives us
the following sufficient condition for the stability of solution (41): a > 0.

For solution (41), we have also derived the conditions of its stability on the
base of Lyapunov’s linear stability theorem. The resulting necessary stability
conditions coincide with the sufficient ones.

Similar results have been obtained for the rest of solutions (39).

4 Conclusion

In the given work, ordinary differential equations with irrational first integrals
were studied. These equations describe a series of dynamical systems, such as an
expansion of the gas ellipsoidal cloud in vacuum, the rotation of the spheroidal
body in a potential force field, the motion of a point mass on the spherical surface.
We analyzed the equations in the cases when they possess the additional first
integrals of 3rd and 6th degree in momenta. The purpose of the study was to find
the stationary solutions and IMs of the equations and to investigate their stabil-
ity. To solve these problems, computer algebra methods and tools were applied.
The first integrals in the problem are rather complicated irrational functions.
Computer algebra methods were used for transforming irrational equations to
polynomial ones and for finding their solutions.

In the problem of the expanding gas cloud, in addition to previously known
solutions, new IMs of codimension 2, 3 as well one-dimensional IM have been
obtained, and the physical interpretation for some of them has been done. It
was established that the previously known solutions belong to these IMs. It was
also shown that these solutions are stationary. For the stationary solutions and
IMs, the sufficient conditions of their stability on the base of the 2nd Lyapunov
method have been derived. The “Mathematica” software package developed by
the authors together with their colleagues was used to investigate the stability
of the found solutions. It should be noted that in the problem of the rotational
motion of the spheroidal body, there exists a greater number of stationary solu-
tions and IMs than in the above problem. Some of them have been found and
represented in the paper. The analysis of their stability has also been done.

The obtained results, their consistency with those known before, show that
the approach used as well the computing tools are rather efficient for the study
of the dynamical systems of the considered type.

mmonagan@cecm.sfu.ca



Qualitative Analysis of a Dynamical System with Irrational First Integrals 269

Acknowledgments. This work was supported by the Russian Foundation for Basic
Research (Project 16-07-00201a) and the Program for the Leading Scientific Schools of
the Russian Federation (NSh-8081.2016.9).

A Appendix
The coefficients of equation (11):
oo = x528 (42§ — (2§ — 2§ — 1)?), 09 = —2ax5 [5 (25 + 1) x3® — 2 (82§
5 (0§ + 1)%) 24 + (5 (23° + 1) — 92§ (a§ + 1)) § + 205 (2§ — 1)2],
o4 = —36 a’z; 3 [((xg + 1)+ a8) 23 — 2(23® + 628 (25 + 1) + 1) 2§
(23t — 225 (232 + 2§+ 1) + 1)}, o6 = —bdadria? {(még + 7S (25 + 1)
F1) @l = 2((2h + 1) + 1l + Taf (08 + 1) af + (2§ — 1)? (2§ + 17
og = —27a* {((xg +1)% + 4a8) 2§ — (25 + 1)3}2,

o = —18azx3 [(a:g — 1) [(25 +1)% + 4252 23° — [3(23° — 1) — 82§(23* — 1)
—153232 (x3? — 1)) 3% + 2 [25% — 1525 (230 — 1) — 3232 (x3® — 1)
+269238 (25 — 1) — 1] 3% 4+ 2 [23% — 225235 — 1) — 82222 (23* — 1)
+102238 (23 — 1) — 1] 23% — (2§ + D)* [3(23° — 1) — 2325 (23® — 1)
+86032(a§ — D] 2§ + (2§ — 1 (2§ +1)7],

o1 = a5ay” |[5 (w57 + 1) + 625] 3” — 8 [2(x3° + 1) + 2f(a3 + 1)] 23"
+2[7(23* + 1) — 1625 (232 +1) — 30232 228 + 4 [(23° + 1) + 1225 (228 + 1)
+3232 (2§ + 1] 23? — (25 — 1)? [11(23* + 1) + 2025 (3% + 1) + 223725
+(ag — 1) (2" + 1),

03 = axyrs [4 (1725 (2§ + 1) + 11(22® + 1)] 236 — [32223% 4 29225 (232 + 1)
+139(23* + 1)] 23’ — 4[(277x3% (2§ + 1) + 1625 (3% + 1) — 29(23° + 1)) 23*
+2 (72258 + 281232 (x3% + 1) + 30025 (23 + 1) + 23(23¢ 4 1)] 218
—4[6023% (2§ + 1) — 19123 (23% + 1) + 412§ (23° + 1) + 26 (252 + 1)] 32
(2§ — 1) [8423® — 117252 (232 + 1) — 9025 (23* + 1) + 37 (236 + 1)] 2§
+625 (2§ — 1)* (22 + 1),

o5 = 3a%a2 [(xg £ 1)2 [43(212 + 1) + 4228] 236 — 2[188212 (a8 + 1)
+25728 (238 4+ 1) + 67(23° + 1)] 23° — 2[63225° + 70123 (23 + 1)
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—4a§ (22 +1) — 53(235 + 1)] 2% + 4272238 (2§ + 1) + 119232 (238 + 1)
420325 (230 + 1) 4+ 14(x5? + 1)) 238 — [51023* + 20228 (3% + 1)
—876232 (x3* + 1) + 23625 (235 + 1) + 109(25° + 1)] 24? + 2 (2§ — 1)?
x[8123% (2§ 4+ 1) — 9232 (23® + 1) — 5925 (30 4+ 1) + 19(z3? + 1)) 25

—aa (a2~ 1)),

o7 = 9(13173L [2 (2§ + 1)% 4 428) [7 (222 + 1) + 625(z3% + 2)] argo —[B7 (3 + 1)

+234 (20825 + 161) + 232 (1625 — 145) + 6(3225 + 1)] 23* +4[7 (232 + 1)
2§ (230 — 14) — 222 (2225 + 141) — 232(1325 +47) +1] 2B+ 2[9(23°+ 1)
+2235 (6225 + 83)+ 423 (12825 — 95) + 223%(358x5 + 1)+ 2(60x5 + 1)] 232
—2(2S + 1) [16 (3% + 1) + 9235 (45 + 1) + 23 (23® + 11) — 49923 (2§ — 2)
—a§(8z3% — 23) — 35232 (1125 — 1) + 3] 25 + (25 — 12 (2§ + 1)* [11 (23" + 1)
—225 (23237 + 21) + 2 (40232 + 1)]|.
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Quotient and Its Implementation
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Abstract. In this paper, we propose a new method for localization of
polynomial ideal, which we call “Local Primary Algorithm”. For an ideal
I and a prime ideal P, our method computes a P-primary component of
I after checking if P is associated with I by using double ideal quotient
(I : (I : P)) and its variants which give us a lot of information about
localization of I.

Keywords: Grébner basis © Primary decomposition - Localization

1 Introduction

In commutative algebra, the operation of “localization by a prime ideal” is well-
known as a basic tool. To realize it on computer algebra systems, we propose
new effective localization using double ideal quotient (DIQ) and its variants for
ideals, in a polynomial ring over a field. Here, by the words localization, we mean
the saturation or the contraction of localized ideals.

It is well-known that the localization of an ideal can be computed through
its primary decomposition. In more detail, for an ideal I of a polynomial ring
K[X] = Klx1,...,x,] over a field K and a multiplicatively closed set S in
K[X], once a primary decomposition Q of I is known, the localization (i.e.
the contraction of localized ideal) of I by S can be computed by IK[X]s N
K[X] = Ngeco.gns=o @ (see Remark 3). Algorithms of primary decomposition
have been much studied, for example, by [2,3,5,8]. However, in practice, as
such primary decomposition tends to be very time-consuming, use of primary
decomposition is not an efficient way and we need an efficient direct method
without primary decomposition. Toward a direct method of localization, for a
given ideal I and a prime ideal P, first we provide several criteria for checking
if a primary ideal @ can be a P-primary component of I, and then present
a direct method named Local Primary Algorithm (LPA) which computes a P-
primary component of I. Our method applies different procedures for two cases;
isolated and embedded. Both cases use double ideal quotient and its variants
as a tool for generating and checking primary components. Of course, if we
know all associated primes disjoint from a multiplicatively closed set, we get its
localization without computing other primary components.

© Springer Nature Switzerland AG 2018
V. P. Gerdt et al. (Eds.): CASC 2018, LNCS 11077, pp. 272-287, 2018.
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For ideals I and J, we call an ideal (I : (I : J)) double ideal quotient in
the paper. Double ideal quotient appears in [10] to check associated primes or
compute equidimensional hull, and in [2], to compute equidimensional radical.
We survey other properties of double ideal quotient and find that it and its
variants have useful information about localization. For instance, for ideals I, J
and a primary decomposition Q of I, a variant of DIQ (I : (I : J)*°) coincides
with ﬂQEQ,JCIK[X]\/@ﬂK[X] Q.

To check the practicality of criteria on LPA, we made an implementation on
the computer algebra system Risa/Asir [7] and demonstrate the performance in
several examples. To evaluate effectiveness coming from its speciality, we com-
pare timings of it to ones of a general algorithm of primary decomposition in
Risa/Asir.

For practical implements we devise several efficient techniques for improving
our LPA. (For efficient computation of ideal quotient and saturation, see [4,10]).
First, instead of computing the equidimensional hull hull(I+P™), we use hull(I+

Pgn]) where Pc[,m} = (f{" ..., f*) for some generator G = {fi,..., fr} of P.
Second, we use a mazimal independent set of P for computing hull(Q)) where
Q is a P-hull-primary ideal. Since a maximal independent set U of P is one of
I+ P™, we obtain hull(I + P™) = (I + P™)K[X]ku)x N K[X]. Moreover, we
also use U at the first step of LPA; use IK[X]g)x N K[X] instead of I. By
these efficient techniques, our experiment shows certain practicality of our direct

localization method.

2 Mathematical Basis

Throughout this paper, we denote a polynomial ring K|[zq,...,x,] by K[X],
where K is a computable field (e.g. the rational field Q or a finite field F,,) and
we denote the set of variables {z1,...,2z,} by X. We write (f1,..., fi)k[x] for
the ideal generated by elements fi,..., f; in K[X]. If the ring is obvious, we
simply use (f1,..., ft). When we simply say I is an ideal, it means the I is an
ideal of K[X]. Moreover, we denote the radical of I by v/T.

2.1 Definition of Primary Decomposition and Localization

Here we give the definition of primary decomposition and that of localization
which seem slightly different from standard ones. We also give fundamental
notions and properties related to localization.

Definition 1. Let I be an ideal of K[X]. A set Q of primary ideals is called a
general primary decomposition of I if I = erQ Q. A general primary decompo-
sition Q is called a primary decomposition of I if the decomposition I = nQeQ Q
1s an irredundant decomposition. For a primary decomposition of I, each primary
ideal is called a primary component of I. The prime ideal associated with a pri-
mary component of I is called a prime divisor of I and among all prime divisors,
minimal prime ideals are called isolated prime divisors of I and others are called
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embedded prime divisors of I. A primary component of I is called isolated if
its prime divisor is isolated and embedded if its prime divisor is embedded. We
denote by Ass(I) and Ass;so(I) the set of all prime divisors of I and the set of
all isolated prime divisors respectively.

Definition 2. Let I be an ideal of K[X] and S a multiplicatively closed set in
K[X]. We denote the set {f € K[X] | fs € I for some s € S} by IK[X]s N
K[X], and call it the localization of I with respect to S. For a multiplicatively
closed set K[X]\ P, where P is a prime ideal, we denote simply by IK[X]|p N
K[X]. We assume a multiplicatively closed set S always does not contain 0.

Remark 3. Given a primary decomposition Q of an ideal I, the localiza-
tion of I by S is expressed as ﬂQeQ,QﬁS:(Z) Q. Moreover, it is also equal to
(I + (Npeass(ny,pnszo £)°°). Thus if we know all primary components or all
associated primes, then we can compute localizations of I for any computable
multiplicatively closed sets S. (We are thinking mainly about cases where S is
finitely generated or the complement of a prime ideal. In these cases, we can
decide efficiently whether @ and S intersect or not). However, this method is
not a direct method since it computes unnecessary primary components or asso-
ciated primes.

Lemma 4. Let I be an ideal and P a prime divisor of I. If S is a multiplica-
tively closed set with PN S =0 and Q is a P-primary ideal, then the following
conditions are equivalent.

(A) @Q is a primary component of I.

(B) Q is a primary component of IK[X]s N K[X].

Proof. First, (A) implies (B) from Proposition 4.9 in [1] . For primary decom-
positions Q of I and Q' of IK[X]s N K[X] with Q € Q', we obtain {Q’ € Q |
Q'NS #P}U Q is also a primary decomposition of I. Hence, (B) implies (A).
Definition 5 ([1], Chap.4). Let I be an ideal. A subset P of Ass(I) is said to

be isolated if it satisfies the following condition: for a prime divisor P' € Ass(I),
if P C P for some P € P, then P’ € P.

Lemma 6 ([1], Theorem 4.10). Let I be an ideal and P an isolated set con-
tained in Ass(I). For a multiplicatively closed set S = K[X]\ Upcp P and a
primary decomposition Q of I, IK[X]|s N K[X] =geco . /ger @-

Lemma 7. Let Q be a primary decomposition of I and Q € Q. For a multi-
plicatively closed set S, the following conditions are equivalent.

(A) IK[X]s N K[X] C IK[X] 5N K[X].

(B) Qn S =0,

Proof. Show (A) implies (B). As IK[X] 5N K[X] C Q, IK[X]s N K[X] =
Norco.gns—p @ C Q. Since Q is irredundant, I K[X]s N K[X] has \/Q-primary
component. Thus, QNS = (). Now, we show (B) implies (A4). Then, QNS =0
and Q'NS = @ for any Q' € Q st. Q' C Q. Thus, IK[X] 5N K[X] =
Nocyg @ implies IK[X]s N K[X] C IK[X] g0 K[X]. O
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Next we introduce the notion of pseudo-primary ideal.

Definition 8. Let Q be an ideal. We say @ is pseudo-primary if v/Q is a prime
ideal. In this case, we also say v/Q-pseudo-primary.

Definition 9. Let I be an ideal and P an isolated prime divisor of 1. For
P = {P' € Ass(I) | P is the unique isolated prime divisor contained in P'}
and S = K[X]\ Uprep P, we call Q = IK[X]s N K[X] the P-pseudo-primary
component of 1. This definition is consistent with one in [8]. We note that the
P-pseudo-primary component is determined uniquely and has the P-isolated pri-
mary component of I as component.

Remark 10. Every P-pseudo-primary component of I is a P-pseudo-primary
ideal. Let Q p be the P-pseudo-primary component of I. Then I = ﬂPeAssm(I)@P
NI’ for some I' s.t. Assiso(I') N Assiso(I) = 0. This decomposition is called a
pseudo-primary decomposition in [8], where it is computed by separators from
given Ass;so(I). Meanwhile, we introduce another method to compute it by using
double ideal quotient in Lemma 32.

Definition 11. Let I be an ideal and Q a primary decomposition of I. We call
hull(1) = erQ,dim(Q):dim(I) Q the equidimensional hull of I. Since every pri-
mary component Q satisfying dim(Q) = dim(I) is isolated, hull(I) is determined
independently from choice of primary decompositions.

For a given I, hull() can be computed in several manners. For instance, it can
be computed by Ext functors [2] or a regular sequence contained in I [10].

Proposition 12 ([2], Theorem 1.1. [10], Proposition3.41). Let I be an
tdeal and uw C I be a c-length regular sequence, where c is the codimension of I.
Then hull(I) = ((u) : ((u) : 1)) = anngx](Extix) (K[X]/1, K[X])).

Definition 13. Let I be an ideal. We say that I is hull-primary if hull(I) is
a primary ideal. For a prime ideal P, we say a hull-primary ideal I is P-hull-
primary if P = hull(\v/T).

Since a pseudo-primary ideal has the unique isolated component, we obtain the
following remark.

Remark 14. A pseudo-primary ideal is hull-primary.

By the definition of the P-pseudo-primary component of I, it is easy to prove
the following lemma.

Lemma 15. Let P be an isolated prime divisor of I and Q a P-pseudo-primary

component of I. Then, Q is a P-hull-primary and hull(Q) is the isolated P-
primary component of I.

Using Lemma 15 and a variant of double ideal quotient, we generate the isolated
P-primary component of I in Sect. 5.
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Lemma 16. Let Q be a primary ideal. Let I and J be ideals. If IJ C Q and
J ¢ /Q, then I C Q. In particular, if INJ C Q and J ¢ /@, then I C Q.

Proof. Let f € I and g € J\ Q. Since Q is /Q-primary, fg € [J C @ and
thus f € Q. O
Lemma 17. Let I be a P-hull-primary and Q a P-primary ideal. If I C Q, then
hull(7) C Q.

Proof. Let Q be a primary decomposition of I and J = ﬂQ/GQ,Q/;éhull(I) Q'. Then
I=hudl(I)NnJ C @ and J ¢ P. Since @ is P-primary, we obtain hull(1) C Q
by Lemma 16. O

Finally, we recall the famous Prime Avoidance Lemma.

Lemma 18 ([1], Proposition1.11). (i) Let Py,..., P, be prime ideals and
let I be an ideal contained in U?zl P;. Then, I C P; for some i.

(ii) Let Ir,. .., I, be ideals and let P be a prime ideal containing (\;—, I;. Then
P > I; for somei. If P =(\;_, I;, then P = I; for some i.

2.2 Fundamental Properties of Ideal Quotient

We introduce fundamental properties of ideal quotient. The first two can be seen
in several papers and books ([1], Lemma4.4. [4], Lemma4.1.3. [10], a remark
before Proposition 3.56). The last two are direct consequences of the first two.

Lemma 19. Let I and J be ideals, Q) a primary ideal and Q a primary decom-
position of I. Then,

Q. ifJ ¢ VQ,
(@Q:J) = K[X], if JCQ,
VQ-primary ideal properly containing Q, if J ¢ Q,J C v/Q,
(Q:J%)=(@Q:VJ ){K[X]; 7 CO
(7= (] @n N @:J0,
QEQ,JZVQ Q€Q,JZQ,JCVQ
(0% =1:VI)= (] @

QEQ,JIZVQ

3 Double Ideal Quotient

Double Ideal Quotient (DIQ) is an ideal of shape (I : (I : J)) where I and J are
ideals. For an ideal I and its primary decomposition Q, we divide Q into three
parts:

() ={QeQ|Jz @} Q())={QecQ|JcCqQ},
() ={QeQ|J¢Q,JC\/Q}
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Then, our DIQ is expressed precisely by components of them. The following
proposition can be proved directly from Lemma 19. We omit an easy but tedious
proof.

Proposition 20. Let I and J be ideals. Then,

(0= () (@: N @n [ @:J)

QeQa(J) Q'€Qi1(J) Q'€Q3(J)
n N (e () @n [ @:n],
QeQs(J) Q'eQ1(J) Q'€Q3(J)

VI (I:J) = N P.

PeAss(I),JCP

This proposition can be used to prove the following for prime divisors.
Corollary 21 ([10], Corollary 3.4). Let I be an ideal and P a prime ideal.
Then, P belongs to Ass(I) if and only if P > (I : (I : P)).

Proof. We note P D (I : (I: P)) if and only if P D /(I : (I : P)). By Proposi-
tion 20, /(1 : (I : P)) = Npreass(n,pcp P H P € Ass(I), then \/(I: ([ : P)) =

Npreass(n),pcp P C P. On the other hand, if P > /(I : (I : P)), then there is
P’ € Ass(I) s.t. P C P and P’ D P. Thus P = P’ € Ass(I). O

Replacing ideal quotient with saturation in DIQ, we have the following.

Proposition 22. Let Q be a primary decomposition of I. Then,

(L:(I:J)%)= N Q, (1)
QEQ,JCIK[X] ;gnK[X]
(I:(I:J%)®) = N Q, (2)
QEQ,JC\/IK[X] oNK[X]
:(I:J*)= N @: N )N N @ N Q) B
QEQ2(J) QeE1(J) QeQs(J) QeQ1(J)

We call them the first saturated quotient, the second saturated quotient, and
the third saturated quotient, respectively.

Proof. Here, we give an outline of the proof. The formula (1) can be proved by
combining the equation

(T:(T:)°)=T:/T:J) )= Q

ﬂQEQﬂQ/eQIU) \/@an/QQS(J) \/@g\/é
by Lemma 19 and the following equivalence

(1-a) J C IK[X] s N K[X].
(1_b> mQ’€Q1(J) \/@ﬂ nQ’GQ:s(J) \/@ Z \/@
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for each @ € Q. The second formula (2) can be proved by combining the equation
(I:(I:J®)>®°)=U:(T:Jm™)>®) = erQ,Jm'CIK[X]mﬂK[X] Q for a sufficiently
large m from the first formula (1), and the following equivalence

(2-a) J™ C IK[X] g N K[X] for a sufficiently large m.

(2-b) J C \/IK[X]m nK[X].

for each @ € Q. The third formula (3) can be proved directly from Lemma 19.
Now, we explain some details. We show (1-a) implies (1-b). If

mQ'EQl(«]) \/@ﬂ ﬂQ’€Q3(J) \/@ < \/>7

then by Lemma 18, \/Q' C +/Q for some Q' € Q1(J)UQ3(J). Since Q' C v/Q' C
V@, we obtain IK[X] /5N K[X] = Ngieo.greyg@” C Q. However, since
Q" € Q1(J) U Q3(J), we obtain J ¢ Q" and this contradicts J C IK[X] g N
KX cqQ'.

Show (1-b) implies (1-a). Let Q" € Q contained v/Q. Since g cg, (s V@' N
Noreas ) VR & V@, we obtain Q' € Q1(J) U Q3(J) and Q" € Qy(J). Hence,
JCQ and J C g g@ =IK[X] gNK[X]

Trivially, (2-a) implies (2-b) since J C VJ™ C \[IK[X] g N K[X]. Show
(2-b) implies (2-a). For @ € Qa(J) U Q3(J), let mg = min{m | J™ C Q}
and m = max{mg | @ € Q2(J) U Q3(J)}. Then, (I : J*) = (I : J™). Since
IK[X] 5N K[X] = Ngcoqgcyg Qs we obtain Q" € Qa(J) U Q3(J) for any
Q' € Q contained in /Q. Thus, we obtain J™ C IK[X] 5N K[X]. O

Using the first saturated quotient, we devise criteria for primary component
in Sect. 4. The second saturated quotient can be used to isolated prime divisor
check and generate an isolated primary component in Sect. 5. The third saturated
quotient gives another prime divisor criterion (Criterion 5 in Sect.4) other than
Corollary 19 by the following proposition.

Proposition 23. Let I and J be ideals. Then /(I: (I:J>)) = (\peass(r),scp P
Proof. Let Q be a primary decomposition of I. By Proposition 22 (3),

V=)= J@: () e)n () J@: [ @)
Q€eQ2(J) Q'eQ1(J) QeQs(J) Q'€Q1(J)
Since Q is minimal, we obtain @ 2 ﬂQ/te(J) Q' for any Q € Q2(J) and Q 2
nQ/egl(J) Q' for any Q € Q3(J). Thus, by Lemma 19,

VI@r<n= (O J@: () @)n ) J@e: [ @

QeQx(J) Q' eQi1(J) QeQs(J) QeQ1(J)
- N ven N ve- N »
QeQ2(J) QeQs(J) PeAss(I),JCP
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4 Criteria for Primary Component and Prime Divisor

In this section, we present several criteria for primary component which check
if a P-primary ideal @ is a primary component of I or not without computing
primary decomposition of I based on the first saturated quotient. We first pro-
pose a general criterion applicable to any primary ideal. Later, we propose some
specialized criteria aiming for isolated primary components and maximal ones.
Finally, we add criteria for prime divisors.

4.1 General Primary Component Criterion

We use the first saturated quotient to check if a given primary ideal is a compo-
nent or not. We introduce a key notion saturated quotient invariant.

Definition 24. Let I and J be ideals. We say that J is saturated quotient invari-
ant of I if (I:(I:J)®)=J.

Any localization is saturated quotient invariant. Conversely, any proper sat-
urated quotient invariant ideal is some localization of I.

Lemma 25. Let I be an ideal and J a proper ideal of K[X|]. Then, the following
conditions are equivalent.

(A) J=1K[X]|s N K[X] for some multiplicatively closed set S.
(B) J is saturated quotient invariant of I.

Proof. Let Q be a primary decomposition. Show (A) implies (B). From Propo-
sition 22 (1),

(I:(I:IK[X]sNA)>®)= N Q. (4)
QEQIK[X]sNK[X]CIK[X] onK[X]

By Lemma7, IK[X]|sNK[X] C IK[X] gNK[X]if and only if QNS = (). Thus,

N Q= (] @ (5)

QEQ.IK[X]|sNK[X]CIK[X] jgnK[X] QeQ,QNS=0

Combining (4), (5) and IK[X]s N K[X] = Npeg.gns=p @ by Remark 3, we
obtain (I : (I : IK[X]|sNA)®) =IK[X]sNK[X].
Next, show (B) implies (A). From Proposition 22 (1),

(I:(I:J)®) = N Q=1 (6)

JCIK[X] gNK[X]

Let P = {V/Q | Q € Q,J C IK[X] ;gNK[X]}. We may assume P # (), otherwise
P =0 and J = K[X]. Then P is isolated since if P’ € Ass(I) and P’ C P for
some P € P, then J C IK[X]|p N K[X] C IK[X]p N K[X] and P’ € P.
Let S = K[X]|\ Upep P- By Lemrn.a6, IK[X]s N K[X] = Ngeg.yoep @ =
chlK[X]\@mK[X] Q. By (3), we obtain IK[X]s N K[X] = J. O
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Based on Lemma 25, we have the following criterion for primary component.

Theorem 26 (Criterion 1). Let I be an ideal and P a prime divisor of I.
For a P-primary ideal Q, if Q 2 (I : P>®), then the following conditions are
equivalent.

(A) Q is a P-primary component for some primary decomposition of I.
(B) (I:P>®)NQ is saturated quotient invariant of I.

Proof. Show (A) implies (B). Let Q be a primary decomposition. Let P =
{P" € Ass(I) | P ¢ P'or P/ = P} and S = K[X]\ Upcp P’. Then S is
a multiplicatively closed set and (I : P*°)NQ C IK[X]|s N K[X] since (I :
P)NQ = Ngeoreyg @ NQ. For each Q' € Q with Q' N S = 0, there is
P’ € P such that /@7 C P, i.e. /@ € P. Thus, (I : P*)NQ > IK[X]sNK[X]
and (I: P*)NQ = IK[X]sNK[X]. By Lemma 25, I K[X]s N K[X] is saturated
quotient invariant of I.

Show (B) implies (A). By Lemma 25, there is a multiplicatively closed set S
such that (I : P*°)NQ = IK[X]s N K[X]. Let Q be a primary decomposition
of I. We know IK[X|s N K[X] = Ngco.qns=p @ By the assumption, @ 2
(I : P®) and thus ( : P*°) N Q has a P-primary component. Then neither
ﬂQ,EQQ,mS#@ Q' nor (I : P*) has a P-primary component. Hence,

I = (I . Pm)ﬂQﬁﬂQleQ,leS;é@ Ql - mQ/EQ,PQ‘\/@ leanQ/GQ,anS#w Ql

is a primary decomposition and @ is its P-primary component. a

4.2 Other Criteria for Primary Component

Next, we propose criteria for primary components having special properties
which can be applied for particular prime divisors. These criteria may be com-
puted more easily than the general one.

Criterion for Isolated Primary Component: If () is a primary ideal whose
radical is an isolated divisor P of an ideal I, then we don’t need to compute
(I : P*) since the P-primary component of I is the localization of I by P.

Theorem 27 (Criterion 2). Let I be an ideal and P an isolated prime divisor
of I. For a P-primary ideal Q, the following conditions are equivalent.

(A) Q is the isolated P-primary component of I.
(B) (I:(1:Q)*)=0Q.

Proof. Show (A) implies (B). Let S = K[X] \ P. By Lemma 25, Q = IK[X]|gN
K[X] is saturated quotient invariant of I and thus (I : (I : Q)*°) = Q. Next,
we show (B) implies (A). By Lemma 25, there is a multiplicatively closed set S
s.t. IK[X]s N K[X] = Q. Since @ is primary, I[K[X]s N K[X] is the isolated
P-primary component. O
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Criterion for Maximal Primary Component: Each isolated prime divisor
is minimal in Ass(I). On the contrary, we consider “maximal prime divisor” and
propose the following criterion for it.

Definition 28. Let P be a prime divisor of I. We say P is maximal if there is
no prime divisor P’ of I containing P properly.

Theorem 29 (Criterion 3). Let I be an ideal and P a mazimal prime divisor
of 1. For P-primary ideal Q, the following conditions are equivalent.

(A) Q is a P-primary component of I.
(B) (I: P*)NQ=1.

Proof. Show (A) implies (B). Let Q be a primary decomposition of I with Q € Q.
Since P is maximal in Ass(I), (I : P*) = Ngicg ygsp Q@ = mQ’eQ,Q/_;ﬁQ Q'.
Thus, (I : P*)NQ = nQ’eQ,Q’#Q Q' NQ = I. Next, we show (B) implies
(A). Let Q' be a primary decomposition of (I : P>). Since Q" does not have
P-primary component, Q" U {Q} is a primary decomposition of I. O

Criterion for Another General Primary Component: The general case
can be reduced to maximal case via localization by maximal independent set
(See [4] the definition of maximal independent and its computation). Letting
S = K[U]* = K[U] \ {0}, we obtain the following as a special case of Lemma4.

Theorem 30 (Criterion4). Let I be an ideal and P a prime divisor of I. If
U is a mazimal independent set of P in X and Q is a P-primary ideal, then the
following conditions are equivalent.

(A) Q is a primary component of I.

(B) Q is a primary component of IK[X]|g« NK[X].

4.3 Additional Criterion for Prime Divisor

Here, we add a criterion for prime divisor based on the third saturated quotient.

Theorem 31 (Criterion5). Let I be an ideal and P a prime ideal. Then, the
following conditions are equivalent.

(A) P e Ass(I).
(B) P> (I:(I:P)).
(C) P> (I:(I:P>)).

Proof. By Corollary21, (A) is equivalent to (B). By Proposition 23,

VI :P)) = /(:(I:P®) = Npeassa),pcp '~ Thus, equivalence

between (A) and (C) is proved in a similar way to Corollary 21. O

Next, we devise criteria for isolated prime divisor based on the second saturated
quotient.
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Lemma 32. Let I be an ideal and P an isolated prime divisor of I. If Q is the
P-pseudo-primary component of I, then (I : (I : P>)>®) = Q.

Proof. Let Q be a primary decomposition of I. By Proposition 22 (2),
(I : (I : POO)OO) = ﬂQGQ,PC /7IK[X}\/@F1K[X] Q.

Thus it is enough to show that the following statements are equivalent for each

Qe Q.

(1-a) P C \/IK[X]m nK[X].
(1-b) P is the unique isolated prime divisor which is contained in /Q.

Show (1-a) implies (1-b). As \/IK[X] /o NK[X] € V@, we know P C Q.

Then, suppose there is another isolated prime divisor P’ contained in /Q. We
obtain

\/IK[X]\/QQK[X] = N JVacr.
QI €Q,QCVQ
However, this implies P C P’ and contradicts that P’ is isolated. It is easy to
prove that (1-b) implies (1-a). O

Theorem 33 (Criterion 6). Let I be an ideal and P a prime ideal containing
1. Then, the following conditions are equivalent.

(A) P is an isolated prime divisor of I.
(B) (I:(1: P*)®) £ K[X],

Proof. Show (A) implies (B). By Lemma32, (I : (I : P®)>®) = Q # K[X].
Show (B) implies (A). By Proposition 22 (2),
(L:(I:P>)>)= ngQ,Pc IK[X] gNK[X] Q # K[X]

for a primary decomposition Q of I. Then, there is an isolated prime divisor P’
containing P. Since /I C P C P’ and P’ is isolated, this implies P = P’ is
isolated. O

Since each prime divisor of I contains I, Theorem 33 directly induces the follow-
ing.

Corollary 34 (Criterion 7). Let I be an ideal and P a prime divisor of I.
Then,

(i) P is isolated if (I : (I : P*™)*>) # K[X],
(ii) P is embedded if (I : (I : P>°)*) = K[X].
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5 Local Primary Algorithm

In this section, we devise Local Primary Algorithm (LPA) which computes P-
primary component of I. Our method applies different procedures for two cases;
isolated and embedded. Algorithm 1 shows the outline of LPA. Its termination
comes from Proposition 35. We remark that, for given prime divisors disjoint
from a multiplicatively closed set S, we can compute all primary components
disjoint from S by LPA. Then their intersection gives the localization by S.

5.1 Generating Primary Component

First, we introduce several ways to generate primary component through equidi-
mensional hull computation.

Proposition 35 ([2], Sect. 4. [6], Remark 10). Let I be an ideal and P a
prime divisor of I. For any positive integer m, I+ P™ is P-hull-primary, and for
a sufficiently large integer m, hull(I + P™) is a P-primary component appearing
i a primary decomposition of I.

We can use Criteria for Primary Component to check m is large enough or
not. If P is an isolated prime divisor, then the component is computed directly
by using the second saturated quotient. By Lemmas 15 and 32, we obtain the
following theorem.

Theorem 36. Let I be an ideal and P an isolated prime divisor of I. Then
hull(( : (I : P*°)®°)) is the isolated P-primary component of I.

Algorithm 1. General Frame of Local Primary Algorithm

Input: I: an ideal, P: a prime ideal

Output: e a P-primary component of [ if P is a prime divisor of I
e 7 P is not a prime divisor” otherwise

1: if P is a prime divisor of I (Criterion 5) then

2:  if P is isolated (Criteria 6,7) then

3: Q@ — the P-pseudo-primary component of I (Lemma 32)
4: Q « hull(Q) (Theorem 36)
5: return (Q is the isolated P primary component

6: else

7 m«— 1

8: while @ is not primary component of I (Criteria 1,3,4) do

9: Q < a P-hull-primary ideal related to m  (Proposition 35, Lemma 38)
10: Q < hull(Q)
11: m—m-+1
12: end while
13: return ( is an embedded P-primary component
14:  end if
15: else
16: return ”P is not a prime divisor”
17: end if
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5.2 Techniques for Improving LPA

We introduce a practical technique for implementing LPA.

5.3 Another Way of Generating Primary Component

Let G = {f1,...,fr} be a generator of P. Usually we take {f/*f5?--- f& |
€1+ -+ e. =m} as a generator of P™ for a positive integer m. However, this
generator has % elements and it becomes difficult to compute hull(I4+P™)
when m becomes large. To avoid the explosion of the number of the generator,

we can use Pg"] = (f{", ..., f™) instead.

Lemma 37. Let Q be a primary decomposition of I and Q € Q. If \/Q-hull-
primary ideal Q' satisfies I C Q' C Q, then (Q\ {Q}) U {hull(Q")} is another
primary decomposition of I.

Proof. By Lemma 17, we obtain I C @' C hull(Q’) C Q. Since I Nhull(Q’) =1
and @ Nhull(Q’) = hull(Q’), we obtain

I =Inhull(Q) = N Qne|nul@)= (] Q'nNhul(Q).
Q"€Q,Q"#Q Q1EQ.Q"#Q

Thus, (Q\ {Q}) U {hull(Q’)} is an irredundant primary decomposition of I. O

Lemma 38. For any positive integer m, I + P([;m] is P-hull-primary, and for
a sufficiently large m, hull(I + Pc[;m]) s a P-primary component appearing in a
primary decomposition of I.

Proof. As VI+ P = m =P I+ Pc[,m} is P-hull-primary. By Theo-
rem 35, hull(7 + P™) is a P-primary component of I for a sufficiently large m.
Since I € I+ PE" c I+ P™ C hull( + P™), hull(I + P2 is a P-primary
component by Lemma 37. O

5.4 Equidimensional Hull Computation with MIS

Next, we devise another computation of hull( + P™) based on mazimal inde-
pendent set (MIS) which is much efficient than computations based on Proposi-
tion 12. Similarly, by this technique we can replace I with I K[X]gx N K[X]
at the first step of LPA.

Lemma 39. Let I be a P-hull-primary ideal. For a mazimal independent set U
of P, hull(I) = IK[X]gu)x N K[X].

Proof. Let Q be a primary decomposition of I. Then, hull(I) is the unique
primary component disjoint from K[U]*. Thus,

IK[X]K[U]X N K[X] = mQEQ,QﬂK[U]X:@Q = hull([)
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6 Experiments

We made a preliminary implementation on a computer algebra system Risa/Asir
[7] and apply it to several examples as naive experiments. Here we show some
typical examples. Timings are measured on a PC with Xeon E5-2650 CPU.

First, we see an ideal whose embedded primary components are hard to
compute. Let I1(n) = (22) N (z%,y) N (23,93, (2 + 1)" + 1). If n is considerably
large, it is difficult to compute a full primary decomposition of I;(n) though
the isolated divisor (x) can be detected pretty easily. We apply Local Primary
Algorithm (LPA) for this example to compute the isolated primary component
for P, = (x). We also see another example which is more valuable for math-
ematics. An ideal A, is defined in [9] and its primary decomposition has
important meanings in Computer Algebra for Statistics. We consider an isolated
prime divisor P2 = (1‘1375623,.1333,3343) of A3,475 in Q[Z‘” ‘ 1 S ) S 4, 1 S ] S 5]
In Table 1, we can see LPA has certain effectiveness by its speciality comparing a
full primary decomposition function noro_pd.syci_dec. From Proposition 12, we
also use double ideal quotient to compute equidimensional hull.

Table 1. Local primary algorithm (isolated)

Algorithm 1,(100) | I (200) | I1(300) | I,(400) | I (500) | As.4,5/P
noro_pd.sycidec 0.36 | 156 |88.3 289  96.0 | >3600
LPA 0.02 0.04 | 0.07 0.11 0.14 |143

Second, we consider embedded prime divisors; Ps = (212231 — 32211, L4211 —
T41T12, T42T31 — L4132, L44X31 — T41L34, L44T32 — L42X34, T13, L21, L22, L23, L24,
x33,%43) of Agaa in Qz;; | 1 < i < 4,1 < j < 4] and Py = (z16227 — Z17
T26, T34%13 — T33T14,T37T16 — T36T17,T36T27 — T37T26,T12; T15, T21, T22, T23,
.T24,J)25,.%'32,.’L‘35) of A27377 in Q[.’L‘ij | 1 S ) S 37 1 S ] S 7] In Table 2, LPA-Pm
is an implementation based on Lemma 38 and LPA-MIS is one from Lemma 39
and Criteria 3, 4. Both methods are implemented in LPA-(Pm+MIS). The prim-
itive LPA is not practical since the cost of computing hull(f + P™) is very high.
On the other hand, we can see LPA-(Pm+MIS) has good effectiveness by its
speciality comparing a full primary decomposition function noro_pd.syci_dec.

Table 2. Local primary algorithm (embedded) and its improvement

Algorithm Az 44/Ps| Az 37/ Py
noro_pd.syci-dec |3.11 34.8
LPA >3600 168
LPA-Pm 4.75 29.1
LPA-MIS 0.58 0.38
LPA-(Pm+ MIS) | 0.15 0.08
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7 Conclusion and Future Work

In commutative algebra, the operation of “localization by a prime ideal” is well-
known as a basic tool. However, its computation through primary decomposition
is very difficult. Thus, we devise a new effective localization Local Primary Algo-
rithm (LPA) using Double Ideal Quotient(DIQ) and its variants without com-
puting unnecessary primary components for localization. For our construction
of LPA, we devise several criteria for primary component based on DIQ and its
variants. We take preliminary benchmarks for some examples to examine certain
effectiveness of LPA coming from its speciality. To make our LPA very practical
we shall continue to improve it through obtaining timing data for a lot of larger
examples.

In future work, we are finding a way to compute “sample points” of prime
divisors. For localization it does not need all divisors; it is enough to find fp €
PN S for each prime divisor P with PN S # () and we obtain IK[X]s N K[X] =
(L : (IIpnsxo fP)>°)- Another work is to apply our primary component criteria
to probabilistic or inexact methods for primary decomposition, such as numerical
ones. Probabilistic or inexact ways have low computational costs, however, they
have low accuracy for outputs. Hence, our criterion using double ideal quotient
may help to guarantee their outputs. Finally, localization in general setting, that
is localization by a prime ideal not necessary associated is interesting work.

Acknowledgment. The authors would like to thank the referees for their helpful
comments to improve the presentation of this paper. The authors are also grateful to
Masayuki Noro for technical assistance with the computer experiments and coding on
Risa/Asir.
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Abstract. We demonstrate how methods in Functional Programming
can be used to implement a computer algebra system. As a proof-of-
concept, we present the computational-algebra package. It is a com-
puter algebra system implemented as an embedded domain-specific lan-
guage in Haskell, a purely functional programming language. Utilising
methods in functional programming and prominent features of Haskell,
this library achieves safety, composability, and correctness at the same
time. To demonstrate the advantages of our approach, we have imple-
mented advanced Grobner basis algorithms, such as Faugere’s Fy and
F5, in a composable way.

Keywords: Grébner basis -+ Signature-based algorithms
Computational algebra - Functional programming - Haskell
Type system - Formal methods - Property-based testing
Implementation report

1 Introduction

In the last few decades, the area of computational algebra has grown larger. Many
algorithms have been proposed, and there have emerged plenty of computer
algebra systems. Such systems must achieve correctness, composability and safety
so that one can implement and examine new algorithms within them. More
specifically, we want to achieve the following goals:

Composability means that users can easily implement algorithms or mathe-
matical objects so that they work seamlessly with existing features.

Safety prevents users and implementors from writing “wrong” code. For exam-
ple, elements in different rings, e.g. Q[x,y, z] and Q[w, z, y], should be treated
differently and must not directly be added. Also, it is convenient to have
handy ways to convert, inject, or coerce such values.

Correctness of algorithms, with respect to prescribed formal specifications,
should be guaranteed with a high assurance.

We apply methods in the area of functional programming to achieve these
goals. As a proof-of-concept, we present the computational-algebra pack-
age [12]. Tt is implemented as an embedded domain-specific language in the

© Springer Nature Switzerland AG 2018
V. P. Gerdt et al. (Eds.): CASC 2018, LNCS 11077, pp. 288-303, 2018.
https://doi.org/10.1007/978-3-319-99639-4_20

mmonagan@cecm.sfu.ca


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99639-4_20&domain=pdf

A Purely Functional Computer Algebra System Embedded in Haskell 289

Table 1. Symbols in code fragments

Symbol  Code Symbol  Code Symbol  Code Symbol  Code

N Nat Z Integer Q Rational F, Fp

i i = == # /= AX—> e \X > e
X X S - ++ S %=

~ ~ - — - — <-
N ==> = => = .= = VA
- ‘Subset ¢ < <= o . A L&&.

. Sk <$> <$> <> <*> v forall

Haskell Language [10]. More precisely, we adopt the Glasgow Haskell Compiler
(GHC) [7] as our hosting language. We use GHC because: its type-system allows
us to build a safe and composable interface for computer algebra; lazy evalua-
tion enables us to treat infinite objects intuitively; declarative style sometimes
reduces a burden of writing mathematical programs; purity permits a wide range
of equational optimisation; and there are plenty of libraries for functional meth-
ods, especially property-based testing. These methods are not widely adopted in
this area; an exception is DoCon [23], a pioneering work combining Haskell and
computer algebra. Our system is designed with more emphasis on safety and
correctness than DoCon, adding more ingredients. Although we use a functional
language, some methods in this paper are applicable in imperative languages.

This paper is organised as follows. In Sect. 2, we discuss how the progres-
sive type-system of GHC enables us to build a safe and expressive type-system
for a computer algebra. Then, in Sect.3, we see how the method of property-
based testing can be applied to verify the correctness of algebraic programs in a
lightweight and top-down manner. To demonstrate the practical advantages of
Haskell, Sect. 4 gives a brief description of the current implementations of the
Hilbert-driven, Fy and Fj algorithms. We also take a simple benchmark there.
We summarise the paper and discuss related and future works in Sect. 5.

In what follows, we use symbols in Table 1 in code fragments for readability.

2 Type System for Safety and Composability

In this section, we will see how the progressive type-level functionalities of GHC
can be exploited to construct a safe, composable and flexible type-system for a
computer algebra system. There are several existing works on type-systems for
computer algebra, such as in Java and Scala [15,18], and DoCon. However, none
of them achieves the same level of safety and composability as our approach,
which utilises the power of dependent types and type-level functions.

2.1 Type Classes to Encode Algebraic Hierarchy

We use type-classes, an ad-hoc polymorphism mechanism in Haskell, to encode
an algebraic hierarchy. This idea is not particularly new (for example, see
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Mechveliani [23] or Jolly [15]), and we build our system on top of the existing
algebra package [17], which provides a fine-grained abstract algebraic hierarchy.

Code 1. Group structure, coded in the algebra package

1 class Additive a where

2 (+) @+ a — a — a

3 ~class Additive a = Monoidal a where
4 zero :: a
5
6

class Monoidal a = Group a where
negate :: a — a

Code 1 illustrates a simplified version of the algebraic hierarchy up to Group
provided by the algebra package. Each statement between class or = and
where, such as Additive a or Monoidal a, expresses the constraint for types.
For example, Lines 1 and 2 express “a type a is Additive if it is endowed with
a binary operation +”, and Lines 3 and 4 that “a type a is Monoidal if it is
Additive and has a distinguished element called zero”.

Note that none of these requires the “proof” of algebraic axioms. Hence, one
can accidentally write a non-associative Additive-instance, or non-distributive
Ring-instance!. This sounds rather “unsafe”, and we will see how this could be
addressed reasonably in Sect. 3.

2.2 Classes for Polynomials and Dependent Types

Expressing algebraic hierarchy using type-class hierarchy, or class inheritance,
is not so new and they are already implemented in DoCon or JAS. However,
these systems lack a functionality to distinguish the arity of polynomials or the
denominator of a quotient ring. In particular, DoCon uses sample arguments
to indicate such parameters, and they cannot be checked at compile-time. To
overcome these restrictions, we use Dependent Types.

For example, Code 2 presents the simplified definition of the class IsOrdPoly
for polynomials. We provide an abstract class for polynomials, not just an imple-
mentation, to enable users to choose appropriate internal representations fitting
their use-cases.

The class definition includes not only functions, but also associated types, or
type-level functions: Arity, MOrder and Coeff. Respectively, they correspond to
the number of variables, the monomial ordering and the coefficient ring.

Note that liftMap corresponds to the universality of the polynomial ring
R[Xy,...,X,]; i.e. the free associative commutative R-algebra over {1,...,n}.

! Indeed, one can use dependent types, described in the next subsection, to require such
proofs. However, this is too heavy for the small outcome, and does not currently work
for primitive types.
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Code 2. A type-class for polynomials

class (Module (Coeff poly) poly, Commutative poly, Ring poly,
CoeffRing (Coeff poly), IsMonomialOrder (MOrder poly))
= Is0rdPoly poly where
type Arity poly :: N
type MOrder poly :: Type
type Coeff poly :: Type
liftMap :: (Module (Scalar (Coeff poly)) alg, Ring alg)
= (N<Arity poly - alg) - p°1y - alg
leadTerm :: poly — (Coeff poly, OrdMonom (MOrder poly) n)

O © 00O U WN -

—_

Code 3. Examples for polynomial instances

1 instance (IsMonomialOrder ord, CoeffRing r)

2 = Is0rdPoly (0rdPoly r ord n) where

3 type Arity (0OrdPoly r ord n) = n

4 type MOrder (0OrdPoly r ord n) = ord

5 type Coeff (0rdPoly r ord n) = r

6

7

8 £ O0rdPoly @Q Grevlex 3

9 f = let [x,y,z] = vars in x -~ 2 Xy + 3 X x + z + 1
10

11 instance (CoeffRing r) = IsOrdPoly (Unipol r) where
12 type Arity (O0rdPoly r ord n) = 1

13 type MOrder (0OrdPoly r ord n) = Lex

14 type Coeff (O0rdPoly r ord n) = r

15

In theory, this function suffices to characterise the polynomial ring. However, for
the sake of efficiency, we also include some other operations in the definition.

Code 3 shows example instance definitions for the standard multivariate and
univariate polynomial ring types. Note that, in Lines 8 and 12, number literal
expressions 1 and 3 occur in type contexts. Types depending on expressions are
called Dependent Types in type theory. GHC supports them via the Promoted
Data-types language extension [27] since version 7.4. Our library heavily uses this
functionality, and achieves the type-safety preventing users from unintendedly
confusing elements from different rings.

2.3 Proofs in Dependent Types and Type-Driven Casting Function

In theory, we can use liftMap to cast between any elements of “compatible”
polynomial rings. To reduce the burden to write boilerplate casting functions, our
library comes with smart functions, as shown in Code 4. The convPoly function
maps a polynomial into one with the same setting but different representation;
e.g. OrdPoly Q Lex 1 into Unipol Q. The next injVars function maps an
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Code 4. Various casting function, with simplified type-signatures

1 convPoly :: (Coeff r ~ Coeff r’, MOrder r ~ MOrder r’,

2 Arity r ~ Arity r’)

3 = r — r’

4 injVars :: (Arity r < Arity r’, Coeff r ~ Coeff r’)

5 = r — 1’

6 injVarsOffset :: (n + Arity r < Arity r’, Coeff r ~ Coeff r’)

7 = Sing n - r — r’

element of R[X1,...,X,] into another polynomial ring with the same coefficient
ring, but with more number of variables, e.g. R[X1,..., X;4m], regardless of

ordering. For example, it maps Unipol Q into OrdPoly @Q Grevelx 3. Then,
injVarsOffset is a variant of injVars which maps variables with offset; for
example,

1 injVarsOffset [sn|3|] :: Unipol Q@ — Polynomial Q 5

maps Q[X] into Q[Xy,...,X4] with X — Xj3. Here, [sn|3|] is called a sin-
gleton for the type-level natural number 3, first introduced by Eisenberg et
al. [4]. More precisely, for any type-level natural n, there is the unique expression
sing :: Sing n and we can use it as a tag for type-level arguments.

To work with type-level naturals, we sometimes have to prove some con-
straints. For example, suppose we want to write a variant of injVars mapping
variables to the end of those of the target polynomial ring, instead of the begin-
ning. We might first write it as follows:

1 injVarsAtEnd :: (Arity r < Arity r’, Coeff r ~ Coeff r’)
2 = r — 1’

3 injVarsAtEnd =

4 let sn = sing :: Sing (Arity r)

5 sm = sing :: Sing (Arity r’)

6 in injVarsOffset (sm © sn) -- Errors!

However, GHC cannot see Arity r’ - Arity r + Arity r < Arity r’.
Although this constraint is rather clear to us, we have to give the compiler its
proof. We have developed the type-natural package [14] which includes typical
“lemmas”. For example, we can use the minusPlus lemma to fix this:

1 -- From type-natural:

2 minusPlus :: Sing n — Sing m

3 — IsTrue (m < n) — ((n - m) +m) ~ n
4

5 injVarsAtEnd :: (Arity r < Arity r’, Coeff r ~ Coeff r’)
6 = r — r’

7 injVarsAtEnd =

8 let sn = sing :: Sing (Arity r)

9 sm = sing :: Sing (Arity r?’)

10 in withRefl (minusPlus sm sn Witness) §$

11 injVarsOffset (sm © sn)
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Since giving such a proof each time is rather tedious, we can use type-checker
plugins to let the compiler try to prove constraints automatically. In particu-
lar, the author developed the ghc-typelits-presburger plugin [13] to resolve
propositions in Presburger arithmetic at compile time.

Our library also provides the LabPoly type, which converts existing polyno-
mial types into “labelled” ones. For example, one can write as follows:

1 f :: LabPoly (Polynomial Q 3) ’["x", "y", "z"]
2 f =5 X #x © 2 X #y " 3 - #y X #z + 1

This relies on the DataKinds and OverloadedLabels language extensions
of GHC. GHC'’s type system is strong enough to reject illegal terms and types,
such as #w :: LabPoly (Unipol @Q)’["a"] (w is not listed as a variable) or
LabPoly (Polynomial @ 3) ’["x", "y", "x"] (the variable x occurs twice).
Using the type-level information, one can invoke the canonical inclusion maps
naturally as follows:

1 f LabPoly’ @Q Grevlex ’["x", "y", "z"]

2 f = #x X #y X #z + 2 X #y - 3 X #z X #x 4+ 1

3 g :: LabPoly’ Q Lex ’["w", "z", "y", "u", "x"]

4 g = canonicalMap f

5

6 -- Where:

7 canonicalMap :: (xs C ys, Wraps xs poly, Wraps ys poly’,
8 IsPolynomial poly, IsPolynomial poly’,

9 Coeff poly ~ Coeff poly’)

10 = LabPoly poly xs — LabPoly poly’ ys

2.4 Optimising Casting Functions with Rewriting Rules

Since the casting functions are implemented generically, they sometimes intro-
duce unnecessary overhead. For example, if one uses injVars with the same
source and target types, it should just be the identity function. Fortunately, we
can use the type-safe Rewriting Rule functionality of GHC to achieve this:

1 {-# RULES "injVars/identity" injVars = <d #-}

Each rewriting rule fires at compile-time, if there is a term matching the
left-hand side of the rule and having the same type as the right-hand side.

In Haskell, it suffices just to consider algebraic laws to write down custom
rewriting rules. This is due to the purity of Haskell. That is, every expression
in Haskell is pure, in a sense that they evaluate to the same result when given
the same arguments. Note that this does not mean that Haskell cannot treat
values with side-effects; indeed, the type-system of Haskell distinguishes pure
and impure values at type-level, and one can treat impure operations without
violating purity as a whole. The trick behind this situation is to describe side-
effects as some kind of abstract instructions, instead of treating impure values
directly. Hence, for example, duplicating the same term does not make any dif-
ference in its meaning, provided that it is algebraically correct. Such a rewriting
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rule is used extensively in Haskell. For example, Stream Fusion [3] uses them to
eliminate unnecessary intermediate expressions and fuse complicated functions
into efficient one-path constructions. Yet, DoCon did not do any optimisation
using rewriting rules.

In our library, we also use rewriting rules to remove idempotent applications
such as “grading” a monomial ordering twice, e.g:

1 {-# RULES "graded/graded" ¥V ord.
2 graded (graded ord) = graded ord #-}

2.5 Notes on Applicability in Imperative Languages

The safety we achieved in this section cannot be achieved at compile-time with-
out dependent types and type-level functions. Existing works using type-classes
or class inheritance to encode algebraic hierarchy, such as JAS or DoCon, lack
this level of safety. In theory, one can achieve the same level of safety even in a
statically-typed imperative language, if it supports a kind of dependent types.
For example, in C++, templates with non-type arguments can be used to simulate
dependent types. On the other hand, in Java, Generics do not allow non-type
arguments and we need to mimic Peano numerals with classes. In either case,
it requires much effort to prove the properties of naturals within them, because
they lack dedicated support for type-level naturals or type-checker plugins.

On the other hand, to make use of rewriting rules, we need purity as discussed
above.

3 Lightweight Correctness: Property-Based Testing

3.1 Property-Based Testing Introduced

In this section, we will address the correctness issue, in a top-down, or lightweight
manner. Especially, we apply the method of property-based testing [1] to verify
the correctness of our implementation. The idea is that one specifies the formal
properties that the implemented algorithms and types must satisfy, and checks
if they hold by testing them against randomly or exhaustively generated inputs.
Although it is not as rigorous as a theorem proving, it still gives a guarantee of
the correctness at high assurance, after repeating tests time after time.

Code 5 presents the example specifications for algebraic programs. In Lines
1 through 4, prop_division states that the implementation of @ must satisfy
the axioms of division ring. The prop_passesSTest function demand the result
of calcGroebnerBasis to pass the S-test. The tester accepts the specifications
above, generates a specified number of inputs (default: 100) and tests against
them. If all the inputs satisfy the specifications, it successfully halts; otherwise,
it reports counterexamples, which is useful while debugging.
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Code 5. Formal Specification of Algebraic Programs

prop_division :x @ — Property
prop_division q =
qQ # 0 = (recip q x q = 1 A q X recip q = 1)
AgXxXx1l = qgAN1l1lXxaqg = q

forAll (idealOfArity n) $ A ideal —
let gs = calcGroebnerBasis (toIdeal ideal)
in all (isZero o (‘modPoly‘ gs))

1
2
3
4
5
6 prop_passesSTest n =
7
8
9
0 [sPoly f g | £ « gs, g <« gs, £ # gl

1

3.2 Discussion

There are several libraries for property-based testing adopting different strategies
to generate inputs. For example, QuickCheck [1] generates inputs randomly,
while SmallCheck [26] exhaustively enumerates inputs in the depth-increasing
order. Even though there are other implementations of property-based testers in
languages other than Haskell [11], it does not seem that it is applied in existing
systems, such as Singular [9], JAS or DoCon.

By its generative nature, property-based testing has several drawbacks and
pitfalls. First, evidently, it cannot assure the validity as rigorously as the for-
mal theorem proving, unless the input space is finite. There are several pieces of
research that combine formal theorem proving and computational algebra to rig-
orously certify correctness of implementations (for example, [2,24]). These first
formalise the theory of Grobner basis in the constructive type-theory. Then, they
execute them within the host theorem proving language, or extract the program
into other languages. However, by its nature, this approach requires everything
to be proven formally. It is not so easy a task to prove the correctness of every
part of a program, even with help from automatic provers. Even if one manages
to finish the proof of the validity of some algorithm, when one wants to optimise
it afterwards, then one must prove the “equivalence” or validity of that optimisa-
tion. Moreover, it is sometimes the case that the validity, or even termination, of
the algorithm remains unknown when it is implemented; e.g. the correctness and
termination of Faugere’s Fs [6] are proven very recently [25]. Furthermore, there
is an obvious restriction that we can extract programs only into the languages
supported by the theorem prover. We consider these conditions too restrictive,
and decided to adopt theorem proving only in trivial arity arithmetic.

Secondly, if the algorithm has a bad time complexity, property-based tests
can easily explode. Specifically, since Grobner bases have double-exponential
worst time complexity, randomly generated input can take much time to be pro-
cessed. One might reduce the burden by combining randomised and enumerative
generation strategies carefully, but there is still a possibility that there are small
inputs which take much time. To avoid such a circumstance, one can reduce the
number of inputs, however it also reduces the assurance of validity.
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Finally, they are not so good at treating ezistential properties. Although
SmallCheck provides the existential quantifier in its vocabulary, it just tries
to find solutions up to a prescribed depth. If solutions are relatively “larger”
than their inputs, this results in false-negative failures. For example, one can
write the following specification that demands each element of the result of
calcGroebnerBasis to be a member of the original ideal, however it does not
work as expected:

1 prop_gbInc ideal =

2 let j = calcGroebnerBasis ideal

3 in exists $§ A cs —

4 and (zipWith (A f gs — f = dot ideal gs) j cs)

In the above, dot i g denotes the “dot-product”. As a workaround, we cur-
rently combine inter-process communication with property-based testing. More
specifically, we invoke a reliable existing implementation, such as SINGULAR,
inside the spec as follows:

1 prop_gbInc = forAll arbitrary $ A\ i — monadicIO $ do
2 let gs = calcGroebnerBasis i

3 is « evalSingularIdealWith [] [] $

4 funE "reduce" [

5 idealE gs, funE "groebner" [idealE i]]

6 return $ all isZero is

Thus, if the existential property in question is decidable and has an existing
reliable implementation, then it might be better to call it inside specifications.

4 Case Study: Implementing the Hilbert-Driven, F; and
Fy5 Algorithms for Calculating Grobner Bases

In this section, we will focus on three algorithms as case-studies: the Hilbert-
driven, Fy and Fs algorithms. Firstly, we demonstrate the power of laziness
and parallelism by the Hilbert-driven algorithm. Then by the Fj interface, we
illustrate the practical example of composability. Finally, we skim through the
simplified version of the main routine of F5 and see how imperative programming
with mutable states can be written purely in Haskell. For our purpose, we will
discuss only a fragment of implementations that elucidates the advantages of
Haskell, rather than the entire implementation and theoretical details.

4.1 Homogenisation and Hilbert-Driven Basis Conversion

Homogenisation is a powerful tool in Grébner basis computation. If I C k[X]
is a non-homogeneous ideal and I C k[x,X] its homogenisation, then one can
get a Grobner basis for I by unhomogenising the Grébner basis G for I w.r.t. a
suitably induced monomial ordering. In this way, any Grobner basis algorithm
for homogeneous ideals can be converted into one for non-homogeneous ones.
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Code 6. Basic API for homogenisation

1 data Homogenised poly

2 instance IsOrdPoly poly = IsOrdPoly (Homogenised poly) where
3 type Arity (Homogenised poly) = 1 + Arity poly

4 type MOrder (Homogenised poly) = HomogOrder (MOrder poly)
5 type Coeff (Homogenised poly) = Coeff poly

6

7 homogenise :: IsOrdPoly poly = poly — Homogenised poly
8 unhomogenise :: IsOrdPoly poly = Homogenised poly — poly
9

10 calcGBViaHomog :: (Field (Coeff poly), IsOrdPoly poly)

11 = (V r. (Field (Coeff r), Is0OrdPoly r)

12 = Ideal r — [r])

13 — Ideal poly — [polyl

14 calcGBViaHomog calc i

15 | all isHomogeneous i = i

16 | otherwise = map unhomogenise ( (calc (fmap homogenise i))

Code 6 is an API for these operations. The type Homogenised poly repre-
sents polynomials obtained by homogenising polynomials of type poly. Then
calcGBViaHomog calc i first checks if the input i is homogeneous. If it is so,
then it applies the argument to its input directly (Line 15); otherwise,
it first homogenises the input, applies (calc, and then unhomogenises it to get
the final result (Line 16). Note that, though it uses the same term calc in
both cases, they have different types. In the first case, since it just feeds an
input directly, has type Ideal poly — [polyl. On the other hand, in
the non-homogeneous case, it is applied after homogenisation, hence it is of type
Ideal (Homogenised poly) — [Homogenised poly]. Thus, calcGBViaHomog
takes a polymorphic function as its first argument and this is why we have V
inside the type of the first argument. Such a nested polymorphic type is called
a rank n polymorphic type, and it is supported by GHC’s RankNTypes language
extension?.

For example, one can use the so-called Hilbert-driven algorithm as the first
argument to calcGBViaHomog. It first computes a Grobner basis w.r.t. a lighter
monomial ordering, compute the Hilbert—Poincaré series (HPS) with it and use it
to compute Grobner basis w.r.t. the heavier ordering. In this procedure, we need
the following operations on HPS: Equality test on HPS’s, n'" Taylor coefficient
of the given HPS, and the Z[X]-module operation on HPS. Code 7 illustrates
such an interface for HPS. For equality test, we use the numerator hpsNumerator
of the closed form, and an infinite list taylor maintains Taylor coefficients. By
the lazy nature of Haskell, we can intuitively treat infinite lists and write a
convolution on them. In Line 12, par and specify the evaluation strategy.
In brief, expressions x and y in “ x ‘par y” (resp. (seq)) are evaluated parallelly

2 This can be achieved in object-oriented language with subtyping and Generics.
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Code 7. Data-type of and operations on Hilbert—Poincaré series

data HPS n = HPS { taylor :: [Z], hpsNumerator :: Unipol Z 1}

1
2
3 instance Eq (HPS a) where

4 (=) = (=) ‘on‘ hpsNumerator

5 instance Additive (HPS n) where

6 HPS cs f + HPS ds g = HPS (zipWith (+) cs ds) (f + g)

7 instance LeftModule (Unipol Z ) (HPS n) where

8 f o HPS c¢cs g = HPS (conv (taylor f — repeat 0) cs) (f X g)

10 conv :: [Z] — [2]1 — [Z]
11 conv (x : xs) (y : ys) =

12 let parSum a b ¢ = a (‘par® b (‘par® «c (a + b+ ¢) in
13 X Xy :

14 zipWith3 parSum (map (xX) ys) (map (yx) xs) (0 : conv xs ys)

(resp. sequentially). Since every expression is pure in Haskell, we can safely take
advantage of parallelism, without a possibility of changing results.

4.2 A Composable Implementation of Fj

Fy is one of the most efficient algorithms for Grébner basis computation and
was introduced by Faugere [5]. Briefly, F; reduces more than two polynomi-
als at once, replacing S-polynomial remaindering in the Buchberger Algorithm
with the Gaussian elimination of the matrices. This means that the efficiency
of Fy reduces to that of Gaussian elimination and the internal representation of
matrices. Thus, it is useful if we can easily switch internal representations and
elimination algorithms. For this purpose, we provide type-classes for mutable and
immutable matrices which admit row operations and a dedicated Gaussian elim-
ination. Code 8 demonstrates the interface for immutable and mutable matrices
(Matrix and MMatrix) and the type signature of our Fy implementation ( £4). In
Lines 1 and 6, the last type argument a of Matrix and MMatrix corresponds to
the type of coefficients. Note that one can give different instance definitions for
the same mat but different coefficient types a. For example, one can implement
efficient Gaussian elimination on F,, for Matrix Mat [F,, and then use it in the
definition of Matrix Mat @, with the Hensel lifting or Chinese remaindering.

In Line 15, the first argument of £4 of type proxy mat specifies the internal
representation mat of matrices. In addition, £4 takes a selection strategy as the
second argument. Here, the selection strategy is abstracted as a weighting func-
tion to some ordered types, and we store intermediate polynomials in a heap
and select all the polynomials with the minimum weight at each iteration.

4.3 The F5 Algorithm

Finally, we present the simplified version of the main routine of Faugere’s Fy [6]
(Code 9). Readers may be surprised that the code looks much imperative. This is
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Code 8. Matrix classes and the Fy function

1 class MMatrix mat a where

2 fromRows :: [Vector al] — ST s (mat s a)

3 scaleRow :: Multiplicative a = Int — a — mat s a — ST s ()
4

5

6 class MMatrix (Mutable mat) a = Matrix mat a where

7 type Mutable mat :: * — *%

8 freeze :: Mutable mat s a — ST s (mat a)

9

10 gaussReduction :: Field a = mat a — mat a

11

12 type Strategy f w=f — f — w

13 f4 :: (Ord w, IsOrdPoly poly, Field (Coeff poly),

14 Matrix mat (Coeff poly))

15 = proxy mat — Strategy poly w — Ideal poly — [poly]

made possible by the ST monad [19], which encapsulates side-effects introduced
by mutable states and prevents them from leaking outside. We use a functional
heap to choose the polynomial vectors with the least signature, demonstrating
the fusion of functional and imperative styles.

4.4 Benchmarks

We also take a simple benchmark and the result is shown in Table2 (examples
are taken from Giovini et al. [8]). This compares the algorithms implemented
in our computational-algebra package and Singular. The first four rows cor-
respond to the alrorithms implemented in our library; i.e. the Buchberger algo-
rithm optimised with syzygy and sugar strategy (B), the degree-by-degree algo-
rithm for homogeneous ideals (DbyD), the Hilbert-driven algorithm (Hilb), and
F5. S(gr) and S(sba) stand for the groebner and sba functions in the Singu-
lar computer algebra system 4.0.3. The complete source-code is available on
GitHub [12]3. The benchmark program is compiled with GHC 8.2.2 with flags
-02 -threaded -rtsopts -with-rtsopts=-N, and ran on an Intel Xeon E5-
2690 at 2.90 GHz, RAM 128GB, Linux 3.16.0-4 (SMP), using 10 cores in paral-
lel. We used the Gauge framework to report the run-time of our library, and the
rtimer primitive for Singular. For actual benchmark codes, see http://bit.ly/
hbenchl and hbench2. Unfortunately, in our system, Fy takes much more com-
puting time, hence we did not include the result. The results show that, among
the algorithms implemented in our system, F5 works fine in general, though it
takes much time in some specific cases. Nevertheless, there remains much room
for improvement to compete with the state-of-the-art implementations such as
Singular, although there is one case where our implementation is slightly faster
than Singular’s groebner function.

3 More specifically, we used the implementation in commit 70e6e7b.

mmonagan@cecm.sfu.ca


http://bit.ly/hbench1
http://bit.ly/hbench1
http://bit.ly/hbench2
https://github.com/konn/computational-algebra/tree/70e6e7b

300 H. Ishii

Code 9. Main Routine of the F5 Algorithm

1 £5 :: (Field (Coeff pol), IsOrdPoly pol)

2 = Vector pol — [(Vector pol, pol)]

3 £5 (map monoize — i0) = runST $ do

4 let n = length iO

5 gs « newSTRef []

6 ps < newSTRef $ H.fromList [ basis n i | i <« [0..n-1]]

7 syzs <« newSTRef

8 [ sVec (i0 ! m) (i0 ! n) | m « [0..n-1], n « [0..j-1]1 1]
9 whileJust_ (H.viewMin <$> readSTRef ps) $

10 A (Entry sig g, ps’) — do

11 ps := ps’

12 (gs0, ss0) «— (,) <$ readSTRef gs <®& readSTRef syzs

13 unless (standardCriterion sig ss0) $ do

14 let (h, ph) = reduceSignature i0 g gsO

15 h’ = map (X injectCoeff (recip $ leadingCoeff ph)) h
16 if isZero ph then syzs :< (mkEntry h : )

17 else do

18 let adds = fromList $ mapMaybe (regSVec (ph, h’)) gsO
19 ps < H.union adds

20 gs :< ((monoize ph, mkEntry h’) :)

21 map (A (p, Entry _ a) — (a, p)) <> readSTRef gs

Table 2. Benchmark results (ms)

I, (Lex) I, (Grevlex) | I> (Lex) Iy (Grevlex) | Is (Grevlex)
1.820 x 10° | 1.593 x 10" | 1.400 x 10" |4.129 x 10° | 6.689 x 10?
DbyD | 6.364 x 10 | 9.162 x 10% | 1.147 x 10? | 5.647 x 10 | 4.125 x 10?
i 1.644 x 10* | 2.313 x 10% |5.265 x 10* | 3.414 x 10* | 9.645 x 103
1.851 x 10° |4.314 x 10> | 7.129 x 10° |2.648 x 10° | 1.290 x 10°
(gr) |2.300x10° |8.493x 107" |2.651 x 10° | 8.210x 10" | 9.511 x 10!
S(sba) [2.279 x 1071 | 8.711 x 107" | 2.343 x 107! | 7.958 x 107" | 1.541 x 10™*

I := (35y* — 30xy® — 210y%z + 322 + 30z2z — 10522 + 140yt — 21u,

5zy® — 140y°z — 32%y + 45zyz — 420y2> + 210y*t — 252t + 702t 4 126yu)
L= (w+z+y+zwr+zy + yz + 2w, wzry + xyz + yzw + 2wz, wryz — 1)
I3 = (2 — a2 —ox —y,2®% — 2,20 — 1)

5 Conclusions

In this paper, we have demonstrated how we can adopt the methods developed
in the area of functional programming to build a computer algebra system. Some
of these methods are also applicable in imperative languages.

In Sect.2, we presented a type-system strong enough to detect algebraic
errors at compile-time. For example, our system can distinguish number of vari-
ables of polynomial rings at type-level thanks to dependent types. It also enables
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us to automatically generate casting functions and we saw how their overhead
can be reduced using rewriting rules. As for type-systems for a computer algebra
system, there are several existing works [18,23]. However, these systems are not
safe enough for discriminating variable arity at type-level and don’t make use of
rewriting rules.

In Sect. 3, we successfully applied the method of property-based testing for
verification of the implementation, which is lightweight compared to the existing
theorem-prover based approach [2,24]. Although property-based testing is not
as rigorous as theorem proving, it is lightweight and can be applied to algo-
rithms not yet proven to be valid or terminate and available also for imperative
languages.

We have seen that, in Sect. 4, other features of Haskell, such as higher-order
polymorphism, parallelism and laziness, can also be easily applied to computer
algebra by actual examples. Even though they are shown as fragments of code,
we expect them to be convincing.

Since some of the methods in this paper, such as dependent types or property-
based testing, are not limited to the functional paradigm, it might be interesting
to investigate their applicability in the imperative settings.

From the viewpoint of efficiency, there is much to be done. For example,
efficiency of our current F, implementation is far inferior to that of the naive
Buchberger algorithm, and other algorithms are far much slower than state-of-
the-art implementations such as Singular. To optimise implementations, we can
make more use of Rewriting Rules and efficient data structures. Also, the par-
allelism must undoubtedly play an important role. Fortunately, there are plenty
of the parallel computation functionalities in Haskell, such as Regular Parallel
Arrays [16] and parallel package [22], and another book by Marlow [21] on gen-
eral topics in parallelism in Haskell. Also, there is an existing work by Lobachev
et al. [20] on parallel symbolic computation in Eden, a dialect of Haskell with
parallelism support. Although Eden is retired, the methods introduced there
might be helpful.
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Abstract. An algorithm for splitting permutation representations of a
finite group over fields of characteristic zero into irreducible components
is described. The algorithm is based on the fact that the components
of the invariant inner product in invariant subspaces are operators of
projection into these subspaces. An important part of the algorithm is the
solution of systems of quadratic equations. A preliminary implementation
of the algorithm splits representations up to dimensions of hundreds of
thousands. Examples of computations are given in the appendix.

1 Introduction

One of the central problems of group theory and its applications in physics is
the decomposition of linear representations of groups into irreducible compo-
nents. In general, the problem of splitting a module over an associative algebra
into irreducible submodules is quite nontrivial. An overview of the algorithmic
aspects of this problem can be found in Chap.7 of [1]. For vector spaces over
finite fields, the most efficient is the Las Vegas algorithm ! called MeatAze [2].
This algorithm played an important role in solving the problem of classifying
finite simple groups. However, the approach used in the MeatAze is ineffective
in characteristic zero, whereas quantum-mechanical problems are formulated just
in Hilbert spaces over zero characteristic fields. Our algorithm deals with repre-
sentations over such fields, and its implementation copes with dimensions up to
hundreds of thousands, which is not less than the dimensions achievable for the
MeatAze. The algorithm requires knowledge of the centralizer ring of the consid-
ered group representation. In the general case, the calculation of the centralizer
ring is a problem of linear algebra, namely, solving matrix equations of the form
AX = X A. For permutation representations, there is an efficient way to com-
pute the centralizer ring, which reduces to constructing the set of orbitals. In
addition, permutation representations are fundamental in the sense that any lin-
ear representation of a finite group is a subrepresentation of some permutation

Y A Las Vegas algorithm is a randomized algorithm, each iteration of which either
produces the correct result, or reports a failure. An algorithm of this type always
gives the correct answer, but the run time is indeterminate.
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representation, and we use this fact in some quantum mechanical considerations
[3,4]. Thus, we consider only permutation representations here.

2 Mathematical Preliminaries

Let G (or G(£2)) be a transitive permutation group on a set 22 {1,...,N}.
We will denote the action of g € G on i € 2 by 9. A representation of G in
an N-dimensional vector space over a field F by the matrices P(g) with the
entries P(g)ij = J;95, where d;; is the Kronecker delta, is called a permutation
representation. We assume that the permutation representation space is a Hilbert
space Hy. We will assume that the base field F is a constructive splitting field of
the group G. In particular, such a field can be a subfield of the mth cyclotomic
field, where m is a suitable divisor of the exponent of G. Such a constructive
field F, being an abelian extension of the field Q, is a dense subfield of R or C.

An orbit of G on the Cartesian square {2 x (2 is called an orbital [5]. The
number of orbitals, called the rank of G(£2), will be denoted by R. An orbital A
is called self-paired, if (i,j) € A= (j,i) € 4, i.e., A = AT. Among the orbitals
of a transitive group, there is one diagonal orbital, Ay = {(¢,) | i € £2}, which
will always be fixed as the first element in the list of orbitals: {Ay,..., Agr}. For
transitive action of G, there is a natural one-to-one correspondence between the
orbitals of G and the orbits of a point stabilizer G;:

Ae— X, ={je 2| 4j) € A}.

The G;-orbits are called suborbits and their cardinalities will be called the
suborbit lengths. Note that |A| = N|X;|.

The invariance condition for a bilinear form A in the Hilbert space Hy can be
written as the system of equations A = P(g) AP (g_l) , g € G. It is easy to verify
that in terms of the entries these equations have the form (A)ij = (A)Z-gjg.

Thus, the basis of all invariant bilinear forms is in one-to-one correspondence
with the set of orbitals: with each orbital A, € {Ay,..., AR} is associated a
basis matriz A, of the size N x N with the entries

L if (i,5) € Ay
Ay = {0, if (i,7) ¢ Ar.

It is clear that the matrix of a self-paired orbital is symmetric. For the diag-
onal orbital, we have A; = 1. The matrices

AlaAQa"'aAR (1)

form a basis of the centralizer ring (or centralizer algebra) of the representation
P. The multiplication table for this basis has the form

R
ApAy=> Cr A, (2)
r=1

where C are non-negative integers. The commutativity of the centralizer ring
indicates that the permutation representation P is multiplicity-free.
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3 Algorithm

Let T be a transformation (we can assume that 7' is a unitary matrix) that splits
the permutation representation P into M irreducible components:

T7'P(9) T =1® Uz, (9) @+ ® Uy, (9) D ® Ugy, (9),

where Uy, is a d,,-dimensional irreducible subrepresentation, @& denotes the
direct sum of matrices, i.e., A ® B = diag(4, B).

The identity matrix 1y is the standard inner product in any orthonormal
basis. In the splitting basis, we have the following decomposition of the standard
inner product

In=1g=1®--- By, &P 1g,, .

m

The inverse image of this decomposition in the original permutation basis
has the form

In=B1+:+Bn+-+ B, (3)
where B,,, is defined by the relation
T BT = Ottdyttdps ® Ldy © Odyyyy4-tdps = D (4)

The set By, ..., By contains complete information about irreducible decom-
position of the representation P. In particular, the transformation matrix can
be obtained from the linear system BT —TDy =--- = ByT —TDy; =0y

The main idea of the algorithm is based on the fact that B,,’s form a complete
set of orthogonal projectors, i.e., in addition to the completeness (3), we have
the idempotency

B2 =B, (5)
and the mutual orthogonality
BBy = Oy if m #m/. (6)
It follows from (4) that
tr B, = d,,. (7)

We see that all B,,’s can be obtained as solutions of the equation
X2 - X =0y (8)
for the generic invariant form
X=x1A+ -+ 2rAr.

Using the multiplication table (2), we can write the left-hand side of (8) as
a set of R polynomials (we will call them idempotency polynomials)

E(xl,...,xR) = {El(w‘l,.. .,xR),...,ER(xl,...,mR)} (9)
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and Eq. (8) can be written symbolically as

E(zq,...,2r) = 0. (10)
Each polynomial in (9) has the structure E,(z1,...,2r) = Qr(z1,...,ZR)
— ., where Q,.(z1,...,zRr) is a homogeneous quadratic polynomial in the inde-

terminates zi,...,TR.
In the basis (1), the projector B,, can be represented as

Bm = bm,lAl + bm,2A2 +-+ bm,RARa

where the vector By, = [bym,1,...,bm,r] is a solution of Eq. (10).
Since only A; has nonzero diagonal elements, we have

tr Bm = bm,lN.
Combining this with (7) we can fix the coefficient by, 1:
b = dyn/N.

Thus, the only relevant values of x; in (10) are d/N for some d’s from the
interval [1,...,N —1]. Any relevant natural number d is either an irreducible
dimension or a sum of such dimensions. Using the orthogonality condition (6)
for the irreducible projectors, we can exclude the consideration of dimensions
that are sums of irreducible ones. The generic orthogonality condition can be

written as
BX =0, (11)

where B = b1 Ay + - - - + brAr. Equation (11) is a system of linear equations for
the indeterminates x1,...,xr with the parameters by, ...,bg. Again, using the
multiplication table (2), we can write the left-hand side of (11) as a system of
R bilinear forms, which we denote by

O(bl,...,bR;ml,...,xR) (12)

and call orthogonality polynomials.

The core part of the algorithm is a loop on dimensions that starts with d = 1
and ends when the sum of irreducible dimensions becomes equal to N.

The current d is processed as follows.

~ We solve 2 the system of equations E(d/N,zs,...,zr) = 0.

If the system is incompatible, then go to the next d.

— If E(d/N,xo,...,xr) describes a zero-dimensional ideal, then we have k
(including k = 1) different d-dimensional irreducible subrepresentations.

2 The solution is always algorithmically realizable, since the problem involves only
polynomial equations with abelian Galois groups.
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— If the polynomial ideal has dimension h > 0, then we encounter an irre-
ducible component with a multiplicity £ > 1. The corresponding component
of the centralizer algebra has the form A ® 14, where A is an arbitrary k X k
matrix, and ® denotes the Kronecker product. The idempotency condition
(A® lld)2 = A® 1,4 implies A2 — A =0. The complete family of solutions
of this equation ® is a manifold of dimension Lkz / 2J = h. In this case, we
select, by a somewhat arbitrary procedure, k convenient mutually orthogonal
representatives in the family of equivalent subrepresentations.

— In any case, if at the moment we have a solution B,,,, we append B,, to the list
of irreducible projectors, and exclude from the further consideration the cor-
responding invariant subspace by adding the linear orthogonality polynomials
B, X to the polynomial system:

E(,’L‘l,xg,...,l'R) — E(.%‘l,!EQ,...,S(}R) U {BmX}

— After processing all B,,’s of dimension d, go to the next d.

4 Implementation

Our approach involves some widely used methods of polynomial computer alge-
bra. Therefore, it is reasonable, at least for the preliminary experience, to take
advantage of computer algebra systems with developed tools for working with
polynomials.

The complete algorithm is implemented by two procedures, the pseudocodes
of which are given below.

1. The procedure PreparePolynomzialData is a program written in C. The
input data for this program is a set of permutations of {2 that generates the
group G(£2). The program computes the basis of the centralizer ring and its
multiplication table, constructs the idempotency and orthogonality polyno-
mials, and generates the code of the procedure SplitRepresentation that
processes the polynomial data. The main parameter that determines the run
time for PreparePolynomialData is the dimension of the representation.
The example in Sect. A.3 shows that the PC implementation copes with a
dimension of about one hundred thousand in a time of about one hour.

2. The procedure SplitRepresentation implements the above described loop
on dimensions that splits the representation of the group into irreducible
components. It is generated by the C program PreparePolynomialData.
Currently, the code is generated in the Maple 2017.3 language, and the
polynomial equations are processed by the Maple implementation of the
Grobner bases algorithms. The run time for SplitRepresentation depends
mainly on the rank of the representation. Problems of rank R = 17 take about
8 hours on a PC.

3Tt is well known that any solution of the matrix equation A? = A can
be represented as A= Q' (1,®0s_,)Q, where Q is an arbitrary invertible
k x k matrix and r € [0, k].
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Input: S = {s1,...,8Kx} // set of permutations of {2 that generates group G
Output: E(z1,...,2r), O(b1,...,br;21,...,2R), SplitRepresentation
1: compute basis of centralizer ring A1, ..., Ar

R
2: compute multiplication table Ap A, = > Cp,Ar

r=1
3: construct idempotency polynomials E(z1,...,ZR)
4: construct orthogonality polynomials O(b1,...,br;z1,...,ZR)
5
6

: construct code SplitRepresentation for processing polynomial data
: return SplitRepresentation (E(z1,...,zr),0(b1,...,br;Z1,...,ZR))

Algorithm 1: PreparePolynomzialData

Input: E(z1,...,zr), O(b1,...,br;Z1,...,ZR)

Output: IrreducibleProjectors = [(1,B1),...,(dm,Bm) ..., (dm, Bu)]

1: IrreducibleProjectors — [(1, % [1,...,1])] // trivial subrepresentation
2: E(x1,...,2r) <« E(z1,...,zr) UO(1,...,1;21,...,ZR)

3: Sdim «— 1 // sum of dimensions, global variable

4: D0 // current dimension, global variable

5: while Sdim < N do

6: D «— NextRelevantDimension(D)

7:  all_solutions «— SolveAlgebraicSystem(E(D/N, z2,...,zR))

8 if all_solutions # & then

9: h — NumberOfFreeParameters(all_solutions)
10: if h =0 then
11: for solution € all_solutions do
12: UseSingleSolution(solution)
13: else
14: repeat
15: solution < PickBestSolution(all_solutions)
16: UseSingleSolution(solution)
17: all_solutions «— SolveAlgebraicSystem(E(D/N,x2,...,Zr))
18: until all_solutions = @

19: return IrreducibleProjectors

Algorithm 2: SplitRepresentation

Input: solution = [B1,...,OR]

1: E(z1,...,2r) <« E(z1,...,2r) UO(B1,...,0Br;T1,...,TR)

2: IrreducibleProjectors «— [IrreducibleProjectors, (D, solution)]
3: Sdim «— Sdim + D

Algorithm 3: UseSingleSolution
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Comments on the procedure SplitRepresentation:

— The procedure NextRelevantDimension can be implemented in different
ways, depending on the available information about the group and the rep-
resentation:

e The simplest implementation is “D «— D + 1.

e The implementation “repeat D «— D + 1 until D | Ord(G)” is about
25% faster than the simplest one. In fact, the size of the group is always
known.

e Knowledge of the character decomposition provides the most efficient
loop on dimensions. Sometimes this information is available. Actually,
computing the character decomposition is much easier than computing
the decomposition of the representation.

— The procedures SolveAlgebraicSystem and NumberOfFreeParameters
involve the polynomial algebra functions available in the computer algebra
system used. At present, we use the Maple implementation of Grébner basis
techniques.

— The PickBestSolution procedure is applied in the case of nontrivial mul-
tiplicity of the irreducible component. It selects a particular solution in the
parametric set of solutions. Currently, the choice of solutions with zero values
of parameters is used. Such an oversimplified approach sometimes leads to
“ugly roots” that go beyond the “natural” splitting field. This can be illus-
trated by the example of a 29155-dimensional representation of the Held group
whose decomposition into irreducible components is given in Sect. A.2. The
decomposition contains a 1275-dimensional irreducible component of multi-
plicity two. Representatives of this component obtained by the simple ver-
sion of PickBestSolution contain irrationality iv/231 (see B§12)75 and 8322)75
expressions), which belongs to the quadratic field Q(\/ —231)7 while the repre-
sentation in question splits over the “much smaller” field Q (\/—77 ) Therefore,
the PickBestSolution procedure requires improvement using strategies that
lead to minimal extensions of the field Q.

4.1 Comparison with the Magma Implementation of the MeatAze

The Magma database contains a 3906-dimensional permutation representation
of the exceptional group of Lie type G2(5). The decomposition into irreducible
components of this representation over the field GF(2) is given in [6] as an
illustration of the possibilities of the MeatAze.

The application of our algorithm to this problem shows that in the character-
istic zero, the considered representation is split over the field Q. The calculation
produces the following data:
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Rank: 4. Suborbit lengths: 1,30, 750, 3125.
3906 =1 ¢ 930 ¢ 1085 ® 1890

B = 3906 Z A

1 1
8930 :ﬁ <A1 + TOAQ + %.A?, - 125A4>

5 1 1 1
Bioss T <A1 — g»AQ + %As — 125A4)

15 1 1 1
Bisso =37 <A1 - %Az - %As + 125-»44>

Time C: 0.5 s. Time Maple: 0.8 s.

Magma failed to split the 3906-dimensional representation over the field Q
due to memory exhaustion after long computation, but we can simulate to some
extent the case of characteristic zero, using a field of a characteristic that does
not divide Ord(G2(5)). The smallest such field is GF(11).

Below is the session of the corresponding Magma V2.21-1 computation on
a computer with two Intel Xeon E5410 2.33 GHz CPUs (time is given in seconds).

> load "g25";

Loading "/opt/magma.21-1/1ibs/pergps/g25"

The Lie group G( 2, 5 ) represented as a permutation
group of degree 3906.

Order: 5 859 000 000 = 276 * 373 * 576 * 7 x 31.

Group: G
> time Constituents(PermutationModule(G,GF(11)));
[

GModule of dimension 1 over GF(11),
GModule of dimension 930 over GF(11),
GModule of dimension 1085 over GF(11),
GModule of dimension 1890 over GF(11)
]
Time: 282.060

5 Conclusion

The algorithm described here is based on the use of methods of polynomial
algebra, which are considered algorithmically difficult. However, our approach
leads to a small number (in typical cases) of low-degree polynomials. Recall that
the idempotency system (9) is a set of R square polynomials. Calculations of
Grobner bases in Maple on PC are limited in practice to R = 17. Among the
886 permutation representations available in the ATLAS [7], 761 (i.e., 86%) have
ranks R < 17. As can be seen in Appendix A, even a straightforward implemen-
tation of the approach can cope with rather large tasks. The data presented in
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the appendix shows that the most restrictive parameter for the Maple part of
the implementation is the rank of representations, i.e., the number of polyno-
mial indeterminates. A possible way to improve performance is to try to develop
specialized algorithms that take into account the very special type of polyno-
mial equations that arise in the problem instead of the universal Grébner basis
methods.

Acknowledgments. I am grateful to Yu.A. Blinkov, V.P. Gerdt and R.A. Wilson for
fruitful discussions and valuable advice.

A Examples of Computations

— Generators of representations are taken from the section “Sporadic groups”
of the ATLAS [7].
— For a group G
e M(G) denotes the Schur multiplier, the 2nd homology group H(G, Z),
e Out(G) denotes the outer automorphism group of G,
e n.G denotes a covering group of G, a central extension of G by C,.
— The results presented below assume the following ordering for the centralizer
ring basis matrices

Al = ]lN, Ag,...,Ak, Ak+1,Ak+2 = Ag+1,---,AR—1aAR = AE_1 .

symmetric matrices asymmetric matrices

The matrices within the first sublist are ordered by the rule: A < Bifig < ip,
where ix = min (¢ | (X);1 = 1). The same rule is applied to the first elements
of the pairs of asymmetric matrices.

Representations are denoted by their dimensions in bold (possibly with some
signs added to distinguish different representations of the same dimension).
Permutation representations are underlined. Multiple subrepresentations are
underbraced in the decompositions.

We omit the irreducible projectors related to the trivial subrepresentation:
these projectors have the standard form B; = ﬁ Zgzl Ap.

— All timing data refer to a PC with 3.30 GHz Intel Core i3 2120 CPU.

A.1 Higman—Sims Group HS

Main properties: Ord(HS) = 44352000 = 27 - 32.5% . 7. 11.
M(HS) = C2. Out(HS) = Cg.

11200-dimensional Representation of 2. HS
Rank: 16. Suborbit lengths: 12,110, 1322, 1652, 6602, 7922, 990, 13202, 19802.

11200=13223056 0770154 D175 D176 © 176 © 616 © 616
@ 770 @ 825 @ 1056 © 1980 ¢ 1980 D 2520

mmonagan@cecm.sfu.ca



Splitting Permutation Representations of Finite Groups 313

1 1 13 1 7
Baso —ﬁ <A1+ — Ay — 3A3+ﬁA4+ﬁA5+§A6+ﬁA7* @Ag

7 7 1 1 17
+£«49 + Ao — ﬁu‘ln — §A12 + ﬁAB + ﬁAM - %AK)

17
—A16>
B A+A+A A+1A Tag—ta,—a
56 — 200 1 3 4 — 4 6 4 8 4 9 10
11 17 23 23 37 4
517 = 1500 (““1 T T g T g T gl T gl T

37 2 2 1 1

+@As + 32A9 + Ao — ﬁAll - §A12 + %Am + %«414
8

+*.A15 + .A16>

11 19 7
Bisa = (A1+ A2+ A3+ A4+ A57 1A67%A7+%‘A8

800
1 3 3 7
—ﬁAg + Ao — %An — %Alz - %Aw — %AM - %AK)
7
—55-/416>
1 7 1 1 1 1 7 1
Bizs =51 (A1 + %A2 - T5A3 + §A4 + §A5 + ﬁAG + *A7 - *A8
1 1 1 1 37
+§«49 + Ao + g«‘ln + §A12 - B-Al?; BAM + 165A 5
37
B .A—i— A A—l—iA +1A—3A—1A - A
176 = 700 1 3 — 4 5 6~ 3318 ~ 3349 10

7
+1§A11 A12 + 1 A13 A14 + 1 A15 Alﬁ)
11 7 1 7
Bes1g —% <A1 — @Ag + *.A4 — ﬂA5 + 1 -/46 + ﬁA @Ag
—Aio — 1 A11 + 1 A12 A13 + 1 -/414 + 1 A15

4
—133./416)
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Brzo :% (Al - F}E)AQ - 6170“43 - 41*4/14 - 4171/15 + %AG - %fb
_@AES + 132A9 + Ao + ZSAH + %Alg - 11—0,413
_ﬁAM - %Aw — 11665A16)
Beas = g (A1 4 935A2 4 ﬁf\g - %fu - %xg e+ %fu
+ﬁAg - 1—12A9 + Ay — %AB _ ﬁAM _ % A
65A16)
Buoss =555 (“41 e P P A= T
+%A8 + 132A9 + Ao — 515A11 - 5%/412 — %Alg
7/114 + ﬁflw + £5A16)
Broso _5% (“41 * 1;2“43 3&1)6A4 * 3s196“4 - %AG - Fles + 372«49
— Ao — iﬁfln + i%/lm + 191*9-»413 - i919«414>
Basz20 = 490 (A - %Az - iAs + L.Azl + %As - 13%“'46 - %A7
_i-A A9 + Ajo — = ——An L.412 + i.,413
60 132 330 330 90
+%~A14 + ﬁv‘lls + 14654416>

Time C: 8 s. Time Maple: 1 h 39 min 6 s.

A.2 Held Group He

Main properties: Ord(He) = 4030387200 = 219 .33 .52.73.17.
M(He) =1. Out(He) = Cs.

29155-dimensional Representation of He
Rank: 12. Suborbit lengths: 1,90,120,384,9602,1440, 2160, 28802, 5760,
11520.

29155~ 1® 51 ® 51 @680 @ (1275 @ 1275) © 1920 & 4352 & 7650
—_——
@® 11900
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1 1 13 1 1
Bs1 = {Al + ./42 ./43 + §A4 + §A5 + *Aﬁ - 6A7 - 6./48

L (3 - lm> Ay — 1 (3 +i 7\f> Aio

+96 (5+71\[) A + % (5— 71\[) -’412}

1715

1 23 1 1 1
8680 —% (A] + A2 Ag - @A;L - %./45 + gAG + @A?

1 1 1
+%-A8 + %.Ag + %.Aw + T5A11 + 15./412)

Biors :% {A1+42180 (331 7\/§> Az—m < 3—1i 7\/§> As
_W}&) <133&+71\/§)A4+56&) (2101 +7iv231) A5
_Tllz (13 B iw:’fﬁ) As + 25168 (129 7\/5@) Ar
+K115 (1571 Nﬁ) As — m (467 - 71v231) Ao

38520 (467 - 7iv/231) Aw}

Biors = 31453 {-Al + KISO (13;1 + 7 Vﬁ) A+ o 25680 (227 — 7\/327> As
- ﬁ (331 7i \/f) As = geoes (389+71\/§)
* 17% (227 N?) As + 25168 (351))9 * iwszﬁ) Ar
—& (394 N?) Ag*ﬁ (127 \/f)
_WZO (1;7 + 1\/2371> Ao — iAu - 116A12}

B1ozo :%341 (A ﬁAg - %4“43 + oA+ %Ag, - ﬁAG + ;0,47

5 5 13 13
~ 5 s + g5+ g — oA - 480““12)
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256
Bass2 = 1715 <A1 + Az +

7 5 7 1
ey = Ay = e — o

768 576 128 Az

1 1 1 1
s g5+ g5 — 1oz An - 192A12>

90 1 1 7 1 1 1
Breso = —— - Ay — — A — — — —
7650 7343 (“41 2072 F 1207t ~ 3507 g0t 17 T aag e

1 1 1
+%A10 - %Au - «412)

20 1 1 1 1 1
B Ay — —— e A — — Ay — —
11900 =g (“1 2072~ 7201t 130 “47 13~ 30 ~ 7o

1 1
-‘r@An + 60A12)
Time C: 47 s. Time Maple: 15 s.

A.3 Suzuki Group Suz

Main properties: Ord(Suz) = 448345497600 = 23 .37 .52 .7.11-13.
M(Suz) = Cg. Out(Suz) = Cs.

65520-dimensional Representation of 2.Suz

Rank: 10. Suborbit lengths: 12,8912, 28162, 3960, 12672, 207362.

65520 =1 @ 143 ® 364, D 36435 D 3645 D 5940 © 12012 ¢ 14300
@ 16016 © 16016

11 2 1 3 3
Bias = (Al + Ay + ./43 .A4 + *.A5 - HAG + H.Ag + 11A10>

5040
Bsos, =1z AL+ st A+A+Ai -
8640 Tgo \7 T s * DY R VV RO VV M
_§A9 - 9A10>
1 1 V3 VB
Feot: =150 (Al Aem gt gl i min A
3 3
+i£v49 - i£A10
9 9
3 1 1 1 1 7
Bsgao = 364<A1+A2+ A3+—A4+EA5+%AG_@A7

@As + .Ag + A10>
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Bi2012 :% <A1 + Az + %«43 - %«‘M + %A5 + %4%\6 - %Ag - 313«410>
B1asoo :% (Al +Ax — %A?, + ﬁfh - %«% - §12A6 + %8-/47
s Ayt oo Ao+ 919,410>
Broors =1 (Al b LB,
+i9—\/§A9 — 1£A10>

Time C: 6 min 3 s. Time Maple: 10 s.

98280-dimensional Representation of 3.Suz
Rank: 14. Suborbit lengths: 13,8913, 28163, 5940, 19008, 20736>.

98280 1 ¢ 78 G 78 ® 143 ¢ 364 & 1365 & 1365 & 4290 & 4290
@ 5940 © 12012 @ 14300 ¢ 27027 G 27027

1 r2

1 1 r
EAQ — §A4 + ZA6 - EA7 - ﬁAs

1
Brs = 1560 (A1 -

r r2 r2 r 5
+1A9 + ZAlo - §A11 - §A12 +rAiz+r A14>

11 1 3 1 2 2
B1az = 77560 (Al - ﬁAS + ﬁA4 - ﬁA5 + ﬁAﬁ + ﬁAg
2 At Ayt S Ayt Ayt A
11 10 11 11 11 12 13 14
1 1 1 1 1 1 1
Bsea = 370 (AI_WLA2+6A3_9A4_24A5+16 6—mA7

1 1 1 1 1
—mAs + TGAQ + T6A10 - §A11 - §A12 + Az + A14>
2

1 1 1 1 r r
Bises = ﬁ <"41 + MAZ + §A4 + T6A6 + mA7 + mAS

r r2 r2 r )
+EA9 + EAm + §A11 + §~A12 +rAis+r A14)

11

84290 = 2592

R R B L R
V7972 7 g9 7t T ggTe T T T g

+rA+r2A 5r2A 5rA +rAz+r2A
T o2 or .
88 9 88 10 99 11 99 12 13 14
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11 7 1 1 1 1 7
Bsoao —@ <A1 - @AQ + %Ag + 2*7./44 + %A5 + ﬁAﬁ — @fb
A o Ag o A b A+ A A+ A
86478 T 352770 T g 10 T gy L T g2 T S TR
11 1 1 1 1 1
B - Ay — — — —
12012 = (Al 6643 ~ 3344 T g s T gg e T gz
P P S N
88 10 33 11 33 12 13 14
55 1 1 1 1 5 1
Biasoo =375 (““1 oAzt ggp s F g T s gpp e T ogg
1 5 5 1 1
+@As - @«49 — ﬁfho + @An + @Au + A3 + A14>
11 1 1 1 r r2
Barar =15 (41~ g+ g g~ g
r r? r2 r 9
71776“49 — 1776“410 + ﬁfln + ﬁfllz +rA;s+roAy
r=exp(2mi/3) = —5 + i§ is the basic primitive 3rd root of unity.

Time C: 57 min 58 s. Time Maple: 7 min 41 s.
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Abstract. The standard approach to factor a multivariate polynomial
in Z[z1,x2,...,z,] is to factor a univariate image in Z[z1] then recover
the multivariate factors from their images using a process known as mul-
tivariate Hensel lifting. For the case when the factors are expected to be
sparse, at CASC 2016, we introduced a new approach which uses sparse
polynomial interpolation to solve the multivariate polynomial diophan-
tine equations that arise inside Hensel lifting.

In this work we extend our previous work to the case when the number
of factors to be computed is more than 2. Secondly, for the case where
the integer coefficients of the factors are large we develop an efficient
p-adic method. We will argue that the probabilistic sparse interpolation
method introduced by us provides new options to speed up the factor-
ization for these two cases. Finally we present some experimental data
comparing our new methods with previous methods.

Keywords: Polynomial factorization
Sparse polynomial interpolation - Multivariate Hensel lifting
Polynomial diophantine equations

1 Introduction

Suppose we seek to factor a multivariate polynomial a € R = Z[xy,...,2,].
Today many modern computer algebra systems, such as Maple, Magma and
Singular, use Wang’s incremental design of multivariate Hensel lifting (MHL) to
factor multivariate polynomials over integers. MHL was developed by Yun [15]
and improved by Wang [13,14].

To factor a(zq,...,x,) the first step is to choose a main variable, say
r1, then compute the content of a in z; and remove it from a. If a =
Zf:o ai(xa, ..., xy)x", the content of a is ged(ag,ay,...,aq), a polynomial in

one fewer variables which is factored recursively. Let us assume this has been
done.

The second step identifies any repeated factors in a by doing a square-free
factorization. See Chap.8 of [2]. In this step one obtains the factorization a =
b1b3b3 - - - bk such that each factor b; has no repeated factors and ged(b;, b;) = 1.
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Let us assume this has also been done. So let a = fi fs... f, be the irreducible
factorization of a over Z. Also, let # f denote the number of terms of a polynomial
f and Supp(f) denote the support f, i.e., the set of monomials in f.

MHL chooses an evaluation point a = (ag,as,...,a,) € Z"~! where the
a;’s are preferably small and contain many zeros. Then a(z1, @) is factored over
Z. The evaluation point a must satisfy

(i) L(a) # 0 where L is the leading coefficient of a in 1,
(ii) a(z1, @) must have no repeated factors in 1 and
(iii) f;(x1, ) must be irreducible over Q.

If any condition is not satisfied the algorithm must restart with a new evaluation
point. Conditions (i) and (ii) may be imposed in advance of the next step. One
way to ensure that condition (iii) is true with high probability is to pick a second
evaluation point 3 = (Ba,...,[0,) € Z" L, factor a(wx1, 3) over Z and check that
the two factorizations have the same degree pattern before proceeding.

For simplicity let us assume a is monic and suppose we have obtained the
monic factors f;(z1,«) in Z[z1]. Next the algorithm picks a prime p which is big
enough to cover the coefficients of a and the factors f; of a.

The input to MHL is a, a, f; (21, @) and p such that a(zq, o) = [,_; fi(z1, @)
where ged(fi(z1, @), fj(z1,a)) = 1in Zy[z4] for i # j. If the ged condition is not
satisfied, the algorithm chooses a new prime p until it is.

There are two main subroutines in the design of MHL. For details see Chap. 6
of [2]. The first one is the leading coefficient correction algorithm (LCC). The
most well-known is the Wang’s heuristic LCC [14] which works well in practice
and is the one Maple currently uses. There are other approaches by Kaltofen [6]
and most recently by Lee [9]. In our implementation we use Wang’s LCC.

In a typical application of Wang’s LCC, one first factors the leading coefficient
of a, a polynomial in Z[zs, ..., z,], by a recursive call and then one applies LCC
before the jt step of MHL. Then the total cost of the factorization is given by
the cost of LCC + the cost of factoring a(x1, ) over Z + the cost of MHL. One
can easily construct examples where LCC or factoring a(z1, @) dominates the
cost. However this is not typical. Usually MHL dominates the cost.

The second main subroutine solves a multivariate polynomial diophantine
problem (MDP). In MHL, for each j with 2 < j < n, Wang’s design of MHL
must solve many instances of the MDP in Zp[z1,...,2;_1]. Wang’s method for
solving an MDP (see Algorithm 2) is recursive. Although Wang’s method per-
forms significantly better than the previous algorithm that he developed with
Rothschild in [14], it does not explicitly take sparsity into account. During com-
putation, the ideal-adic representation of factors is dense when the evaluation
points ao, ..., q, are non-zero. In practice, conditions (i) and (iii) of LCC may
force many non-zero «;’s. This makes Wang’s approach exponential in n.

Zippel’s sparse interpolation [18] was the first probabilistic method aimed
at taking sparsity into account. Based on sparse interpolation and multivari-
ate Newton’s iteration, Zippel then introduced a sparse Hensel lifting (ZSHL)
algorithm in [17,19], which uses a MHL organization different from Wang’s.
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Another approach for sparse Hensel lifting for the sparse case was proposed by
Kaltofen (KSHL) in [6]. Kaltofen’s method is also based on Wang’s incremental
design of MHL but it uses a LCC different from Wang’s LCC and offers a distinct
solution to the multivariate diophantine problem (MDP) that appears in Wang’s
design of MHL.

At CASC 2016 the authors proposed a new practical sparse Hensel Lifting
algorithm (MTSHL) [11]. It is also based on Wang’s incremental design of MHL
and LCC but offers a solution to the MDP different from those of Zippel and
Kaltofen. To solve the MDP problem appearing in MHL, MTSHL exploits the
fact that at each step of MHL, the solutions to MDP’s, which are just Taylor
polynomial coefficients, are structurally related. At the jth step of MHL we are
recovering x; in the factors. Let f be one such factor in Z,[z1, x2, ..., z;] and let

f= 22:0 fx(x; — a;)¥ be its Taylor representation. At this point we know only
fo. But Supp(fx) € Supp(fr—1) with high probability if «; is chosen randomly
from [0, p—1] and p is sufficiently large. MTSHL is built on this key observation.

In this paper we consider the case where a has r > 2 factors and secondly
the case where the factors have large integer coeflicients. When r > 2, the MDP
problem is called a multiterm MDP problem and an approach to the solution to
this problem is described in [2]. It reduces the multiterm MDP problem to r — 1
two term MDP problems. Our previous implementation of MTSHL described
in [11] also used this approach.

In Sect.2 we define the MDP problem in the context of MHL. See Algo-
rithms 1 and 2. In Sect.3 we discuss main ideas for the solution to the MDP
used by MTSHL and present it as Algorithm 3 to make our explanation precise.
We call Algorithm 3 MTSHL-d (d stands for direct), since it differs from our pre-
vious version of MTSHL (Algorithm4 in [11]) in how it solves MDP problems
when r > 2. For r = 2 it is the same as Algorithm4 in [11].

In Sect.4 we discuss the case r > 2. We argue that the probabilistic sparse
interpolation method used in the design of MTSHL allows us to reduce the time
spent solving multiterm MDP’s by up to a factor of » — 1. Because our proposal
also reduces the multiplication cost in the previous approach described in [2],
the observed speedup is sometimes greater than r — 1.

In Sect.5, we study the case where the integer coefficients of the factors
are large. The current approach (see [2]) chooses a prime p and [ > 0 such
that p' bounds any coefficients in the factors f; of a. We show that the sparse
MDP solver developed in [11] renders an improved option. Suppose one factor
f € Zlxy,...,xz,] has a p-adic representation f = Z;:o frp*. We show that
in this case also Supp(fx) C Supp(fx—1) with high probability if p is chosen
randomly. Therefore we propose first to factor a in Zy[z1,...,x,] by doing all
arithmetic mod p where p is a machine prime (e.g. 63 bits on a 64 bit computer),
i.e. run the entire Hensel lifting modulo a machine prime. Then lift the solution
to Zy[x1,. .., x,] by computing fi, again by solving each MDP appearing in the
lifting process using the sparse interpolation developed in the design of MTSHL.
Using this approach most of the computation is modulo p a machine prime.
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In Sect. 6 we present some timing data to compare our new approaches with
previous approaches and end with some concluding remarks.

In the paper we assume the input polynomial a is monic in x; so as not to
complicate the presentation with LCC. We note that what we explain remains
true for the non-monic case with slight modifications. Our implementation uses
Wang’s LCC for the non-monic case.

2 The Multivariate Diophantine Problem (MDP)

The Multivariate Diophantine Problem (MDP) arises naturally as a subproblem
of the incremental design of MHL developed by Wang. For completeness we
provide the j* step of MHL as Algorithm 1 for the monic case and Wang’s
solution to the MDP as Algorithm 2.

Algorithm 1. j*" step of Multivariate Hensel Lifting for j > 1.

Input: o € Zp,a; € Zplx1,...,z5], fi—11,---,fi—1r € Zplz1,...,2j—1] where
aj, fj—1,; are monic in z1 and a;(z; = o) =[;_; fj—1,i-

Output: fjJ:"'vfjﬂ" S Zp[.%‘l,...,itj] such that fj’i(xj = Oéj) = fj_l,i and a; =
ngl fj,i or FAIL

1: for i from 1 to r do

2: o0,i — fi-1i5 fii 004 bji — [Ty pss fim1,k-

3: end for

4: error —a; — [ fi-

5: for k from 1 while error # 0 and >_;_; deg, . fji < deg, a; do
6: cr «— Taylor coefficient of (x; — a;)* of error at z; = «

7: if ¢ # 0 then

8: Solve MDP; x: 0,1bj1 + - -+ + Ok,rbjr = ¢k for o € Zpla1,. .., xj-1].
9: for ¢ from 1 to r do

10: fj,i “— fj,i + 0k, X (acj — Oc]')k

11: end for

12: error «— aj — [Ti_; fi-

13: end if

14: end for

15: if error =0 then return fj1,..., f; else return FAIL end if

The MDP appears at line 8 of Algorithm 1. Consider the case where the
number of factors r to be computed is 2, i.e., r = 2. We discuss the case r > 2
in Sect. 4.

Let u,w,c € Zy[x1, ..., x;] with v and w monic with respect to the variable
z1 and let I; = (9 — g, ..., z; — o) be an ideal of Z,[x1, ..., z;] with o; € Z.
The MDP is to find multivariate polynomials o, 7 € Zp[z1,. .., x;] that satisfy

ou + Tw = ¢ mod I;in (1)
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with deg, (0) < deg, (w) where d; is the maximal degree of o and 7 with
respect to the variables x3,...,2; and it is given that

GCD (umod I;, wmod I;) = 1in Zy[z].

It can be shown that the solution (o, 7) exists and is unique and independent
of the choice of the ideal I;. For j = 1 the MDP is in Zy[z] and can be solved
with the extended Euclidean algorithm (see Chap. 2 of [2]).

To solve the MDP for j > 1, Wang uses the same approach as for Hensel
Lifting, that is, an ideal-adic lifting approach. See Algorithm 2.

Algorithm 2. WMDS (Wang’s multivariate diophantine solver)

Input A point «; € Zp, polynomials ¢, fjx € Zplz1,...,2;] for k=1,...,r and an
ideal I = (x2 — 2, ...,&Tn — &) with n > j where ged(f;x mod I, f;; mod I) =1 in
Zplz1] for k # | and a degree bound d; satisfying d; > max(degzj o) for 2 < i < n.
(One may use d; = deg, a)

Output (o1,...,0.) € Zy[z1,. .., x;] satisfying >, _, oxbr = ¢ € Zy[x1,. .., x;] where
b, = H:#k fi: and deg, ok < deg,, fjr or FAIL if no such solution exists.
1: bk <—H;H€fj’1 for k = 1,...,7”
2: if j = 1 then use extended Euclidean algorithm (see Ch 2 of [2] for r = 2 and
Section 4 for r > 2) end if

3: (61,0y.--,0r0) — WMDS(f; x(z; = o), c(z; =), I)

4: if WMDS output FAIL then return FAIL end if

5: op «—oro fork=1,...,r; error—c—>,_, orbk

6: for 1 =1,2,...,d; while error #0 do

7 ¢; « Taylor coeff(error, (x; — a;)")

8: if ¢; #0 then

9: (s1,-..,8r) — WMDS(o%, ¢, I)

10: if WMDS output FAIL then return FAIL end if
11: ok o + sk X (x5 —ay)t fork=1,...,r.

12: error «— error — ., _, okbg

13: end if

14: end for

15: if error = 0 then return (o1,...,0,) else return FAIL end if

In general, if o; # 0 the Taylor series expansion of o and 7 about z; = o is
dense in z; so the ¢; # 0. Then the number of calls to the Euclidean algorithm
of Wang’s solution to MDP is exponential in n. It is this exponential behaviour
that the design of MTSHL eliminates. On the other hand, if MHL can choose
some «; to be 0, for example, if the input polynomial a(z1, ..., z,) is monic in
x1 then this exponential behaviour may not occur for sparse f and g.
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3 MTSHL’s Solution to the MDP via Sparse
Interpolation

We consider whether we can interpolate xo, ..., z; in ¢ and 7 in (1) using sparse
interpolation methods. If 8 € Z, with 8 # o, then

o(z; = Pu(z; =)+ 1(x; = fw(z; = B) = c¢(z; = B) mod I;lfll-i_l.

For K;=(xs—ag,...,xj_1—aj_1,2;—F) and G;=GCD(vmod K;, wmod K),
we obtain a unique solution o(z; = §) iff G; = 1. However G, # 1 is possible.
Let R = resy, (u, w) be the Sylvester resultant of v and w taken in z;. Since u, w
are monic in x; one has?

Gj # 1 <= res,, (umod K, wmod K;) = 0 <= R(ao,...,a;_1,0) =0.

Let r = R(o,...,05-1,2;) € Zp[z;] so that R(as,...,a;-1,3) = r(F). Also
deg(R) < deg(u) deg(w) [1]. Now if § is chosen at random from Z, and 3 # «;
then

< deg(r, x;) < deg(u) deg(w).

- op-1 7 p—1

This bound for Pr[G; # 1] is a worst case bound. In [10] we show that the
average probability for Pr[G; # 1] = 1/(p—1). Thus if p is large, the probability
that G; = 1 is high. Interpolation is thus an option to solve the MDP.

As can be seen from line 10 of Algorithm 1, the solutions to the MDP are the
Taylor coefficients of the factors to be computed at the j*" step. As such, if o ;
is sparse then the oy ; are also sparse. In line 5 of Algorithm 1, as k increases,
on average, the number of terms of the o ; decrease even for dense cases. That
is, on average #oy,; < #0k_1,. A natural idea then is to use sparse interpola-
tion techniques to solve the MDP. However, the sparse technique proposed by
Zippel [16] is also iterative; it recovers xo then x5 etc. To make one more step in
this direction consider the following Lemma whose proof can be found in [11].

Pr[G; # 1] = Pr[r(8) = 0]

Lemma 1. Let f € Zy[z1,...,2,] and let « be a randomly chosen element in
Zy and f = Z?ﬁo bi(z1,. .., xp_1)(xn — ) where d, = deg, f. Then

dnfj

Pr[Supp(bj+1) € Supp(b;)] < [Supp(bj+1)] m

for 0 < j < d,.
Lemma 1 says that for the sparse case, if p is big enough then the probability
of Supp(bj+1) € Supp(b;) is high. This observation suggests, during MHL we
use o,_1,; as a form of the solution of o ;. That is, the solutions to the MDP’s
are related. During MHL, these problems shouldn’t be treated independently
as previous approaches do. In light of the key role this assumption plays at

! This argument also works for the non-monic case if the leading coefficients of u and
w w.r.t. 1 do not vanish at (ag,...,an) modulo p, conditions which we note are
imposed by Wang’s LCC.
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each MHL step j > 1, for each factor f;, we call this assumption Supp(oy,;) C
Supp(og—1,) for all k£ > 0 the strong SHL assumption.

Algorithms 3 and 4 below show how this assumption can be combined with
the sparse interpolation idea of Zippel [16] to reduce the solution to the MDP
problem to solving linear systems over Z,. To see how MTSHL works on a
concrete example for 7 = 2 and how MTSHL decreases the evaluation cost that
sparse interpolation brings see [11].

We present the ;" step of the new version of MTSHL in Algorithm 4 below
and call it as MTSHL-d, as a shortcut for MTSHL direct. For » = 2 MTSHL-d
is equivalent to MTSHL described in [11]. In the following section we discuss the
case r > 2 and make it clear why we call it MTSHL direct.

4 The Multiterm Diophantine Problem

Let the input polynomial a(x1,...,x,) be square-free with total degree d and
irreducible factorization of a be

a=f1-fr €Z[x1,..., 2]

We consider the case r > 2. We start with the unique factorization of a1(x1) =
a(xy, ) =ui(x1) - up(x1) € Z[zq]. By Hilbert’s irreducibility theorem [7] most
probably u;(z1) = fi(x1,a). Next we choose a prime p which is big enough to
cover the coefficients occurring in each f; and then pass to mod p

a(zy, ) = ui(x1) - up(21) € Zplaq).

We need ged(u;, uj) =1 € Zy[zq] for all 1 < ¢ < j < r. Otherwise we choose a
different prime and repeat the process.

Suppose fi = o 0i k(T — aj)k. So 0 i, is the kth Taylor coefficient of the
ith factor to be computed in the ;" step of MHL. (See line 10 of Algorithm 1.)
During the j* step of MHL, for each iteration k& > 0, the algorithm computes
Ok.i, by solving the multiterm Diophantine problem (multi-MDP), which is a
natural generalization of the MDP defined in Sect.2 and denoted as MDP; j in

line 8 of Algorithm 1. It has the form
MDP; i 1 op1b1 + -+ 0p by = cp,

where b, = H::L#k fi—1i(x1,...,xj—1). So, given by and ¢y in Zp[z1,...,z;-1],
the goal is to find oy, ; for each 7.

The current approach to solve a multiterm MDP is to reduce it into r — 1
two term MDP’s. We describe the idea with an example. Let » = 4 and to save
some space let u; = fj_1,;. Then

cr = O,1b1 + op 2y + 0% 303 + 0 4bs
= O, 1U2U3U4 + Ok 2U1U3U4 + OF 3UIU2U4 + O 4U1U2U3

= Ok, 1U2u3Ug + U1 (0% 2u3Us + U2(Ok 3Us + O au3)).
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Algorithm 3. Sparselnt: solve an MDP using a sparse interpolation

Input: Polynomials f;,0i,¢ € Zp|z1,22,...,2j-1] for i = 1,...,7r. f; are monic in z;
and p a prime.

Output: Update o; so that they form a solution to the multi-MDP o1b1+- - -40,b, = ¢
in Zplz1,x2,...,2j-1] where b; = szlyk# fi or FAIL.

1: for i from 1 to r do

2: g; <« Zl,k cilk(x37 .4.71‘j71)$1117]2€ Where Cilk = Z’LS;Q:[ qulkwMilkw With Cilkw
are unknown coefficients to be solved for and mlleMukw are the monomials in
Supp(o%).
end for
: Let t = maxj_;{max s;;x = max #ciikw}
: Pick (B3, ...8j-1) € (Z,\{0})? 2 at random.
: for s from 1 to t do (Precomputation.(see [11]))
Let Y, = (.’173 = ﬁg, ey Tj—1 = ijl)-
Evaluate c¢(z1,z2,Ys) and fi(x1,22,Ys) for 1 < ¢ <r.

9: end for
10: for 7 from 1 to r do
11: Compute b;(x1,x2,Y;) = szl,k# fi(z1,22,Y3) in Zplz1, z2].b
12: end for
13: for 7 from 1 to r do
14: Compute monomial evaluation sets for o;

{Silk = {milkw = Milkw(ﬂg, . .,ﬂjfl) 01 S w S Silk} for each l,k} .

15: If |Siki| # sik for some ikl try a different choice for (f3s, ..., B85-1).

16: If this fails, return FAIL. (p is not big enough)

17: Let t; = maxy x Sik

18: for s from 1 to t; do (Compute the bivariate images of o;)

19: Solve &1(x1,x2) fi(x1,m2,Y;) + - - + &r(z1, 22) fr(z1, 22, Y5) = c(z1, 22,Y5)
in Zy[z1, x2] for &i(x1,z2) using multi-BDP (see section 4).

20: if multi-BDP returns FAIL then return FAIL end if

(multi-BDP fails if it choses v € Z, with ged(fi(z1,7,Ys), fi(z1,7,Y:)) # 1
for some 7 # j ).
21: end for
22: for each [,k do
23: Construct and solve the s;j, X sik linear system

Silk
. I k. -~
{ E Cilkw Mijgw = coefficient of zyx5 in 5;(z1,22) for 1 <n < Silk}

w=1

for the coefficients ¢k Of ciig(xs, ..., xj—1). Because it is a Vandermonde
system in m;ki,, which are distinct by Step 15 it has a unique solution.
24: end for
25: Substitute the solutions for ¢;jx into o;
26: end for
27: Verify probabilistically whether >0, oib; = ¢ :
Pick 8 = (Bi1,...B8j-1) € ZJ~" at random.
if -7 0i(B8)bi(B) # ¢(B) then return FAIL end if
28: return o1,...,0,
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Algorithm 4. j*" step of MTSHL-d for j > 1.
Input: a; € Zp,a; € Zplx1,...,25], fi—11,--+5fi—1,r € Zplz1,...,2j—1] Where
aj, fj—1,; are monic in z1 and a;(x; = o) =[],_; fj—1,i-
Output : fj,1,~-~7fj,r S Zp[a:l,...,mj} such that fm(xj = Oéj) = fj_17i and aj; =
szl fj,i or FAIL

1: for i from 1 to r do fj,i — fj—l,i; 00,5 < fj_lai end do

2: error «— a; — [[I_, [y,

3: for k=1,2,3,... while error # 0 and >_;_, deg(fj,i,z;) < deg(ay;,z;) do

4: cx — Taylor coefficient of (z; — a;)* of error at z; = a;

5: if ¢ # 0 then

6: Solve the MDP; i (see line 8 of Alg. 1) without computing b;; as follows:
7: for i from 1 to r do o%,; < ok—1,; end do (Strong SHL assumption.)
8: (0k,15---,0k,y) < SparseInt( fj_1, ck, ok, ¢ =1,...,7) (see Alg. 3)
9: if (ok,1,...,0k,)=FAIL then restart MTSHL-d with a new « end if
10: for i from 1 to  do fj; < fji+ ok X (z; — a;)* end do

11: error < a; — [[\_; fj,i

12: end if

13: end for

14: if error =0 then return fj1,..., f;r else return FAIL end if

We first solve the MDP oy, jususus + uiwy = ¢, for o1 and w;. Then we solve
Of,2U3Us + Ugwa = wy for o2 and wy. Finally we solve oy 34 + 0 4u3 = wo
to compute o 3 and oy, 4. Let us call this approach as the iterative approach to
solve the multiterm MDP.

Note that Wang’s approach to solve the MDP is recursive. So when r > 2,
the iterative approach to solve multiterm MDP makes Wang’s design highly
recursive. Also, if the polynomials u; have many terms then the b;’s will be large
and expensive to compute. If we use the probabilistic sparse MDP solver of
MTSHL as described in [11] for each of these MDP’s, then we will first compute
the b;’s and then evaluate b;’s at random points. But evaluation is one of the
most costly operations in sparse interpolation and this cost increases as the size
of the polynomial to be evaluated increases.

However, the probabilistic non-recursive sparse interpolation idea used to
solve the MDP’s in MHL renders another simple and efficient option. One can
invoke the sparse MDP solver to compute the oy ;’s simultaneously without
reducing MDP; ;, to r — 1 two term MDP’s in the following way.

According to Lemma 1, if or; is random and p is big, then for each factor f;;,
with probability >1 — \Supp(ak,m% one has Supp(oy,;) C Supp(og—1,)
for k = 1,..,d; where 0g; is defined as og; := fj—1; and d; = degmj(fj’i).
Therefore to solve MDP; ;, we use Supp(ox—1,;) as a skeleton of the solution
of oi,;. That is, if op_1,; = El’k mux My for myy, € Z, — {0} with distinct
monomials in My, € Zy[z1,...,2;-1], then we construct &y ; = Zl,k cip M as
a solution form (skeleton) of oy ;, where ¢, are to be computed.
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At the k*® iteration suppose that we need t; evaluations to recover the coeffi-
cients ¢y (see line 17 of Algorithm 3). Let § = (B2, ... 5;—-1) where §8; € Z,—{0}
be a random evaluation point. Consider the ¢; consecutive univariate multiterm
MDP’s

Orabi(z1, B%) + - 4 Fppbr(v1, B%) = ¢i(21, B%) for 1 <s <y, (2)

where the 71 ; are to be computed. By uniqueness of the solutions to the multi-
term MDP, with average probability (;)% one has Gy ; = o (21, 5°).

Equation 2 can be solved efficiently for 7, ; using the iterative approach in the
univariate domain Zy[x1]. Next the univariate images &y, ;(x1, 5%) of 6, are used
to compute the coefficient c;;;, of 61 ; by solving Vandermonde systems which
are constructed by equating the coefficients of oy ;(1,/37) and Gy ; (see line 23
of Algorithm 3). Again, if the strong SHL assumption is true, then by following

(#1:)?

Zippel’s analysis in [16], one can show that with probability >1 — S=T)”

have a unique solution to Vandermonde systems.

At this stage we have candidate solutions &y, ; for the actual solutions oy ; of
MDP; . Because our assumption Supp(ox ;) € Supp(ox—1,;) may be false, we
need to verify if 64 ; = o1 ;. We do this using a random evaluation in line 27 of
Algorithm 3.

What does this approach bring us? First, MTSHL-d essentially follows
MTSHL but eliminates an iteration at the cost of an increase in the proba-
bility of failure. However this probability is negligible if p is big enough. In our
implementation we used a 31 bit prime and MTSHL-d never failed. Since it is an
iteration on r, we expect MTSHL-d to solve multi-MDP’s faster than MTSHL
by a factor of O(r). This is verified by the experimental data in Table 1 of Sect. 6.

Second, by (1, %) = H::L#k fi(z1,8%), so we don’t need to compute b €
Zp[z1, ..., xj—1]. All we need to do is to compute and multiply their univariate
images fi(x1,3°) of f; to obtain by(xq, 7).

Finally in MTSHL-d, like MTSHL, we may evaluate down to Z[z1, 25] instead
of Z[x1] to decrease the number of evaluations ¢; needed and the size of the
Vandermonde systems (Line 17 in Algorithm 3). To do this MT'SHL-d uses multi-
Bivariate Diophant Solver (multi-BDP). We implemented Multi-BDP in C. It
solves the bivariate multi-MDP by the iterative approach and uses evaluation
and interpolation on x5 to reduce to the univariate case.

we

5 The Case Modulo p' with 1 > 1

When the integer coefficients of a or the factors of a to be computed are huge
the current strategy implemented by most of the computer algebra platforms,
including Maple, Singular [9] and Magma [12], is the following. For details see [2].
First we pick a prime p and a natural number / > 0 such that the ring Z,; can
be identified with the ring Z. That is, we find a bound B such that the integer
coefficients of the polynomial a to be factored and its irreducible factors are
bounded by B. One way to choose such an upper bound B is given by [4]. Then
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Algorithm 5. LiftTheFactors for » = 2 (optimized)

Input : a € Z[z1,...,2a], fo,90 € Zp[z1,-..,2s] where a, fo, go are monic in z;
and a = fogo in Zp[x1,...,xn]. Also an integer bound [ > 0 (For example, [Lemma 14,
[4]])-

Output : f,g € Z[z1,...,x;] such that a = fg € Z[x1,...,x,] or FAIL
1: (f, g) < (mods(uo, p), mods(wo, p)). (# use symmetric range)

2: modulus <« 1.

3 ervor — (a— f9)/p, (01,05) — (f,9)

4: for i from 1 to | while error # 0 do

5: modulus <— modulus X p, ¢ < error mod p

6: # Solve the MDP o ug + 7 wo = ¢ for o and 7 in Zplz1,...,Tx]:
7: (o,7) < Sparselnt(f, g,0¢,04,c) (Algorithm 3)

8: if Sparselnt output FAIL then return FAIL end if

9: (0,7) < (mods(c, p), mods(r,p)). (# use symmetric range)

10: (of,09) < (0,7), error — (error — (fT + go) + o7 x modulus)/p
11: (f,9) — (f + 0 x modulus, g+ 7 X modulus).

12: end for

13: if error # 0 then return FAIL else return (f,g) end if

we choose [ such that p! > 2B. Next the MDP solution in Z,[z;] is lifted to
the solution in Z,[z1]. The second step is to lift the solution from Z,[z1] to
Zyp[x1, ..., 2y). Note that in the second step all arithmetic is in Z,; with pt > 2B.
In this section we question whether this strategy is the best approach for the
case [ > 1.

Suppose for example that the coefficients of the factors are bounded by p'°.
Before the factorization we don’t have this information. Since most likely the
coefficient bound B > p?°, this means that throughout MHL all integer arith-
metic is modulo p?° which is expensive.

MTSHL’s sparse multivariate diophantine solver allows us to propose an
approach that eliminates most of the multi-precision arithmetic and allows us
to lift up to the size of the actual coeficients in the factors, thus avoiding B.

— First choose a random (m + 1)-bit machine prime p, i.e. p € 2™ < p < 2mH1]
and compute the factorization of a by lifting the factorization in Zy[z1] to in
Lplzq,. .., z,] with MTSHL-d. Most of this work is mod p.

— Next compute a lifting bound B. One may use Lemma 14 of [4] for this
purpose. Now pick the smallest [ such that p! > 2B.

— Then as a second stage do a p-adic lift of the factorization from Z,[x1, ..., 2]
stopping when f and g are recovered or we exceed p'. The p-adic lift is pre-
sented as Algorithm 5. It reduces to solving MDPs in Zp[z1,. .., z,].

To make the following explanation easier we assume 7 = 2 and suppose that
a = uw where a,u,w € Z[x1,...,x,] and u,w are unknown to us. As a first
step we choose an evaluation ideal I = (x93 — ao,...,z, — a,) with randomly
chosen «; from [0, p — 1] such that conditions (i) and (ii) for MHL are satisfied
with [ = 1. Then there is a factorization a = u™w™ € Z,[z1,...,z,]. This
factorization is computed using MTSHL-d.
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Now suppose that u (similarly w) has the form

t t

-1
u = ZCij(JZl, “ee ,.Tn) = ZZSjipiMj(l‘l,. . .,.Z‘n),

j=1 j=11i=0

where the M; are distinct monomials and 0 # ¢; € Z with ¢; = Ei ésﬂp

where —p!/2 < s;; < p'/2. Then we have

-1
g sjiMi(x1,...,2,) | P = E u;p".
i=0

-1
=0 \j=1

It follows that

u= S wp o
j— q
1;0 :E E sﬂp —k M;(z1,...,2p).

p j=1 \i=k

Also, we have ug = v mod p # 0 since in the first stage u is lifted from ug. Now

we make a key observation: If p is chosen at random such that 2™ < p < 2™+
o : disti 1)bit prime divi fe;

the probability that p | ¢ is Prlp | ¢;] = Zdistinct (m;;rm)bilttg;‘::ees EOEON Let

7(s) be the number of primes < s. Since there are at most |logym(¢;)| many

(m + 1)-bit primes dividing ¢; we have

logpn(c)]  _ !
m(2m+l) — (2m) — m(2mtl) — 7w (2™m)

Prlp|c] <

This probability is very small because according to the prime number theorem
7(s) ~ s/log(s) and hence 7(2"+!) — 7(2™) ~ WZ(Q)‘

It has been shown in [8] that the exact number of 31-bit primes (m = 30)
is 50697537. Therefore in our implementation the support of wug Will contain all
monomials M; and Supp{u;} C Supp{uo} with probability >1 — = 107

We make one more key observation and claim that Supp{u;} € Supp{u;_1}
for 1 < 7 < with high probability: We have

uj = sojMo + s1;M1 + -+ + s My,
wj1 = soj+1 Mo + 81541 My + oo+ s i1 My
For a given j > 0, if s; j4+1 # 0, but s;; = 0 then M; € Supp(u;4+1) but M; ¢
Supp(u;). We consider Pr[s;; = 0]s; j41 # 0]. If A is the event that s;; = 0 and
B is the event that s; ;11 = 0 then
Pr[A] — Pr[B] Pr[A| B] < Pr[A]

Prid] B = Pr[B°] = Pr[B]

It follows that
Pr[A] < 1/(m(2mF) — w(2m)) l

Pr(Be] = 1—1/(m(2mF1) —m(2m))  (w(2mH) —m(2m)) =1
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Hence,

tl

PY[SUPP{UJ'} - SUPP{Uj—l} 1<j<i>1- ((w(2m+1) — w(2m)) — I

As an example for m = 30,1 = 5,¢ = 500, this probability is >0.99993.

Hardy and Ramanujan [5] proved that for almost all integers, the number of
distinct primes dividing a number s is w(s) =~ loglog(s). This theorem was gener-
alized by Erdés-Kac which shows that w(s) is essentially normally distributed [3].
By this approximation note that

PrA] _  loglog(si;)/(m(2™+!) — (2™)) log({log p)

Pr[B¢] = 1-loglog(sij+1)/(m(2m 1) —m(2m)) ~ (m(2m*1)—m(2m))—log(llog p)’

Hence the probability that Supp{u;} C Supp{u;_1} is 21 — t%. As
an example for m = 30,1 = 5,¢ = 500, this probability is >0.99995.

What does this mean in the context of multivariate factorization over mod
Z,y for [ > 17 It means that the solutions to the multivariate diophantine prob-
lems occurring in the lifting process will, with high probability, be a subset of
the monomials of the solutions of the previous step and these solutions can be
computed simply by solving Vandermonde systems by using a machine prime p
and hence by an efficient arithmetic using a sparse MDP solver as described in
Algorithm 3.

We sum up the observations made in this section in Theorem 1 below.

Theorem 1. Let p be a randomly chosen m-bit prime, i.e. p € [2™ < p < 2m+1],
With the notation introduced in this section

tl
((w(2m*t) —m(2m)) =1

Pr(Supp{u;} € Supp{u;_1} foralll <j <) >1-

This probability can be approximated by

t mlog(lm)

PrSupp{u;} € Supp{u;j 1} foralll < j <] 21— o0 oo

6 Timing Data

In this section we give some experimental data to verify the effectiveness of
the methods described in Sects.4 and 5. In the tables that follow all tim-
ings are in CPU seconds and were obtained on an Intel Core i5-4670 CPU
running at 3.40 GHz with 16 GB of RAM. For all Maple timings, we set
kernelopts (numcpus=1) ; to restrict Maple to use only one core as otherwise it
will do polynomial multiplications and divisions in parallel.
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6.1 Iterative vs Direct

In this section, we give some data in Table1 to compare MTSHL-d with the
current approach, i.e. implementing MTSHL so that it solves multi-MDP’s using
iterative approach as explained in Sect.4. We include also timings for Wang’s
algorithm which also uses the iterative approach.

We generated r random polynomials in n variables of total degree d with
T terms and coefficients from [1,99] using Maple’s randpoly command thus
x1~ (d+1)+randpoly([x1,\1ldots,xn] ,degree=d, terms=T,coeffs=rand(1..99)) and
multiplied them. Then we factored these polynomials using (i) Wang’s algo-
rithm, (ii) MTSHL and (iii) MTSHL-d (our new method explained in Sect.4).
All implementations are in Maple. X (tY") means that the algorithm factored the
polynomial in ¢X CPU seconds and spent tY CPU seconds solving multiterm
MDPs. OOM stands for out of memory. As can be seen from the data, MTSHL
is significantly faster than Wang’s algorithm and the MDP time in MTSHL-d is
less than the MDP time in MTSHL by a factor of » — 1 or more.

Table 1. Timings for Wang, MTSHL vs MTSHL-d with r > 2.

r/n/d/T | Wang (MDP) | MTSHL (MDP) MTSHL-d (MDP)
3/9/10/30 | 18.94 (16.00) 2.26 (0.60) 1.36 (0.30)
4/9/15/30 | OOM 104.72 (23.23) | 90.04 (6.55)
3/9/10/50 | 251.20 (240.77) | 8.87 (2.28) 4.99 (0.71)
3/9/15/100 | 2302.69 (2235.2) | 122.36 (28.58) | 99.28 (8.17)
3/11/15/100 OOM 272.78 (42.74) | 208.35 (11.51)
3/11/10/100 | 515.98 (424.76) | 189.07 (23.90) | 146.80 (6.25)
3/11/20/100 OOM 316.12 (66.7) | 256.79 (19.22)

6.2 The p’ Case

In this section, we give some data in Table2 to compare the current approach,
i.e. implementing MTSHL so that it computes a bound g and factors staying
in modulo Z,; arithmetic, with the p-adic lifting at the last step approach, i.e.
the -staying in Z, arithmetic approach-, as explained in this Sect. 5.

We generated 2 random polynomials in n variables of total degree d with T
with coefficients in [0, p') for p = 23! — 1. Then we multiplied the two factors over
Z and then factored the product with MTSHL. Since MTSHL does not know
what the actual value of  is, it needs to compute the coefficient bound I (using
Lemma 14 of [4]) and stays in the Z,, arithmetic. It factored the polynomial
in tX(tY) seconds where tY denotes the time spent on solving MDP’s. Then
we factored the polynomial with MTSHL-d which uses p-adic lifting to recover
the integer coefficients as explained in Sect. 5. The timings in column MTSHL-d
(MDP) (Lift) are the total time, the time spent in MDP and the time spent
doing [ lifts. The data in Table2 shows that doing a p-adic lift is much faster
than the previous approach.
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Table 2. Timings for MTSHL vs MTSHL-d for large integer coefficients.

n/d/T;, |ty |l lg MTSHL (MDP) MTSHL-d (MDP) (Lift)
5/10/300 | 0.07 2| 5| 5.866 (5.101) |0.438  (0.132) (0.241)
5/10/500 |0.11 2| 5| 9.265 (7.937) | 1.194(0.186) (0.480)
5/10/1000 | 0.23 2| 5| 14.448 (12.826) | 2.202 | (0.264)  (1.332)
5/10/300 |0.07 4| 9| 6.923 (6.104) | 1.067 (0.156) (0.553)
5/10/500 |0.11|4| 9/10.971 (9.737) |1.854 (0.219) (1.231)
5/10/1000 | 0.23 4| 916.943 (15.183) | 3.552 | (0.350) | (2.632)
5/10/300 |0.07 |8 17| 8.638 (7.596) | 2.553 | (0.201) (2.076)
5/10/500 |0.11|8 |17 13.118 (11.686) | 3.101 | (0.280)  (2.396)
5/10/1000 | 0.23 |8 | 17| 19.031 (17.225) | 4.905 | (0.459) | (4.032)

7 Conclusion

We have shown that when the number of factors to be computed >2 and for
the case where the coefficients of the factors are huge, sparse interpolation tech-
niques can be used to speed up multivariate polynomial factorization. The second
author has integrated our code into Maple under a MITACS internship with Dr.
Jiirgen Gerhard of Maplesoft. The new code will become the default factoriza-
tion algorithm used by Maple’s factor command for multivariate polynomials
with integer coefficients. The old code will still be accessible as an option.
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Abstract. We investigate the notion of analytic complexity of a bivari-
ate holomorphic function by means of computer algebra tools. An esti-
mate from below on the number of terms in the differential polynomials
defining classes of analytic complexity is established. We provide an algo-
rithm which allows one to explicitly compute the differential membership
criteria for certain families of bivariate analytic functions in the second
complexity class. The presented algorithm is implemented in the com-
puter algebra system Singular 4-1-1.

Keywords: Analytic complexity - Differential polynomial
Differentially algebraic function

1 Introduction

The notion of analytic complexity of a bivariate holomorphic function stems
from Hilbert’s 13th problem on the possibility to represent the algebraic function
implicitly defined by the reduced septic equation with three parameters through
compositions of functions in at most two variables. For continuous functions,
the positive answer is given in a much more general setup by the celebrated
Kolmogorov—Arnold theorem [1].

Theorem 1. (See [1].) Any continuous function defined on a compact subset
of R™ can be represented as a finite superposition of univariate continuous func-
tions and a single bivariate function s(x,y) which can be chosen to be the addi-
tion: s(xz,y) == +y.

Such a representation is only possible due to the vastness of the space of
all continuous functions of real variables defined on a compact set. In fact, the
construction in the proof of the Kolmogorov—Arnold theorem uses continuous
functions that are not analytic in any open set. In the analytic category, the
problem of representing a holomorphic function as a finite superposition of holo-
morphic functions in fewer variables turns out to be much more subtle. It leads
to the concept of classes of analytic complexity defined inductively as finite
superpositions of univariate functions and a fixed bivariate analytic function.

© Springer Nature Switzerland AG 2018
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Apart from trivial examples, computing or estimating the analytic complexity
of a bivariate holomorphic function is a difficult task which requires full use of
elimination theory and heavily relies on computer algebra tools.

In the present paper, we investigate the notion of analytic complexity of
a bivariate holomorphic function by means of computer algebra tools. An esti-
mate from below on the number of terms in the differential polynomials defining
classes of analytic complexity is established. We provide an algorithm which
allows one to explicitly compute the differential membership criteria for cer-
tain families of bivariate analytic functions in the second complexity class. The
presented algorithms are implemented in computer algebra system Singular 4-
1-1. All examples in the paper have been computed on Intel Core 15-4440 CPU
clocked at 3.10 GHz with 16 Gb RAM under MS Windows 7 Ultimate SP1.

The author is thankful to V. Beloshapka for the numerous fruitful discussions
on the analytic complexity of holomorphic functions and related topics.

2 Analytic Complexity of Bivariate Functions

Throughout the paper we denote by (z,y) the coordinates in the two-dimensional
complex space C2. We denote by O(U) the space of functions that are holomor-
phic in the domain U C C2. A (multi-valued) analytic function will be identified
with its germ unless explicitly stated otherwise. The next definition is central to
the paper.

Definition 1. (See [2].) The class of functions of analytic complexity zero Cl
is defined to comprise the functions that depend on at most one of the variables.
A function F(z,y) is said to belong to the class Cl,, of functions with analytic
complexity n > 0 if and only if the following two conditions are satisfied:

(1) There exists a point (xg,yp) € C? and a germ F(z,y) € O(U(xo,y0)) of
this function holomorphic at (zg,yo) such that

S(x,y) = cla(z,y) + b(z,y))

for some germs of holomorphic functions a,b € Cl,,_1 and ¢ € Cly;
(2) No relation of this form exists for a,b € Clj, with k <n — 1.

If there is no such representation for any finite n then the function F' is said to
be of infinite analytic complexity.

Thus, a function of two complex variables is said to have analytic complex-
ity zero if and only if it only depends on one of the variables or is identically
constant. A function belongs to the first class of analytic complexity if it admits
a representation of the form c(a(z) + b(y)) for certain univariate analytic func-
tions a, b, ¢ in some open subset of C2.

Typically, the analytic complexity of a bivariate holomorphic function is
rather difficult to estimate and even more difficult to compute exactly. The
inductive definition of analytic complexity leads to a wealth of counterintuitive
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examples. For instance, both the generic linear function ax 4+ Sy and the prod-
uct z - y of the variables clearly belong to the first class of analytic complexity.
The sum of two functions in Cly is usually a function in the second complex-
ity class. However, for any «, 3,7 € C* the polynomial ax + By + yzy is still
a function in Cl; since

[0 (0%
a:c+ﬁy+'yxy:—7ﬂ+75+az+ﬂy+7xy:

af 8 e
2 (i) (e v)

A differential monomial with the unknown function F(zx,y) is the product
of integer powers of F' and its partial derivatives, i.e., an expression of the form
Froo o fphoL [FP2o [FPAL [FPo2 - . (the product is finite). By a differential polyno-
mial over a field K with the unknown function F(z,y), we will mean a finite
linear combination of differential monomials with coefficients in K.

The next result due to V.K. Beloshapka shows that classes of analytic com-
plexity for bivariate holomorphic functions admit membership criteria defined
by differential polynomials with integer coefficients.

Theorem 2. (See [2].) The set of bivariate analytic functions whose analytic
complexity does not exceed n coincides with the set of holomorphic solutions to
a finite number of differential polynomials A\, with integer coefficients, i.e.,

Cl, ={F(z,y) : Ap(F(z,y)) = 0}.

Due to the conservation principle, the analytic continuation of a solution to
a system of partial differential equations whose coefficients are entire analytic
functions along any path also satisfies the same system of equations. Thus, it
suffices to apply a differential membership criterion for a class of analytic com-
plexity to any germ of the holomorphic function in question.

Theorem 2 implies that any function of finite analytic complexity is differen-
tially algebraic, i.e., satisfies a (typically nonlinear) partial differential equation
with constant coefficients. Thus, any differentially transcendental function (e.g.

a5 n
the polylogarithm Li,(y) := ) %7) necessarily has infinite analytic complexity.

n=1
In fact, the set of holomorphic functions of finite analytic complexity is a set of
first category in the space O(U) for any domain U C C2.

Unfortunately, explicit differential membership criteria for the classes of ana-
lytic complexity or other families of (bivariate) analytic functions are in gen-
eral very difficult to compute. The only known elements of the family A, are
No(F) = F,F, and

Ay(F) = F2FyyFyy — FiFypyy Fy — FouFoy Fy + FoFpoy Fr,

which have been found in [2]. The latter can be computed as the numerator

of the expression % which clearly vanishes for any F € Cly, i.e., for

F(a,y) = c(a(z) + b(y))-
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Differential membership criteria A,, for the classes of analytic complexity
are so difficult to compute because for n > 2, they are themselves incredibly
complex. Examples in Sect. 5 suggest that explicit computation of A, is probably
beyond the capacity of modern computer algebra tools or requires a completely
new insight into the issue. An important tractable subset of the second analytic
complexity class, the so-called Clsz/,, has been considered in great detail in [6].
In the next section, we provide a rough estimate from below for the number of
differential monomials in the differential polynomial A, (F(z,y)) and describe
an algorithm which is later used to compute defining differential polynomials for
certain families of functions in the second class of analytic complexity. All of the
found differential polynomials are particular cases of the membership criterion
for the second class of analytic complexity which appears to be out of reach for
today’s computer algebra systems.

3 Estimating the Number of Terms in the Differential
Membership Criteria for Complexity Classes

The structure of nonlinear differential equations with both constant and vari-
able coefficients that define families of analytic functions depending on arbitrary
univariate functions was since long ago the focus of intensive research of numer-
ous authors (see [2,3,10] and the references therein). The complexity of such
differential equations typically grows very quickly with the number of univariate
functions that encode the family in question. Although these equations usually
enjoy a rich differential-algebraic structure, one of the most important ways of
estimating their complexity is by counting the number of differential monomials
in their irreducible factors. The following theorem provides a rough estimate
from below for the number of such monomials in the differential polynomials
defining classes of analytic complexity.

Theorem 3. The number of differential monomials in the differential member-
ship criterion for the n th class of analytic complexity is greater than (2"~ ! +1)!

Proof. We prove the estimate by considering a family of functions for which the
defining differential polynomial is known. Namely, let

S ={F(z,y) Z% (1)

be the family of bivariate analytic functions which can (locally) be represented
as the scalar product of univariate vector-valued functions (a1 (z), ..., ar(x)) and
(b1(y), ..., br(y)). Induction shows that for generic univariate analytic functions
a;(x) and b;(y), the analytic complexity of F(x,y) € Sqp-1 equals p. Indeed, by
definition, the analytic complexity of aq(z)b1(y) equals 1 while adding together
two generic elements in Sy, results in the unit increment of the analytic complexity.
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For the sake of brevity, we use the notation Fyk,. = %. It has been
announced by C. Stéphanos and later proved in [8] (see also [9]) that the family

of functions S, is the set of all solutions to the partial differential equation

F F, ... Fun
F, Foy ... Fyny

R . | =0 (2)

By the construction of the family Si, the number of differential monomials in
the differential membership criterion A, for the nth class of analytic complexity
cannot be smaller than the number of monomials in the differential polynomial
defining Syp-1. The left-hand side of (2) is a differential polynomial with (n+1)!
differential monomials which concludes the proof.

Intensive computer experiments suggest that the determinant in the left-hand
side of (2) is irreducible as long as the function F'(x,y) is sufficiently general.
Yet, no proof of this fact appears to be present in the literature.

Examples in Sect. 5 show that Theorem 3 gives a rather weak estimate on the
number of terms in the differential membership criterion A, (F(z,y)). In the next
section, we discuss a symbolic computational approach towards the structure of
this differential polynomial.

4 Algorithmic Computation of Differential Membership
Criteria

Efficient symbolic computation of partial differential relations defining families
of bi- and multivariate analytic functions is the focus of intensive research by
numerous authors. It is central to the fundamental monograph [10]. Most of
the bivariate analytic functions considered in [10] have finite analytic complex-
ity. An attempt to derive differential polynomials for compositions of analytic
functions is described in [7]. Such polynomials for certain families of functions
can also be computed by means of characteristic sets theory (see [4] and the
references therein).

Any family of bivariate analytic functions of finite analytic complexity is
typically annihilated by an infinite hierarchy of differential relations which is
heavily dependent on the field of allowed coefficients (see [6] and the example
in Sect. 5.2 below). Even in the case when the ideal of relations is principal, it
is in general not possible to minimize the differential order and the algebraic
degree of the generator simultaneously. For these reasons, efficient computation
of an annihilating differential polynomial for a given family of bivariate analytic
functions requires a thorough analysis of the structure of the generic element
in the family. When the family in question involves a function which satisfies
a linear partial differential equation, it is often beneficial to find a differential
polynomial whose coefficients only depend on this function.
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Algorithm 1. Algorithm for computing an annihilating differential polynomial
for a family of bivariate analytic functions

Require: List of complex variables vars_list; list of univariate functions fens_list; list
of the numeric parameters of the equation defining the family of bivariate analytic
functions p_list; equation eqn defining a generic element in the family as a function
of the elements in vars_list, fens_list, and p_list.

Ensure: List of differential monomials with integer coefficients and the unknown func-
tion depending on the variables in wvars_list whose sum gives the defining relation
for the family of functions under study.

1: procedure DiFrPoOLY (vars_list, fens_list, p_list, eqn)
2 J_list := empty list
3: FJ_list := empty list

4: D_list := empty list

5.

6

dp-poly =1
d :=1 > The order of the jet space where the differential polynomial is to be

found

7 repeat

8: fork=0:d:1do

9: for j=0:k:1do

10: Add %W to J_list > Forming the jet space of order d

11: end for

12: Add J_list to FJ_ list

13: end for

14: for k=0:d:1do

15: for j = 1: Length(fens_list): 1 do

16: u(z, y)=fens_list[j]

17: Add g;—}j and gz—}j to D_list > Forming the list of differential
variables to be eliminated

18: end for

19: end for

20: dp_poly = elimination ideal obtained by eliminating the elements of D_list
out of the relations FJ_list

21: d:=d+1

22: until dp_poly+# 0
23: return dp_poly
24: end procedure

The next algorithm was used to compute differential membership criteria for
a number of families in the second class of analytic complexity.

The key component and the bottleneck of the algorithm is of course the elim-
ination of differential variables out of a differential ideal. It makes an extensive
use of both built-in and custom-designed methods of elimination and cannot be
consistently described in a short research paper. For each family of functions in
the below examples, a particular version of the elimination procedure taking into
account the key differential-algebraic properties of the generic representative of
the family has been used.

mmonagan@cecm.sfu.ca



Beyond the First Class of Analytic Complexity 341

5 Computing Differential Membership Criteria for
Families in the Second Class of Analytic Complexity

We now employ Algorithm 1 to produce differential polynomials with integer
coefficients for certain families of bivariate analytic functions whose generic ele-
ments belong to the second class of analytic complexity. The generic element of
this class is a function that admits a local representation of the form

fle(a(@) +b(y)) + w(u(z) +v(y)))

for univariate analytic functions a, ..., w such that the above composition is well
defined and analytic in some domain in C2?. The below examples are obtained
by specifying some of these univariate functions in a certain concrete way.

5.1 A Differential Polynomial for the Family of Functions
F(z,y) = b(a(x) +y) + c(z +y)

Let a(-),b(-),c(-) be arbitrary univariate analytic functions such that the com-
position F(z,y) = b(a(z)+y) + c(z+y) is well defined for (z,y) in some domain
in the complex space C2. Using Algorithm 1 we compute the following differen-
tial polynomial with integer coefficients which vanishes on any function in this
family:

F,

FyFnyacyy - Fllnynyy + FyFnyxyyy - Fy Fynyﬂcyyy - Fnymeyyy—F

2Fy Fyyy Fo Fayyy — FyyyFy Foyyy — FyFyyFoyFoyyy + FyyFoFoy Foyyy—
FyF2 Fow~+ FyFyyFyyyyFow + F2 FuFrp — Fyy Fyyyy Fo Frp—

yyy yyy
EyFyyyy By Frw + Fyyyy Fo By Fog + 28, Fyyy Foyy Foo — 28y Fo Fryy Frop—
FyFﬁnym + Fmenym — FyFyy FryyyFon + FyyFoFoyyy Fra+

FyFoyFoyyyloe — FoluyFoyyyFoo + FyFyy Fyyy Fray — FyQFyynymy*

2
FyyFyyyFoFray + 2F Fyyyy Fo Fray — Fyyyy Fy Fooy — FyFyyy Foy Fray+
FyyyboFoyFoay — FyFyyFoyyFooy + Fyy Foloyy Fooy + Fy Foy Foyy Fooy—
FoFoyFoyyFooy + FiFwynyMy — 2Fy Fo Foyyy Fray + FzQFwynywwy_
FyFyQyFuyy + Fg?Fynywyy + FyQyFLFwyy — 2F Fyyy Fo Frayy+
E;nyngrTyy +2Fy Fyy By Fogyy — 28y FoFoy Frayy — FyF2 Fooyy+

Ty

An alternative way of computing this differential polynomial can be based on
the main result of [6]. For families of polynomial instances of special functions of
hypergeometric type [5], the differential membership criteria computed by means
of Algorithm 1 get greatly simplified.

Since the above differential polynomial has differential order 4, the gen-
eral theory of partial differential equations suggests that its general solution
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depends on four univariate analytic functions. Thus, the initial family of func-
tions {b(a(z) + y) + ¢(x + y)} cannot exhaust the whole solution space of the
obtained differential polynomial and additional relations must be computed.
Similar arguments apply to the examples in the subsections that follow.

5.2 A Differential Polynomial for the Family of Functions
F(z,y) = c(a(e” +y) + b(x +y))

The family of bivariate analytic functions comprising functions of the form
cla(d(x) +y) + b(x + y)) is one step closer to the generic element of the second
class of analytic complexity than the previous example. Unfortunately, numerous
computer experiments suggest that computation of the annihilating differential
polynomial with integer coefficients for this family of functions is probably out of
reach for the present day’s computer algebra systems. However, it turns out to be
possible to treat a subfamily of this class of functions corresponding to d(x) = e*
since all of the derivatives of this function coincide which brings symbolic elim-
ination within manageable range. Using Algorithm 1 we compute the following
defining polynomial for this family with the coefficients in the ring Z[e”] :

eV (—2F, F2 Fy + F2Fyy Fy + F2 F2 — FyFyy F2 + 2F2F, Fy o+
2F, Fyy Py Foy — Fyy F2F,, — 2F2F2, — F3F,, + FyF2F,,,—
F2Fy Foy + F2Fy Fry + F3F,py — F2F, Frpy )+

¥ (F — 2F3F, + 4F,F2 F, — 2F2F,, F, + F2F? + F,F,, F?—
FyzyFm +FyFyny§ - FnyaZO’ "‘Fyny:;;3 _4Fy2Fny$y - 2F5F$Fzy_
28, Fyy Fy Fyy + 28, F2Fyy — 2Fy F2Fy, + 2F2F2 4 2F2F2 +

2F3 Py — FyF2 Py — F3Fyyy + F3Fyy + F§FnyM — F2F, Fppt

FyyF2Fyy + 2F2F, Fyy — 2F, Fy Fyy Fyp — F2F2, — F3Fpp+

¥ (~F2F, Fy — 2F,F2 F, + F2F,, F, — F2 F? + FyF,, F>+

FyyF3 — 2F, F3 + F3Fyy + 2F2F,, Fyy + 3F2F, Fyy —

OF,FyyFyFay — 5F,F2F,, + 6F,y F2F,, + FSF,, + 2F2F2 —

2F2F2 — F3Fyy, + F3F,,, — 3F3F,, + F2Fy Fyyp + AF2F, Fyy—

FyF2Fyy — FyyF2Fyy — 6F2Fyy Fyp + 2Fy Fy Fyy Frp — 2F2Fy Frpt

F2F2, + 2F, Fy F2, — F3Fyp+ F3Fypy + 2F3 Frpy — F2F, Fypy — FyF2Fypy)+
" (~F3F, + F2F,,Fy + 2F2F2 — FyFy F2 + F2, F2 — F,F,,, F2—

FyF3 + Fyy F2 — F3F,, — F2F,Fyy + 2F, Fy F, Fyy + 3F, F2F,, —

2F, F2Fyy, — F3F,, — 2F2F2, — 2F2F2 — FyF2F,, + F3F,y,+

2F3 Fyy — F2Fyy Fyp — 3F2F, Fyy + FyF2Fyy — Fyy F2Fyy + 2F2Fyy Fypt

2Fy FyFoyFrg + AF2Fyy Foy + F2F2, — AF, FyF2, + F3Fypy + F2F, Fyyy—

Fnyngcy"‘QFg?Ff "‘Fngnyy_Fa?Fryy"‘Fnya?Fm"‘FyznyFm_

28y FyFoyFry — 2F2 Fyy Froy — F2F2, + 2B, FyF2, — F2F, Fryy + F3Fyp+
F2Fy Frpy — FyF2 Fyyy.
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Treating e® as a new independent variable, we differentiate the above differ-
ential polynomial with respect to y and eliminate e® out of the obtained ideal.
The result is given by

18 7 176 17 18 16 16 79 16
—18FSF] FSF,, + 84F)FS FSF,, — 120FSF) FOF,, +

Y
48Fy1i17ﬂ}57F§Fw ﬁ 24F;9Efyﬁjy%FfFIy - 144Fy18F§1 ngyzijzé,+
240Fg El FyyyFFoy —96F O FS Fyyy FOFyy — 6FCF) F2  FOF,,+
T2F°F; F2 FSF,, —162F,*F, F2 FOF,,+
2002F58Fj e Fray Fopry — 3003Fg}9nyFf$meF§my+
3432F, 3 Fl F2, FoayFpy — 3003F, TFSF2, FoayF 0+
2002F) S F)F2, FrayFpyyy — 1001E 5 FIOF2 Fop Fy L+
364F§4F;1F§mmeFgmy —91F 3 F) 2 F2, FrayFoypy+
V4F P F P F FroyFryny — Fy FF2, Fray By, + 2731601 other terms.

The complexity of this differential polynomial suggests that the defining rela-
tions for the second class of analytic complexity are far beyond the capacity of
today’s computer algebra systems.

5.3 A Differential Polynomial for the Family of Functions
F(z,y) = b(a(x) + ™) + c(x)

We now consider a family of bivariate analytic functions whose elements depend
on a complex parameter apart from arbitrary univariate functions: {F(z,y) =
bla(z) + e*¥) + c(z), « € C*}. Using Algorithm 1, we compute the following
defining differential polynomial with integer coefficients for this family:

FpyyFay = AFyy Fyyy F7 Fuoyy — Fp Fo F2 + AF, Fyy Fp P2+
QFUFnya?yF;’yy - FygFa?yF;lyy + 4FyZyFac5yF€M/yy o 2FyFyny§yFa:yyy_
4FyFnyJny£yFrnyTry - QEJF;yFa?yFJ?nyTIZJ + 3F;EJnyx2yF§nyfry7
Fyszymegij%me - gjl?nymy + FjnyFﬁnyﬁynymy - FyszQyFﬁnyﬁmy—k
By Fyyy Foyy Foay = AFyy Foy Faayy + AFy Fyy Fyyy Foy Foayy+
QFUF;yFa?yquyme - 3F;FuuuF§yFwnymw + F§Fqu3yF§nywwvu+
FSFwyFS Foayy — FyF? Foyy Foyyy Frayy + 2Fy2F Foy Fryy Fray Frayy—

zyy yay Yy
3 272 ;2 12 4 2 72
We emphasize that the above polynomial annihilates any function in the

family under study and does not depend on the choice of the parameter o € C*.
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for Computing Sparse Multivariate
Polynomial Remainder Sequence
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Abstract. This paper presents an algorithm for computing the poly-
nomial remainder sequence (PRS) and corresponding cofactor sequences
of sparse multivariate polynomials over a number field K. Most conven-
tional algorithms for computing PRSs are based on the pseudo remainder
(Prem), and the celebrated subresultant theory for the PRS has been con-
structed on the Prem. The Prem is uneconomical for computing PRSs of
sparse polynomials. Hence, in this paper, the concept of sparse pseudo
remainder (spsPrem) is defined. No subresultant-like theory has been
developed so far for the PRS based on spsPrem. Therefore, we develop
a matrix theory for spsPrem-based PRSs. The computational formula
for PRS, regardless of whether it is based on Prem or spsPrem, causes
a considerable intermediate expression growth. Hence, we next propose
a technique to suppress the expression growth largely. The technique
utilizes the power-series arithmetic but no Hensel lifting. Simple exper-
iments show that our technique suppresses the intermediate expression
growth fairly well, if the sub-variable ordering is set suitably.

Keywords: Multivariate polynomial remainder sequence
Cofactor sequence + Sparse multivariate polynomials
Pseudo remainder - Sparse pseudo remainder - Subresultant
Hearn’s trial-division algorithm

Introduction
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The multivariate polynomial remainder sequence (PRS) is now scarcely studied.
However, some researchers are becoming interested in PRSs of sparse multivari-
ate polynomials. The first reason of revival of the study is due to applications.
Let G and H be relatively prime multivariate polynomials in K[z, u], where
ug). Currently, we can compute the lowest-order element of the
elimination ideal (G, H) N K[u] through the last element of PRS(G, H) and its
cofactors [12]. The second reason is that conventional PRS algorithms are based
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on the pseudo remainder (Prem), but the Prem is not suited for sparse polyno-
mials, and researchers are now investigating another remainder which is more
reasonable than the Prem. We call the new Prem suited for sparse polynomials
sparse Prem (spsPrem). Then, we need a new theory for computing PRSs based
on the spsPrem. We call the spsPrem-based PRS sparse PRS (spsPRS).
Starting from G and H, we can generate a PRS (P, = G,P, =
H,...,P;,Pi1,...) wrt. z, by the formula P,y = rem(«; P;_1, P;)/0;, where
a;,B3; € K[u]. The a; makes the remainder in K[z, u| and §; makes P;i;
simple by removing a common factor contained in the coefficients, hence we
have Pi;; € K[z, u]. Conventionally, the a; is set as a; = lc(P;)%, with
0; = deg(P;—1) — deg(P;) + 1, where lc(P) and deg(P) denote the leading coeffi-
cient and the degree of P, respectively, w.r.t. z. The remainder with this choice
of o is the Prem(P;_q, P;). We note that the subresultant theory for the PRS
is critically dependent on the Prem. For the subresultant theory, see [1-5,7].
Now, consider that the given polynomials G and H are sparse w.r.t.
2. Then, Prem(G, H) is uneconomical. For example, if (G(z,u), H(z,u)) =

(G(xl,u)LH(ml,y)), then the o« in Prem(G(z,u),H(z,u)) is « =

le( H)des(@)—deg(H)+1 - Obviously, the leading term of G' can be eliminated by H
with the same «, while the multiplier in Prem(G, H) is lc(H)!des(G)~tdeg(H)+1,
Hence, it is natural to introduce the spsPrem in which the multiplier « is made
as small as possible. We give a procedure of spsPrem in Sect.2. The concept
of spsPrem is not new; Loos has defined the same concept in [9]. The problem
for spsPrem is that we have no subresultant-like theory for the PRS based on
spsPrem, so we cannot determine f; in actual computation. In fact, in [9], Loos
used only 3; determined by the subresultant theory.

Therefore, the first aim of this paper is to develop a subresultant-like theory
for spsPrem-based PRSs. Now, we have already subresultant-like theories [10,
11]. Hence, following such theories, we develop a theory for spsPRSs in Sect. 3.
Currently, the theory is not complete for determining a theoretical formula for
Bi, but it is sufficient for determining 8; by Hearn’s trial-division algorithm [8].

The PRS computation causes a considerable intermediate expression growth,
regardless of whether Prem or spsPrem is used. The computational formula given
above for Pii; is executed by two steps: Pj,; := rem(o;Pi_1,P;) = Piy1 =
Py, 1/B;. The expression size of P;,, is often very large compared with Py ;. If
the PRS is “normal”, i.e., deg(P;—1) — deg(P;) = 1, then Collins’ algorithm sets
a; = le(P;)? and 3; = a;_1. For abnormal PRSs, Brown-Traub’s algorithm is
available in which the intermediate expression growth is much larger in general.
Enhancing the Prem-based PRS algorithms have been challenged by several
authors; see Ducos’ paper [6] and references in it. Probably, Ducos’ algorithm is
currently most efficient. However, even in his algorithm, the division is necessary
for computing P;41.

In Sect. 4, we present a new simple algorithm which suppresses the expression
growth largely. The idea is to use power-series multiplication and division. We
see that the division P/ ,/3; is exact, hence only a part of dividend is enough
to compute the quotient. Therefore, we cut off unnecessary part of P 1 by
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introducing the power-series variable for sub-variables. Speeding-up the polyno-
mial operations by using the power-series arithmetic is not new but done in [13].

2 Sparse Pseudo Remainder (spsPrem)

Let K be a field of numbers. In this paper, by F(z,u), we denote a poly-
nomial in K[z, u], where z and (u) = (u1,...,us) are the main variable
and the sub-variables, respectively; we usually treat the case of ¢ > 2. Let
F(x,u) be expressed as F(z,u) = fy(u)z? + fa_1(uw)z? ' 4+ - + fo(u). By
deg(F),lc(F), and Itm(F'), we denote the degree, the leading coefficient, and
the leading term, respectively, of F w.r.t. x: deg(F) = d, le(F) = fq(u),
Itm(F) = fq(u)z?. By rest(F) and Rest(F, ), with i € {1,2,...}, we denote the
rest terms of F' and the i-th rest terms of F, respectively: rest(F) = F —ltm(F),
Rest(F,i) = fq i + fq_; 12971 4 ..., if F is sparse w.r.t. x, we skip
the O-coeflicient terms. By ged(G, H, ...) we denote the greatest common divi-
sor (GCD) of G,H,.... By cont(F) we denote the content of F' w.r.t. ;
cont(F) = ged(fq(u),..., fo(u)). By rem(G, H), we denote the remainder of
G divided by H w.r.t. z. If rem(G, H) = 0 then we say that H divides G and
express this as H | G.

Although the procedure of spsPrem has been given in [12], we describe it
below to make the paper self-contained. The cofactors A;;1 and B;yi1, sat-
isfying A;11G + B;y1H = P,;1, play a crucial role in many cases. So, we
show the procedure of spsPrem for computing (Pj4+1, Ai+1, Bit+1) below, where
(Pl, Al, Bl) = (G, 1, 0) and (P’2,1427 Bg) = (I{,O7 1)

Procedure spsPrem((Pi_l, Ai—la Bi—l); (Pz, Ai, Bz)) ==
(1) ¢j :=1c(Py), dj :=deg(P;) (j=i—1,14);
(2) while § :=d;—; —d; >0do
(3) (Pic1,Ai—1,Bi1) :=
¢i (Pi—1,Ai—1, Bic1) — cim12? (P, A, By);
(4) ¢i—1:=1c(Pi—1); dij—1 :=deg(P;i—1); enddo;
(5) return (P11, Aip1, Biy1) == (Pio1, Aim1, Bioa).

By repeating spsPrem, we can generate spsPrem-based PRS which we call sparse
polynomial remainder sequence (spsPRS).

Just the same as the conventional PRS computed by using Prem, the spsPRS
will be such that the coefficients of each remainder P;1; (i > 3) will contain a
big common factor, let it be 3;, and we will compute P;y; by removing ;.
So, we redefine the output of spsPrem to be (P, Aj,;,B;,), and redefine
(Pit1, 441, Bit1) to be as follows.

{ (Pi/-!,-lv A{H-la B;-l,-l) = spsPrem((Pi_l, Ai—17 Bi—1)7 (Pi; Ai7 Bz))7 (2 1)

(Pi+17 Ai+17 Bi+1) = (P7;/+17 A;’-i,-l? le'-i,-l)/ﬁi? where 62 =1

We determine 3; (i > 3) to be a product of lc(P;), where 2 < j < i—1. This
is the same as in the conventional algorithms. However, we determine 3; very
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differently from the conventional way, because our subresultant-like theory for
the spsPRS computation is not well developed to give a theoretical formula for
Bi. Our algorithm is executed in two phases. In the first phase, we determine
the form of 3; by computing spsPRS of a simplified system. Then, in the second
phase, we compute spsPRS by using the form of 3; determined in the first phase.
For details, see Sect. 4.

3 A Matrix Theory for Sparse PRS

Let M = (¢j), with 1 < ¢ < mand 1 < j < m+n, be an m x (m+n)
matrix over K[u], where we assume that the leading m—1 columns of M are
linearly independent. Furthermore, we assume that, for any 7 > 0, the (m+j)-th
column corresponds to z~~7, where e,, > e,_1 > - > eg. Following Collins [4],
we define the associate polynomial, to be expressed as assP(M), as follows.

n C1,1 " Ciym—1 Cl,m4j
def . . . i
assP(M) = E Lo : xéni, (3.1)
—
J Cm,1 """ Cmom—1 Cm,m+j

3.1 Elimination Matrix and Inverse Elimination

Although the targets of this paper are sparse polynomials, we explain the elimi-

nation matrix by dense polynomials P;_5 = c(e”) e+ C(EH) etl .y CEO,)Q,

Py = aet 4 9 ae o 46 and P = (l9ae +c<e Vgt po 40,

Put P/ = rem( 2 (P9, P;_1) and P/, = rem(cZP;_1, P;), where ¢; 1 def Eeﬁl)
and ¢; & (e) . Then, P/, can be expressed as P/, , = assP(/\/lH_l) where
‘ cz(e) Cgefl) 05672) .
M = A9 e (3.2)
e+1 e e—1
VY A

We call the rows of M£21 coefficient vectors or coef-vectors in short: the 1st,
the 2nd and the 3rd rows are coef-vectors of P;, P; and P;_1, respectively, and
the 1st, the 2nd and the 3rd columns correspond to x6+1—, x°- and ¢~ !-terms,
respectively. By upper-triangularizing the matrix M i+1, the bottom row of the
triangularized matrix gives the coef-vector of P/ ;. So, we call such a matrix as

/\/l(_s_1 elimination matriz.
Now, we will express P/, ; by the coef-vectors of P;_1 and P;_»; we neglect
the +-sign for bimplicity belovv We add two coef-vectors of z2P;_, and zP;_;

to the above /\/lZ+17 let the matrix obtained be M/’;1.

Since P/ = ¢ 1 Pi_o—(qi12+4qi0) Pi—1, with ¢; 1, gi.0 € K[u], we can replace

K2

two coef-vectors of P; of M’;1 by those of P;_5. By this, we can convert M1
to the following matrix ./\/lgrll).
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D D 0, e D
| e e (5 e
MED = | den d97 Je f % 33
det 3, e o
Cl('e—tl) Cge)l 01(6—11)

We call the operation which derives M; +11) from ./\/l( )1 inverse elz’mination.

We can find a relation between assP(ME +)1) and assP(J\/lZ 1 ) easily, as

follows; note that ¢; = cz(-e“). Definition of assP(M) in (3.1) gives assP(M]_ ) =
(ciz1) assP(Mz(-l_)l). Replacing the coef-vectors of P; by those of P;_5, we obtain
assP(MEZHl)) = (Bi—1/c?_;)%assP(M!, ). Therefore, we find assP(./\/lEle) =
assP (M) (e /Bicr ).

Similarly, we can express the cofactors A;;1 and B;;1 by determinants easily.
We explain this by dense polynomials, by putting P, = G = go 12T + gez¢ +
o121+ and Py = H = he2®+he_12° ' +he_s2° 2+ .. We can express
P; := Prem(P;, P;) and its cofactors A5 and Bj as follows.

he he—l he_g cee he he—l ReSt(l‘ng, 2)
P?: = aSSP( he he—l T ) = he Rest(zOPQ, 1) s
Je+1 Je  Ge—1 " °* Ger1 ge  Rest(zPp,2) (3.4)
he he,1 0 he he,1 LCl ’
Al = he 0|, Bj= he o).
get1 ge  a° get1 ge 0

In fact, the above determinants for A5 and B} give A5G + B{H = Pj. The
rightmost column of the determinant for P may be (2! Py, 2°P,, 2°P;); the
columns for the z¢T1- and z°-terms of *(z! Py, 2° P>, 2°P;) give no contribution
because they are the same as the first and the second columns of the determinant,
respectively. It is easy to generalize the above representations to A} and B;.

3.2 Constructing the Elimination Matrix Mﬁi__ll)

The above method is applicable to sparse polynomials too, although the matrices
become pretty complicated; see an illustrative example in Subsect. 3.4.

The matrix /\/ll(vz__ll) is now for sparse polynomials; note that, although the
zero-coefficient terms are skipped, we must pad O-elements in the matrix so that
each column corresponds to the same exponent w.r.t. z. Let @Q;_1 and @Q; be
quotients in spsPrem(P;_o, P;_1) and spsPrem(P;_1, P;), respectively, and let
Q;—1 and @Q; consist of p and v terms, respectively, as follows.

P; :=spsPrem(P;_o, Pi_1) = lc(P;_1)!'Pi_o — Qi1 P 1, (3.5)
Qi—1=qi—1 ,ﬂf‘s“ +---+ qif1,1$617 Oy >--->0120. '
P = spsPrem(P,;_l, P) =1c(P)"Pi—1 — Qi P;, (3.6)
Qi = QZux”+ '+Qi,1x517 5;>>6320 '
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We note that 4 and v depend on i. (We may better express p and v as p;—1 and
i, respectively, which leads to complicated expressions in (;—; and @; above.)
We will see later that the exponent-sets of Q;_1 and Q; etc. are quite important.
So, we define Qelist as follows.

Qelist := (..., (i—1:6,,...,61), (i: dy,...,07), ...). (3.7)

In constructing the elimination matrix, z-support, i.e., the support w.r.t. x,
plays an important role. For polynomial P = ¢,z + cp_12* + - -+ + ¢z,
where e, > e,—1 > -+ > ep, the z-support is defined to be supp, (P) def
{zen, zn=1 ..., z°}. For quotients @Q;—1 and @Q; in (3.5) and (3.6), we have
supp, (Qi—1) = {x% ..., 2%} and supp,(Q;) = {z%,...,2%}. We define S to

be the z-support for all the polynomials appearing in Mgizl), as follows.

S = (Uj:1 Suppm($6;Pi_2)) U Suppm(ﬂ—l) , (3 8)
U (Uh_ Ul supp, (z°+ T P;_q)). '

1 . ’ ’
The /\/1521 consists of v coef-vectors of 2% P;,..., %1 P; and one coef-vector

of P;_1. We can construct the Mgi_ll) directly from P;_5 and P;_q, as follows.

(i—1)

i+l -

Rule-2. For each j € {1,...,v}, generate u coef-vectors of x5“+59P¢_1, cee
x‘sl”;PZ‘,l. Thus, we have uxv + 1 coef-vectors of P;_1; the last one is the
coef-vector of P;_1. Among these coef-vectors, let only mutually different ones
be the lower rows of Mgffl”.

Rule-3. Arrange the elements of S in (3.8) in high-to-low degree order, and
let each element of S correspond to only one column of Ml(.rll).

Rule-4. Let ji be the number of lower rows of Mgz__ll) Check the fi lower rows
from the top: if the (v+j)-th row is such that lc(P;—1) is not the (v+37, j)-

element, hence the element is 0, then delete the j-th column from ./\/lgrll).

Rule-1. Let coef-vectors of z% 7D VR %1 P;_5 be upper v rows of M

Remark 1. The Rule-4 is for the case that the leading-term elimination elim-
inates some lower terms, too, but it is messy to check this case in the runtime.
As we will mention in Sect. 4, we will compute a PRS of a simplified system to
know the sets of exponents of x, of Q;—1 and Q;. Once we know the exponent-sets,
constructing the elimination matrices is easy.
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Thus, we obtain the following matrix as Mgrll)

. ’
coefficient vector of z% P;_,

) ] U TOWS
coefficient vector of 2% P;_o
Mgi—ll) _ coefﬁciel?t vector of x&,,;-g'u P,»,ll (3.9)
coefficient vector of z%»-11% P,
. . . 1 rows
coefficient vector of 29101 P,

coefficient vector of P;_1

Theorem 1. Let the quotients Q;—1 in P} := spsPrem(P;_2, Pi_1) and Q; in

Py, | := spsPrem(P;_1, P;) consist of i and v nonzero terms, respectively, as in

(3.5) and (3.6). Then, the elimination matriz Mgrll) which expresses P{, | in
terms of coef-vectors of P,_o and P;_1 is given by that in (3.9) uniquely up to
the exchange of rows.

Proof. Tt is enough to show that the Rule-1-Rule-4 specify the elimination
matrix /\/lfrll) uniquely. First, J\/ll(vf:ll) must contain v rows of P;_», hence the
Rule-1 specifies the upper rows uniquely. Then, for each upper row, pu rows
of P;_1 are necessary, but duplicated rows are unnecessary. Hence, the Rule-2
specifies the lower rows uniquely. The S specifies enough columns for /\/153:11)
The ng__ll) contains i+ v rows, and its leading fi+v —1 columns must be
linearly independent. The successive leading-term elimination of P;_5 by P;_q is

nothing but the upper-triangularization of matrix ./\/153__11) Hence, if the leading
j columns, 1 < j < fi+v, are linearly dependent then the Rule-4 detects the
dependence and reforms the matrix. a

3.3 Relation Between assP(MEQl) and assP(Mz(fi__ll))

We denote le(P;) and deg(P;) by ¢; and d;, respectively, as before. The matrix
./\/1521 for P/ | = spsPrem(P;_1, P;) contains v coef-vectors of P; and one coef-
vector of P;_1. On the other hand, the matrix ./\/lgj__ll) contains v coef-vectors

of P;_o and [ coef-vectors of P;_;. Considering the reformation of assP(./\/lgi)l)
to assP(Mj_ ) in Subsect. 3.1, we see that adding fi—1 coef-vectors of P;_; to

Mffgl is equal to multiply (ci_l)ﬁ’l to the matrix. Since P; = [(¢;—1)"*Pi—a —

Qi—1P;—1]/Bi—1, replacement of each coef-vector of P; in M£21 by that of P;_»

is equal to multiplying (¢;—1)*/Bi—1 to assP(/\/lZ(-j__ll)). Therefore, we obtain the

following theorem (we neglect the +-sign).
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Theorem 2. We have the following relation for i > 3.

(i) -1y (cim)™M
assP(M;[,) = assP(M; ") - G where (3.10)
i1
v<i<w+1l, N¥w-p+1>o0 (3.11)

Proof Derivation of equation in (3.10) has been explained above. In the matrix
/\/lZ 1, at least one coef-vector of P;_; is necessary to eliminate the leading
element of each coef-vector of P;_5. Hence, we have v < fi. In Rule-2 above,
uv + 1 coef-vectors of P;_; are generated, and [ is the number of mutually
different ones among them. Hence, we have g < uv + 1. O

Remark 2. One may think that the expression in the r.h.s. of (3.10) is a ratio-
nal function, but it is wrong. Eliminating upper v rows of Mgffl” by 1 lower
rows, just similarly as the determinant computation, each upper row is converted
to a coef-vector of P! which can be divided by [3;_1. Hence, in determining (3; for

K2

P, we may neglect the factor (8;—1)" in (3.10).

Remark 3. One may think that the 3; is determined by only the factor cfff;ﬁﬂ
n (3.10), but it is wrong. If 1c(P;_2) is a factor of lc(P;_1) then the lc(Pi_2) is

contained in B;, as we will show in the next subsection.

3.4 An Illustrative Example

We explain the construction of the elimination matrix explicitly by an example,
and show that we can determine the 3; once the elimination matrix is con-
structed. However, the determination of 3; is rather complicated as we have
mentioned in Remark 3; we have chosen the example to show this clearly.

The coef-vectors of P;_; added to /\/1521 are specified by supp, (Qi-1Q:).
Actually, we use the exponent-set of supp,(Q;—1Q;). The exponent-sets of Q;_1
and Q; are {d,,...,01} and {0,,...,01}, respectively, and the exponent-set
of Q;—1Q; is computed as {6,,...,01} ® {,,...,} def {0, +9,,....,00 +
o, ..., 01+ 01} We neglect the t-sign of the elimination matrix below.

Example 1. Let P, and P> be the following polynomials.

{Plx X (y+2) + 27 x (2y—=2) + 2% x (3y) — 23 x (22) + (2y—32),

Py =20 (y—2) + 2" x (y—32) — 2°x (5z) + 2° x (4y) + (3y+5z).(3.12)

This example and the following remainder polynomials were given in [12]; we
can compute the polynomials by applying procedures spsPrem and reducePrem
given in the next section.

P3 =c372" +c352° + 332 + 30 < rem(c3P1, P)/ 1,

Py = ca,62°% + ca52° + caaz® + ca37° + ca1 + cao = m( 3P, Ps3)/ca,

Ps = c552° + 05,4174 + 0573‘%3 + 05,2332 4+ 512 + C5,0 <= rem(c4P3, P4)/c§, (3.13)
Ps = co.axt + co32° + o002 + co.1 + co.0 <= rem(cE Py, Ps)/cics,

Pii1 (i=6,7,8,9) are omitted = Bi=ai-1=c; 4,
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where ¢; & le(P3) = y? —yz+422, ¢4 Lof le(Py) = esx(13y* +14y32 4+ 429222 +

46yz3 + 17z%), and c¢; def le(P;) (j > 5) are irreducible. The Qelist defined
in (3.7) is Qelist = ((2: 0), (3: 310), 4: 10), (5: 10), ...) and we
have (u,v) = (1,3), (3,2), (2,2) for Pj, P, P, respectively. Below, we consider
P, P, P.

210 28 7 ‘ g3 gl 0
C3,7 C3,5 €30
Péi = assP( C3.7 s C3,0 ) = rem(cgpg, P3) (314)
C3,7|" " C3.3 €3,0
C2,10 Ca.7|" " C2,3 C2.0

({0} @ {3,1,0} = {3,1,0} = add coef-vectors of 2°Py, P, )

Z13 11 100 48 7|26 . 20
C1,10 C1,7 C15 C1,3 "
C1,10 C1,7 C15 " 3
= assP( C1,10 C1,7 ©1rC1,0 ) X % (315)
€210 C27 C25 C23 "+ (02)
C2.10 C2.7 C25
C2,10 Co,7 €20

By the right factor in (3.15) and B2 = 1, we can set 33 to be ca.

a” 2f|ad -zt 2l
Ca6 Ca5|Cas - - C
Pl = assP( 46 C4,5/Ca,4 *" C4,0 ) < rem(c2Py, Py) (3.16)
C46(C4,5 " C4,0
3,7 €35 " 3,0
({3,1,0} ®{1,0} ={4,3,2,1,0} = add 4 coef-vectors of P; )
P 10 49 48 0T 6|45 L 40
2,10 Ca,7 C2.5
2,10 Co,7 Co,5 " €20 s ,
c c c o c3/03
—assP( | @7 35 €23 ) x (es/Bs)” )" (3.17)
C3.7 C35 €33 s (c3)
C3,7 €35 3,3 "
c3,7 3.5
3,7 €35 " €30

The right factor in (3.17) gives us 84 = c%; we need not consider (1/33)? due to
Remark 2. In fact, eliminating the 1st row (resp. the 2nd row) of the matrix in
(3.17) by 3rd, 5th and 6th rows (resp. 4th, 6th and 7th rows), we see that the
resulting row contains a factor G3. On the other hand, determination of 35 is
complicated.
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28 25 lat ozt 20
C55 C54|C53 -+ C
P, = assP( 5,5 75:4175,3 5.0 ) < rem(cPy, Ps) (3.18)
6 5 )
C55(C5,4 €51 C5,0

C4,6 C4,5|C4,4 "+ C4,1 C4.0
({1,0} @ {1,0} = {2,1,0} = add coef-vectors of 2Py, zP; )

28 2T b 2P|t .. 2O
C3.7 €35 C3,4|C3,3 " ) )
_ assP( C3,7 C35(C34 " C3,0 ) % (c1/B4) ) (3.19)
C46 C45 C4,4 C4.3|Ca2 " (04)2
C46 C4,5 C4.4|C4,3 *
Ca.6 C4,5(C44 *° " C4,0

In this case, the right factor of (3.19) gives ¢3 and, since ¢y is a multiple of
c3(= ¢3,4), the first column of the matrix in (3.19) gives c3, hence we can set

Os = CiC3. O

4 An Algorithm for Computing SpsPRS

In this and the next sections, we assume that G, H € Z[z, u].

One will be able to find a theoretical formula of /6’1 if one repeats the inverse
elimination until P/, is expressed by a matrix M2 +1 the rows of which are
coef-vectors of Py =G and P, = H. For performing this plan, one must know the
quotient sequence (Q2, Q3, - .., Qr—1). However, the sequence is complicated in
general if G and H are sparse. So, in the first half of this section, we will show that
we can estimate (s, ..., Ox_1 by Hearn’s trial-division algorithm given below. In
the second half of this section, we propose a very simple but efficient algorithm
which allows us to suppress the intermediate expression growth caused by the
PRS formula in (2.1)

4.1 Hearn’s Trial-Division Algorithm

In the computation of Prem-based PRS, ; is chosen to be f; = H;;lz (lc(Pj))""«f,
where n; ; € Z; the case of negative n; ; appears only in the “abnormal PRS” i
which deg(P;_1) — deg(P;:) > 1 for some i’ < i. In the Prem-based PRS, even 1f
lc(Pi—1) is a factor of le(F;) hence P/, is obviously a multiple of lc(P;_1), this
factor is not included in ;. _

In Hearn’s algorithm, we assume that g; is of the form 3; = H;;IQ (le(Pj))¥s,
where v; ; > 0. This assumption is verified by Theorem 2 with Remark 2. With
this assumption only, we can determine the values of v; ;_1, ..., 14 2, by successive
trial-divisions of Pj,; by lc(P;). It should be emphasized that if le(P;—q) is a
factor of lc(P;) hence P/, contains lc(P;_1) as a factor, then Hearn’s algorlthm
removes lc(P;_1) from P

Hearn’s algorlthm uses a list Alphs which is a list of (¢j, u;), 7 = 2, 37 ce
where ¢; = lc(P;) and p; denotes the number of times ¢; is multiplied to P

Py = rem((c;)" Pj_1, P;). The algorithm performs the trial-division Of 1

mmonagan@cecm.sfu.ca



Computing Sparse Multivariate Polynomial Remainder Sequence 355

by ¢;, from j = i—1 to j = 2 successively; we try the division from bigger to
smaller divisors, because ¢; may contain ¢; (j < j). If the trial-division by ¢;
succeeds then we decrease u; by 1 and continue the trial-division by ¢; so long
as p; > 0. We do not perform the trial-division by ¢; if p; = 0; since (¢;)* is
multiplied to P;_1, the ¢; can be removed only p; times at most.

Procedure reducePrem(i+1, (P;y1, Ai+1, Bit1),Alphs) ==
%% Hearn’s trial-division algorithm [§]
(1) for j =i—1 to 2 step -1 do
(2) ¢; = l-st(j-th(Alphs)); p; := 2-nd(j-th(Alphs));
(3) while p; > 0 and ¢; divides A;41, B;11 do
(4) (Piy1, Aig1, Biv1) := (Piy1, Aig1, Biy1)/cj;
p; = p; —1; enddo;
(5) enddo; return (P, A;y1, Bit1).

We check the exact-division of A;11, B;11 by ¢; first in line (3), because if the
divisions succeed then P;; is always divisible by c;, but the converse is not
always true. Hearn’s algorithm is practically quite good for sparse polynomials.

4.2 Avoiding Intermediate Expression Growth

As we have mentioned in Sect. 1, our idea is to compute the products and the
quotients of multivariate polynomials in formulas in (2.1) by the power-series
arithmetic w.r.t. sub-variables; the power-series arithmetic allows us to compute
only the lower-power terms of the products which are necessary to obtain the
quotients exactly.

In order to execute the above plan, the forms of fs, ..., Bx_1 must be known
before the computation of spsPRS. We get this information by computing the
spsPRS of a simplified system (G, H). By spsPRS(G, H), we compute prsHist,
the history of PRS-computation. The prsHist is a list that the i-th element of
which is (¢, (Mul g;), (Div v;-1,...,v;2)), showing that a; = (Ic(FP;))"* and

Bi = H?:Fl(lc(Pj))”iﬂ. We propose two choices for specifying (G, H).

— Choice-S: Substitute different small prime numbers for the sub-variables
of G and H, and compute the PRS(G(z), H(z)) over Z; currently, each prime
p satisfies |p| > 5.

— Choice-L: Substitute different large random integers for sub-variables

except one, of G, H, and compute the PRS(G(z,u1), H(x,u1)) over p, where
p is a large prime number (word-size, say).

The Choice-S is for small systems (a few sub-variables, low degrees and small
numerical coefficients), and the Choice-L is for large systems of many sub-
variables.

We next explain how the sub-variables are treated as power-series. We intro-
duce a system variable T', with the variable-order x > T > uq,....uy, and treat
T as the power-series variable. We multiply T to sub-variables, according to one
of the next two choices.
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— Choice-H: We multiply T" to sub-variable except for the first sub-variable
up: (ug, ... up) — (Tug, ..., Tuyp).
— Choice-A: We multiply T to all sub-variables: (u1,...,us) — (Tuy,. .., Tup).

Thus, T denotes the “total-degree” of sub-variables being multiplied by T'. The
Choice-H is suited for the case in which coefficients of P; (especially Py) are
nearly homogeneous in the sub-variables; in this case the Choice-A is very inef-
fective for cutting off the higher degree terms. The Choice-A is suited for the
case in which coefficients of P; (especially Py) consist of terms with total-degrees
distributed widely in each sub-variable.

We explain the power-series arithmetic briefly. We assume that the recur-
sive representation is adopted to express polynomials and power-series inside
the computer: let F(z,u) = Z?:o fi(u)z®, then F is represented by a list
((d, fa) ---, (i, fs), --..), and each coefficient f; is also represented by a list recur-
sively. Since = = T > wuq,us,...,us, the power-series operations are executed
only on the coefficients w.r.t. . Each coefficient w.r.t. x is a power-series in
T, and the leading terms of the coefficient are the terms of the lowest degree
w.r.t. T'; in the Choice-H, a polynomial in u; is the leading terms. In the power-
series arithmetic, the “cutoff-degree” T, must be set, and the products and
the quotients are computed only up to T,y w.r.t. T, from low-to-high degrees.
Therefore, the above variable-ordering and the recursive representation are very
suited for executing the power-series arithmetic efficiently.

We set the cutoff-degree Ti, for P;;1 as follows.

Teut(Pig1) := degp(Pi—1) + pi xdegp(le(P;)) — (degy(8;) — ordr(5;)), (4.1)

where degy(P) denotes the degree of P € Z[z,T,u], w.r.t. T, and ordr(8)
denotes the “order” of 8 € Z[T, u], i.e. the lowest power w.r.t. T, of terms of (3.

Summarizing the above, our new algorithm which we call spsPcPRS is exe-
cuted as follows; by “Pc” we mean “Power-series coefficients”.

Procedure spsPcPRS(G, H) ==
%% use spsPrem for the remainder computation.
%% use reducePrem for computing prsHist.
%% for simplicity, we omit A; and B; below.
(1) construct a simplified system (G, H);
(2) compute prsHist, as mentioned above;
(3) define the power-series variable T', and
multiply to (u) as mentioned above;
(4) while deg(P;) > 0 do
{ compute C; :=T¢u(Pit1) by (4.1);
compute P/ ; up to C; w.r.t. T}
compute P := P/ /8 up to C;
by the power-series division };
(5) return {G, H, Ps,..., P;}.
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4.3 Simple Experiments and Remarks

We implemented procedure spsPcPRS on our algebra system GAL which was
developed mainly in Sasaki’s Lab., and made simple experiments on spsPcPRS.
We have adopted Choice-S for constructing {G, H} and Choice-H for multi-
plying T to sub-variables. The experiment was done on a computer with Intel(R)-
U2300 (1.20 GHz), operated by Linux 3.4.100.

Experiment 1 (Computation of prsHist). Let G and H be as follows.

{ G i=alx(y+z) +a?x(y=22) +a?x (2y—2) + (2y=32), o

H:=2"x(y—z) + 25 (2y+2z) + 2% x (y—32) + (3y+52).
Substituting 5 and —7 for y and z of G and H, we obtain
G=—-22"4+192° +172® + 31,  H = 1227 + 32° + 262> — 20.

Let ]52-’ 1 and @ be the i-th element of spsPRS(é, H ) and corresponding divisor,
respectively. We show P/, ; and §; for i > 4.

P! = —6077916 2° — 15335424 2% + 25899588 = — 19888128,
: By =234 (=le(P3)),
P} = —411977666259432 22 + - - - — 408338884048680,
. B =234 (=lc(P3)),
ﬁé = —8961646092266965581842522112 x + 47680693641208192155956232192,
. Bs = (—25974)% x (—59904) (= le(Ps))%1e(Py)),
?é = —1902772373882149756212480154339979759143232,
. Br = (—1760588317348)% (= (lc(Ps))?).

We obtained the same prsHist for (G(x,7,—11), H(z,7,—11)). O

Experiment 2 (Computation of P, ; with Power-series). Let G and H
be as follows, where X is the main variable (this example was treated in [12]).

{ G =X (u+2v+w) + X* (u—2r—2) + X2 (v+3y—2) + (v+2w+y), (4.3)

H =X%(w—w+22) — X* (v+y—22) + X% (w—2x+y) + (u—v+22).
From G and H, we generate polynomial pair (Gy, Hy) =: Ex-{, as follows.

Ex-6 : ( ) = (G>H)a

Ex-5 : ( ) := replace (2) by (w) in (G, H),
Ex-4 : (G4, Hy) := replace  (y,z) by (v,w) in (G, H),
Ex-3 : ( ) := replace (x,y,z) by (u,v,w) in (G, H).

The G and H in (4.3) suggest that the last element of spsPRS(G, H) is nearly
homogeneous in the sub-variables, so we employ Choice-H. In each Ex-i, the
PRS is (G“ sz P3, P47 P5)
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We compared our new algorithm based on power-series arithmetic with old
one based on Hearn’s trial-division only, and the result is shown in Tablel,
where “#tms(P)” denotes the number of monomials contained in polynomial P,
(CPU) and (GC) denote “Central Processing Unit” and “Garbage Collection”,
respectively. The unit of time is milliseconds.

Table 1. Comparison of new algorithm with old one.

Ex-¢ | (old) trial-division (new) power-series division
#tms(P5, A5, B) | #tms(Ps, As, Bs) | #tms(Ps, As, Bg) | #tms(34)
Ex-3 | (65,163,163) (28,62,62) (27,62,63) 15
time(CPU)3.70 + (GC)0.00 time(CPU)2.77 4+ (GC)0.00
Ex-4 | (279,603,603) | (81,154, 160) (81,163,164) |28
time(CPU)13.6 + (GC)2.01 time(CPU)6.12 + (GC)0.53
Ex-5 | (961,1880,1880) |(201,329,312) | (206,353,330) |51
time(CPU)48.3 + (GC)8.13 time(CPU)12.9 + (GC)1.66
Ex-6 | (2815,5192,5192) | (445,665,671) | (455,728,705) |84
time(CPU)165. + (GC)32.5 time(CPU)28.9 + (GC)4.94

Table 1 shows a very nice performance of our new algorithm: unnecessary
terms are cut off by power-series almost completely. We must say, however,
that the data in Table 1 are too nice. Performance of our algorithm depends on
the “sub-variable ordering” very much, and the above data were obtained by
choosing the best sub-variable ordering. O

The performance of our new algorithm will be good (resp. bad) if the number
of lowest-degree terms w.r.t. T, of §; (especially [r_1) is small (resp. large).
Furthermore, (4.1) tells that Teys(P;+1) becomes larger if deg(5;) —ordr(5;) >
0. Hence, we test our algorithm based on power-series division, by changing the
ordering of sub-variables.

Experiment 3 (Dependence on Sub-variable Ordering). We use the sys-
tem Ex-6 given in Experiment 2. Most computation of each PRS is occupied by
that of Ps. Hence, we show the the numbers of terms of Pf, AL, BL as well as the
total computation times. Note that #tms(PZ, AL, Bf) = (2815, 5192, 5192) by
the old algorithm (Table 2).

The timing data are classified into three classes, Class-(1), Class-(2) and
Class-(3), in which leading sub-variables are in {v, 2}, {y, #}, and {u, w}, respec-
tively,
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Table 2. Efficiency depends subVar-ordering strongly.

Ordering #tms(P5, A5, B, 34) | Comput. time (msec)
v>u>w>ax >y - z| (462, 756, 752, 84) (CPU)32.0 + (GC)5.74
T u=v=wsy>z| (455 728, 705,84) | (CPU)28.9 + (GC)4.94
y=urv=w=a> 2 (1144, 1861, 1815, 84) | (CPU)82.9 + (GC)14.6
(1174, 1944, 1955, 84) | (CPU)87.7 + (GC)15.3
( (CPU)102. 4 (GC)

( (CPU) (GC)

ZEUVWT Y
Ur-V=-Wr-T>Y>Z
WUV >Y»>Z2

1270, 2150, 2246, 84)  (CPU)102. 4+ (GC)17.7
1270, 2275, 2278, 84) | (CPU)104. + (GC)18.6

N2 NG NG NG

2 By = 4v* + T x (5 terms) 4 T2 x (13 terms) + T2 x (28 terms) + T x (37 terms),
2 By = 162 4+ T x (4 terms) + T2 x (12 terms) + T x (25 terms) + T x (42 terms),
: ﬁ = T%x (6 terms) 4+ T x (26 terms) + T x (52 terms),

x (10 terms) + T3 x (26 terms) + T x (48 terms),
: 64 = T2 x (15 terms) + T3 x (27 terms) + T x (42 terms),
2 By = T? x (15 terms) + T3 x (27 terms) + T x (42 terms).

ISTEN S B

g g

We see that our new algorithm shows the best performance when (;_; contains
a term of the form ué and the sub-variable u; is set to be of highest order. O

Remark 4 (On Setting Sub-variable Ordering Optimally). Since we
know the (3; before the computation of P/, ,, one idea of setting the sub-variable
ordering is to investigate (3; whether or not it contains a term of single sub-
variable or terms of a very small total-degree w.r.t. sub-variables. An optimal
ordering may depend on i. Hence, this check may be done for Br_1 only. O

Finally, we comment on the time complexity of our new algorithm. The
complexity analysis of arithmetic operations of sparse multivariate polynomials
is not so easy because there are many models of polynomials; see [12] for one of
such models and a complexity analysis based on the model. As for the complexity
of the spsPrem-based old algorithm, see the analysis given in [12]. In this paper,
we show a comparison of the old algorithm and the new one using power-series
arithmetic, which is easy.

Let Coiq and Cpew be time-complexities of computing (Py,, A, B},) by the old
and the new algorithms, respectively, and || P}, 4/l and || P} .. || be the numbers
of terms of P/s computed by the old and new algorithms, respectively. Since
the computation of spsPRS is dominated by that of (P[, A}, B}), and since
complexity of P by formulas in (2.1) is approximated by the size of P}, we
have the following.

Chew/Cola = O([| P newll/ | P orall)- (4.4)
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Abstract. A numerical irreducible decomposition for a polynomial sys-
tem provides representations for the irreducible factors of all positive
dimensional solution sets of the system, separated from its isolated solu-
tions. Homotopy continuation methods are applied to compute a numer-
ical irreducible decomposition. Load balancing and pipelining are tech-
niques in a parallel implementation on a computer with multicore proces-
sors. The application of the parallel algorithms is illustrated on solving
the cyclic n-roots problems, in particular for n = 8,9, and 12.

Keywords: Homotopy continuation

Numerical irreducible decomposition - Mathematical software
Multitasking - Pipelining + Polyhedral homotopies
Polynomial system + Shared memory parallel computing

1 Introduction

Almost all computers have multicore processors enabling the simultaneous exe-
cution of instructions in an algorithm. The algorithms considered in this paper
are applied to solve a polynomial system. Parallel algorithms can often deliver
significant speedups on computers with multicore processors.

A blackbox solver implies a fixed selection of algorithms, run with default
settings of options and tolerances. The selected methods are homotopy continu-
ation methods to compute a numerical irreducible decomposition of the solution
set of a polynomial system. As the solution paths defined by a polynomial homo-
topy can be tracked independently from each other, there is no communication
and no synchronization overhead. Therefore, one may hope that with p threads,
the speedup will be close to p.

The number of paths that needs to be tracked to compute a numerical irre-
ducible decomposition can be a multiple of the number of paths defined by a

This material is based upon work supported by the National Science Foundation
under Grant No. 1440534.
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homotopy to approximate all isolated solutions. Nevertheless, in order to prop-
erly distinguish the isolated singular solutions (which occur with multiplicity
two or higher) from the solutions on positive dimensional solutions, one needs a
representation for the positive dimensional solution sets.

On parallel shared memory computers, the work crew model is applied. In
this model, threads are collaborating to complete a queue of jobs. The pointer
to the next job in the queue is guarded by a semaphore so only one thread can
access the next job and move the pointer to the next job forwards. The design
of multithreaded software is described in [17].

The development of the blackbox solver was targeted at the cyclic n-roots
systems. Backelin’s Lemma [2] states that, if n has a quadratic divisor, then
there are infinitely many cyclic n-roots. Interesting values for n are thus 8, 9,
and 12, respectively considered in [4,7,16].

Problem Statement. The top down computation of a numerical irreducible
decomposition requires first the solving of a system augmented with as many
general linear equations as the expected top dimension of the solution set. This
first stage is then followed by a cascade of homotopies to compute candidate
generic points on lower dimensional solution sets. In the third stage, the output
of the cascades is filtered and generic points are classified along their irreducible
components. In the application of the work crew model with p threads, the
problem is to study if the speedup will converge to p, asymptotically for suffi-
ciently large problems. Another interesting question concerns quality up: if we
can afford the same computational time as on one thread, then by how much
can we improve the quality of the computed results with p threads?

Prior Work. The software used in this paper is PHCpack [20], which pro-
vides a numerical irreducible decomposition [18]. For the mixed volume compu-
tation, MixedVol [8] and DEMiCs [14] are used. An introduction to the homo-
topy continuation methods for computing positive dimensional solution sets is
described in [19]. The overhead of double double and quad double precision [9]
in path trackers can be compensated on multicore workstations by parallel algo-
rithms [21]. The factorization of a pure dimensional solution set on a distributed
memory computer with message passing was described in [10].

Related Work. A numerical irreducible decomposition can be computed by a
program described in [3], but that program lacks polyhedral homotopies, needed
to efficiently solve sparse polynomial systems such as the cyclic n-roots problems.
Parallel algorithms for mixed volumes and polyhedral homotopies were presented
in [5,6]. The computation of the positive dimensional solutions for the cyclic 12-
roots problem was reported first in [16]. A recent parallel implementation of
polyhedral homotopies was announced in [13].

mmonagan@cecm.sfu.ca



A Blackbox Polynomial System Solver 363

Contributions and Organization. The next section proposes the application
of pipelining to interleave the computation of mixed cells with the tracking
of solution paths to solve a random coefficient system. The production rate
of mixed cells relative to the cost of path tracking is related to the pipeline
latency. The third section describes the second stage in the solver and examines
the speedup for tracking paths defined by sequences of homotopies. In Sect. 4,
the speedup of the application of the homotopy membership test is defined.
One outcome of this research is free and open software to compute a numerical
irreducible decomposition on parallel shared memory computers. Computational
experiments with the software are presented in Sect. 5.

2 Solving the Top Dimensional System

There is only one input to the blackbox solver: the expected top dimension of
the solution set. This input may be replaced by the number of variables minus
one. However, entering an expected top dimension that is too high may lead to
a significant computational overhead.

2.1 Random Hyperplanes and Slack Variables

A system is called square if it has as many equations as unknowns. A system is
underdetermined if it has fewer equations than unknowns. An underdetermined
system can be turned into a square system by adding as many linear equa-
tions with randomly generated complex coefficients as the difference between
the number of unknowns and equations. A system is overdetermined if there are
more equations than unknowns. To turn an overdetermined system into a square
one, add repeatedly to every equation in the overdetermined system a random
complex constant multiplied by a new slack variable, repeatedly until the total
number of variables equals the number of equations.

The top dimensional system is the given polynomial system, augmented with
as many linear equations with randomly generated complex coefficients as the
expected top dimension. To the augmented system as many slack variables are
added as the expected top dimension. The result of adding random linear equa-
tions and slack variables is called an embedded system. Solutions of the embed-
ded system with zero slack variables are generic points on the top dimensional
solution set. Solutions of the embedded system with nonzero slack variables are
start solutions in cascades of homotopies to compute generic points on lower
dimensional solution sets.

Ezample 1. (embedding a system) The equations for the cyclic 4-roots problem
are
Iy +$2+£L’3+£B4:0
T1To + Tox3 + 324 + 2421 =0
T1T2x3 + ToT3Ty + 32421 + 42129 = 0
T1X9X3T4 — 1=0.

f(x) = (1)
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The expected top dimension equals one. The system is augmented by one linear
equation and one slack variable z;. The embedded system is then the following:

1+ X2+ T3+ 24 +7121=0
T1T2 + ToT3 + T3T4 + T4 + Y221 =0
Ei(f(x),21) = { T1@2%3 + ToT3%4 + T3x4T1 + T4T122 + Y321 =0 (2)
T1X2X3T4 — 1 + Y4R1 = 0
co + c1x1 + caxo + c3x3 + c4x4 + 21 = 0.

The constants vy, 2, v3, 4 and c¢g, ¢1, c2, €3, ¢4 are randomly generated complex
numbers.

The system FE4(f(x),z1) = 0 has 20 solutions. Four of those 20 solutions
have a zero value for the slack variable z;. Those four solutions satisfy thus the
system

1+ X2+ 23+ Ty =0
T1T9 + Toxz + X324 + 2421 =0
Ei(f(x),0) = ¢ T122x3 + T223T4 + T3T421 + T4T122 = 0 (3)
T1X9X3T4 — 1=0
co + c1x1 + cawa + c3x3 + c4wy = 0.

By the random choice of the constants cg, c1, ¢, c3, and ¢4, the four solutions
are generic points on the one dimensional solution set. Four equals the degree of
the one dimensional solution set of the cyclic 4-roots problem.

For systems with sufficiently general coefficients, polyhedral homotopies are
generically optimal in the sense that no solution path diverges. Therefore, the
default choice to solve the top dimensional system is the computation of a mixed
cell configuration and the solving of a random coefficient start system. Tracking
the paths to solve the random coefficient start system is a pleasingly parallel
computation, which with dynamic load balancing will lead to a close to optimal
speedup.

2.2 Pipelined Polyhedral Homotopies

The computation of all mixed cells is harder to run in parallel, but fortunately
the mixed volume computation takes in general less time than the tracking of
all solution paths and, more importantly, the mixed cells are not obtained all at
once at the end, but are produced in sequence, one after the other. As soon as
a cell is available, the tracking of as many solution paths as the volume of the
cell can start. Figure 1 illustrates a 2-stage pipeline with p threads.

Figure 2 illustrates the application of pipelining to the solving of a random
coefficient system where the subdivision of the Newton polytopes has six cells.
The six cells are computed by the first thread. The other three threads take
the cells and run polyhedral homotopies to compute as many solutions as the
volume of the corresponding cell.

Counting the horizontal span of time units in Fig.2, the total time equals
9 units. In the corresponding sequential process, it takes 24 time units. This
particular pipeline with 4 threads gives a speedup of 24/9 = 2.67.

mmonagan@cecm.sfu.ca



A Blackbox Polynomial System Solver 365

P
P
g(x)=0 o Ry : ~ g 1(0)
Pyt

Fig. 1. A 2-stage pipeline with thread Py in the first stage to compute the cells to solve
the start systems with paths to be tracked in the second stage by p — 1 threads Pi, P,

.+, Pp—1. The input to the pipeline is a random coefficient system g(x) = 0 and the
output are its solutions in the set g~'(0).

P,

5'3 53 Sg SG SG SG
SQ SQ SQ 55 55 S5
S1 51 Sl 54 S4 54
Ch| Ca 03 Cy Cs CG

>~ 1

Fig. 2. A space time diagram for a 2-stage pipeline with one thread to produce 6 cells
Ci, Cy, ..., Cs and 3 threads to solve the corresponding 6 start systems S1, Sa, ..., Se.
For regularity, it is assumed that solving one start system takes three times as many
time units as it takes to produce one cell.

2.3 Speedup
As in Fig. 1, consider a scenario with p threads:

— the first thread produces n cells; and
— the other p — 1 threads track all paths corresponding to the cells.

Assume that tracking all paths for one cell costs F' times the amount of time
it takes to produce that one cell. In this scenario, the sequential time 77, the
parallel time T},, and the speedup S, are defined by the following formulas:

Fn T n(l+ F)
Ty=n+Fn, T,=p 1—|—p_1, Sp_Tp_p—l—&—%' (4)
The term p—1 in T}, is the pipeline latency, the time it takes to fill up the pipeline
with jobs. After this latency, the pipeline works at full speed.

The formula for the speedup S, in (4) is rather too complicated for direct
interpretation. Let us consider a special case. For large problems, the number
n of cells is larger than the number p of threads, n > p. For a fixed number p
of threads, let n approach infinity. Then an optimal speedup is achieved, if the
pipeline latency p — 1 equals the multiplier factor F' in the tracking of all paths
relative to the time to produce one cell. This observation is formalized in the
following theorem.

Theorem 1. If F =p—1, then S, = p for n — oo.
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Proof. For F =p—1, Ty =np and T, = n+ p — 1. Then, letting n — oo,

T
lim S, = lim — = lim %
n—oo n—oo 1), n—oo 1 p—

=p. O (5)

In case the multiplier factor is larger than the pipeline latency, if F' > p — 1,
then the first thread will finish sooner with its production of cells and remains
idle for some time. If p > 1, then having one thread out of many idle is not
bad. The other case, if tracking all paths for one cell is smaller than the pipeline
latency, if FF < p — 1, is worse as many threads will be idle waiting for cells to
process.

The above analysis applies to pipelined polyhedral homotopies to solve a
random coefficient system. Consider the solving of the top dimensional system.

Corollary 1. Let F be the multiplier factor in the cost of tracking the paths to
solve the start system, relative to the cost of computing the cells. If the pipeline
latency equals F, then the speedup to solve the top dimensional system with p
threads will asymptotically converge to p, as the number of cells goes to infinity.

Proof. Solving the top dimensional system consists in two stages. The first stage,
solving a random coefficient system, is covered by Theorem 1. In the second
stage, the solutions of the random coefficient system are the start solutions in a
homotopy to solve the top dimensional system. This second stage is a pleasingly
parallel computation as the paths can be tracked independently from each other
and for which the speedup is close to optimal for sufficiently large problems. O

3 Computing Lower Dimensional Solution Sets

The solution of the top dimensional system is an important first stage, which
leads to the top dimensional solution set, provided the given dimension on input
equals the top dimension. This section describes the second stage in a numerical
irreducible decomposition: the computation of candidate generic points on the
lower dimensional solution sets.

3.1 Cascades of Homotopies

The solutions of an embedded system with nonzero slack variables are regular
solutions and serve as start solutions to compute sufficiently many generic points
on the lower dimensional solution sets. The sufficiently many in the sentence
above means that there will be at least as many generic points as the degrees of
the lower dimensional solution sets.

Ezample 2. (a system with a 3-stage cascade of homotopies) Consider the fol-
lowing system:

S e
£09 =9 (2 — 1) — 2)(zs — (s —2) = “
(1 —1)(z2 — 1)(zg — 1)(xa — 1) =
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In its factored form, the numerical irreducible decomposition is apparent. First,
there is the three dimensional solution set defined by z; = 1. Second, for
x1 = 2, observe that zo = 1 defines a two dimensional solution set and four
lines: (2,2,z35,1), (2,2,1,24), (2,3,1,24), and (2,3,23,1). Third, for z; = 3,
there are four lines: (3,1, 1,z4), (3,1,2,24), (3,2,1,24), (3,3,1,24), and two iso-
lated points (3,2,2,1) and (3,3,2,1). Fourth, for 21 = 4, there are four lines:
(4,1,1,24), (4,1,2,24), (4,2,1,24), (4,3,1,24), and two additional isolated solu-
tions (4,3,2,1) and (4,2,2,1

Sorted then by dimension, there is one three dimensional solution set, one
two dimensional solution set, twelve lines, and four isolated solutions.

The top dimensional system has three random linear equations and three
slack variables 21, z2, and z3. The mixed volume of the top dimensional system
equals 61 and this is the number of paths tracked in its solution. Of those 61
paths, 6 diverge to infinity and the cascade of homotopies starts with 55 paths.
The number of paths tracked in the cascade is summarized at the right in Fig. 3.

~—

Fai
12320
54 z3 # 0
[
i}—Fae
222:0
50 22 £ 0
—
6 at oo
18 z1 = 0 —{ 18]
26 21 £0
—
18atoo
8 finite | —{8]

Fig. 3. At the left are the numbers of paths tracked in each stage of the computation
of a numerical irreducible decomposition of f(x) = 0 in (6). The numbers at the right
are the candidate generic points on each positive dimensional solution set, or in case of
the rightmost 8 at the bottom, the number of candidate isolated solutions. Shown at
the farthest right is the summary of the number of paths tracked in each stage of the
cascade.

The number of solutions with nonzero slack variables remains constant in
each run, because those solutions are regular. Except for the top dimensional
system, the number of solutions with slack variables equal to zero fluctuates,
each time different random constants are generated in the embedding, because
such solutions are highly singular.

The right of Fig.3 shows the order of computation of the path tracking
jobs, in four stages, for each dimension of the solution set. The obvious parallel
implementation is to have p threads collaborate to track all paths in that stage.
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3.2 Speedup

The following analysis assumes that every path has the same difficulty and
requires the same amount of time to track.

Theorem 2. Let T}, be the time it takes to track n paths with p threads. Then,
the optimal speedup S, is

p—r
T, ’

Sp=p— r =n mod p. (7)

If n < p, then S, = n.

Proof. Assume it takes one time unit to track one path. The time on one thread
isthen Ty =n=gqp+r, ¢ =|n/p] and r = n mod p. As r < p, the tracking of
r paths with p threads takes one time unit, so 7T}, = g + 1. Then the speedup is

g _ T _gp+r _gqptp—p+r qp+p p—r _ p—r

== - - e =S
P qg+1 qg+1 qg+1 g+1 Ty

If n < p, then ¢ = 0 and r = n, which leads to S, = n. g

In the limit, as n — oo, also T, — oo, then (p —r)/T, — 0 and so S, — p.
For a cascade with D + 1 stages, Theorem 2 can be generalized as follows.

Corollary 2. Let T, be the time it takes to track with p threads a sequence of

ng, N1, ..., np paths. Then, the optimal speedup S, is
dD — T — 11 — -+ o —
Sp=p-— P70 7; TD, rp=n mod p,k=0,1,...D. (9)
P

Proof. Assume it takes one time unit to track one path. The time on one thread
is then

Tv=no+n+---+np=qp+ro+q@p+ri+-+qgpp+rp, (10)

where g = |ng/p] and rp = np mod p, for k = 0,1,...,D. As r; < p, the
tracking of r, paths with p threads takes D + 1 time units, so the time on p
threads is

Tp:qo+q1+~~~+qD+D+1. (11)
Then the speedup is

n pl,—dp+ro+ri+---+7p
Sp=—=="2 12
p Tp Tp ( )

dp — 1 — 11 — oo —
—p— pP—To— " ™ (13)
1y

If the length D + 1 of the sequence of paths is long and the number of paths
in each stage is less than p, then the speedup will be limited.
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4 Filtering Lower Dimensional Solution Sets

Even if one is interested only in the isolated solutions of a polynomial system, one
would need to be able to distinguish the isolated multiple solutions from solutions
on a positive dimensional solution set. Without additional information, both an
isolated multiple solution and a solution on a positive dimensional set appear
numerically as singular solutions, that is: as solutions where the Jacobian matrix
does not have full rank. A homotopy membership test makes this distinction.

4.1 Homotopy Membership Tests

Ezample 3. (homotopy membership test) Consider the following system:

f(x){($1—1)($1—2):0 (14)

(v — 1)a% = 0.

The solution consists of the line 2; = 1 and the isolated point (2,0) which occurs
with multiplicity two. The line 1 = 1 is represented by one generic point as the
solution of the embedded system

(.’El — 1)(.%1 — 2) + 7121 = 0
E(f(x),21) = (z1 = 1)a5 + 7221 =0 (15)
co+c1xy + a2 + 21 =0,

where the constants 71, 72, cg, ¢1, and ¢ are randomly generated complex num-
bers. Replacing the constant ¢y by ¢s = —2¢; makes that the point (2,0,0)
satisfies the system E(f(x), z1) = 0. Consider the homotopy

(x1 —1)(x1 —2)+ 7121 =0
h(x,2,t) = (71 =123 + 7221 =0 (16)
(1 — t)Co +teg 4+ cixy + coxo + 21 = 0.

For t = 0, there is the generic point on the line 7 = 1 as a solution of the
system (15). Tracking one path starting at the generic point to ¢ = 1 moves the
generic point to another generic point on x; = 1. If that other generic point at
t = 1 coincides with the point (2,0, 0), then the point (2,0) belongs to the line.
Otherwise, as is the case in this example, it does not.

In running the homotopy membership test, a number of paths need to be
tracked. To identify the bottlenecks in a parallel version, consider the output of
Fig. 3 in the continuation of the example on the system in 6.

Ezample 4 (Example2 continued). Assume the spurious points on the higher
dimensional solution sets have already been removed so there is one generic point
on the three dimensional solution set, one generic point on the two dimensional
solution set, and twelve generic points on the one dimensional solution set.

At the end of the cascade, there are eight candidate isolated solutions. Four of
those eight are regular solutions and are thus isolated. The other four solutions
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’ 8 candidate isolated solutions ‘
/ \
4 regular 4 singular

on 3D? track 4 paths

3 on three dimensional set
1 singular

on 2D? track 1 path

0 on two dimensional set
1 singular

on 1D? track 12 paths

1 on one dimensional set
0 singular

v
4 regular isolated solutions ‘ ’ no isolated singular solutions

Fig. 4. Stages in testing whether the singular candidate isolated points belong to the
higher dimensional solution sets.

are singular. Singular solutions may be isolated multiple solutions, but could
also belong to the higher dimensional solution sets. Consider Fig. 4.

Executing the homotopy membership tests as in Fig. 4, first on 3D, then on
2D, and finally on 1D, the bottleneck occurs in the middle, where there is only
one path to track.

Figure5 is the continuation of Fig.3: the output of the cascade shown in
Fig. 3 is the input of the filtering in Fig.5. Figure4 explains the last stage in
Fig. 5.

4.2 Speedup

The analysis of the speedup is another consequence of Theorem 2.

Corollary 3. Let T, be the time it takes to filter np, np_1, ..., ne41 singular
points on components respectively of dimensions D, D—1, ..., £+ 1 and degrees
dp, dp_1, ..., des1. Then, the optimal speedup is
D—0Op—rp—rp_1—--—1y
Sp=p— ( ) T - . rp = (npdy) mod p,  (17)

P
fork=4+1,...,D—1,D.

Proof. For a component of degree dj, it takes nidy paths to filter ny singular
points. The statement in (17) follows from replacing nj by ngdj in the statement
in (9) of Corollary 2. O
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(6]

Y

Fig.5. On input are the candidate generic points shown as output in Fig.3: 1 point
at dimension three, 2 points at dimension two, 18 points at dimension one, and 8
candidate isolated points. Points on higher dimensional solution sets are removed by
homotopy membership filters. The numbers at the right equal the number of paths in
each stage of the filters. The sequence 4, 1, 12 at the bottom is explained in Fig. 4.

Although the example shown in Fig.5 is too small for parallel computation,
it illustrates the law of diminishing returns in introducing parallelisms. There
are two reasons for a reduced parallelism:

1. The number of singular solutions and the degrees of the solution sets could
be smaller than the number of available cores.

2. In a cascade of homotopies, there are as many steps as D + 1, where D is
the expected top dimension. To filter the output of the cascade, there are
D(D + 1)/2 stages, so longer sequences of homotopies are considered.

Singular solutions that do not lie on any higher positive dimensional solution
set need to be processed further by deflation [11,12], not available yet in a multi-
threaded implementation. Parallel algorithms to factor the positive dimensional
solutions into irreducible factors are described in [10].

5 Computational Experiments

The software was developed on a Mac OS X laptop and Linux workstations. The
executable for Windows also supports multithreading. All times reported below
are on a CentOS Linux 7 computer with two Intel Xeon E5-2699v4 Broadwell-
EP 2.20 GHz processors, which each have 22 cores, 256 KB L2 cache and 55 MB
L3 cache. The memory is 256 MB, in 8 banks of 32MB at 2400 MHz. As the
processors support hyperthreading, speedups of more than 44 are possible.

On Linux, the executable phc is compiled with the GNAT GPL 2016 edition
of the gnu-ada compiler. The thread model is posix, in gcc version 4.9.4. The
code in PHCpack contains an Ada translation of the MixedVol Algorithm [§],
The source code for the software is at github, licensed under GNU GPL version 3.
The blackbox solver for a numerical irreducible decomposition is called as phc -B
and with p threads: as phc -B -tp. With phc -B2 and phc -B4, computations
happen respectively in double double and quad double arithmetic [9].
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5.1 Solving Cyclic 8 and Cyclic 9-Roots

Both cyclic 8 and cyclic 9-roots are relatively small problems, relative compared
to the cyclic 12-roots problem. Table 1 summarizes wall clock times and speedups
for runs on the cyclic 8 and 9-roots systems. The wall clock time is the real time,
elapsed since the start and the end of each run. This includes the CPU time,
system time, and is also influenced by other jobs the operating system is running.

Table 1. Wall clock times in seconds with phc -B -tp for p threads.

p | Cyclic 8-roots Cyclic 9-roots
Seconds | Speedup | Seconds | Speedup
1 |181.765 | 1.00 2598.435| 1.00
2 1167.871 | 1.08 1779.939 | 1.46
4 | 89.713 | 2.03 901.424 | 2.88
8 | 47.644 1 3.82 427.800| 6.07
16 | 32.215 | 5.65 267.838 | 9.70
32 | 22.182 |8.19 153.353 | 16.94
64 | 20.103 | 9.04 150.734 | 17.24

With 64 threads the time for cyclic 8-roots reduces from 3 min to 20 s and for
cyclic 9-roots from 43 min to 2min and 30s. Table 2 summarizes the wall clock
times with 64 threads in higher precision.

Table 2. Wall clock times with 64 threads in double and quad double precision.

Cyclic 8-roots Seconds = hms format | Cyclic 9-roots Seconds = hms format
dd| 53.042 = 53s 498.805 = 8m19s
qd | 916.020 = 15m 16 4761.258 = 1h 19m 21s

5.2 Solving Cyclic 12-Roots on One Thread

The classical Bézout bound for the system is 479,001,600. This is lowered to
342,875,319 with the application of a linear-product start system. In contrast,
the mixed volume of the embedded cyclic 12-roots system equals 983,952.

The wall clock time on the blackbox solver on one thread is about 95 h (almost
4 days). This run includes the computation of the linear-product bound which
takes about 3 h. This computation is excluded in the parallel version because the
multithreaded version overlaps the mixed volume computation with polyhedral
homotopies. While a speedup of about 30 is not optimal, the time reduces from
4 days to less than 3h with 64 threads, see Table 3.

The blackbox solver does not exploit symmetry, see [1] for such exploitation.
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Table 3. Times of the pipelined polyhedral homotopies versus the total time in the
solver phc -B -tp, for increasing values 2, 4, 8, 16, 32, 64 of the tasks p.

p | Seconds = hms format Speedup | Total seconds = hms format | Percentage
2 |62812.764 = 17h 26 m 52s | 1.00 157517.816 = 43h 45m 18s | 39.88%
21181.058 = 5h 53m 01s | 2.97 73088.635 = 20h 18 m 09s | 28.98%
8 | 8932.512 =2h 28m 53s | 7.03 38384.005 = 10h 39m 44s | 23.27%
16 | 4656.478 = 1h 17m 36s |13.49 19657.329 = 5h 27m 37s | 23.69%
32 | 4200.362 = 1h 10m Ols | 14.95 12154.088 = 3h 22m 34s | 34.56%
64 | 4422.220 = 1h 13m 42s | 14.20 9808.424 = 2h 43m 28s | 45.08%

5.3 Pipelined Polyhedral Homotopies

This section concerns the computation of a random coefficient start system used
in a homotopy to solve the top dimensional system, to start the cascade homo-
topies for the cyclic 12-roots system. Table 3 summarizes the wall clock times to
solve a random coefficient start system to solve the top dimensional system.

For pipelining, we need at least 2 tasks: one to produce the mixed cells
and another to track the paths. The speedup of p tasks is computed over 2
tasks. With 16 threads, the time to solve a random coefficient system is reduced
from 17.43h to 1.17h. The second part of Table3 lists the time of solving the
random coefficient system relative to the total time of the solver. For 2 threads,
solving the random coefficient system takes almost 40% of the total time and
then decreases to less than 24% of the total time with 16 threads. Already for
16 threads, the speedup of 13.49 indicates that the production of mixed cells
cannot keep up with the pace of tracking the paths.

Dynamic enumeration [15] applies a greedy algorithm to compute all mixed
cells and its implementation in DEMiCs [14] produces the mixed cells at a faster
pace than Mixed Vol [8]. Table4 shows times for the mixed volume computation
with DEMiCs [14] in a pipelined version of the polyhedral homotopies.

Table 4. Times of the pipelined polyhedral homotopies with DEMiCs, for increasing
values 2, 4, 8, 16, 32, 64 of tasks p. The last time is an average over 13 runs. With 64
threads the times ranged between 23 min and 47 min.

p | Seconds = hms format | Speedup
2 56614 = 15h 43m 34s| 1.00

21224 = 5h 53 m 44s 2.67
9182 = 2h 23m 44s 6.17

16 | 4627 =1h 17m 07s | 12.24

32 | 2171 =36m 11s 26.08

64 | 1989 = 33m 09s 28.46
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5.4 Solving the Cyclic 12-Roots System in Parallel

As already shown in Table 3, the total time with 2 threads goes down from more
than 43 h to less than 3h , with 64 threads. Table 5 provides a detailed breakup
of the wall clock times for each stage in the solver.

Table 5. Wall clock times in seconds for all stages of the solver on cyclic 12-roots.
The solving of the top dimension system breaks up in two stages: the solving of a start
system (start) and the continuation to the solutions of the top dimensional system
(contin). Speedups are good in the cascade stage, but the filter stage contains also the
factorization in irreducible components, which does not run in parallel.

p | Solving top system Cascade and filter Grand | Speedup
Start | Contin | Total | Cascade | Filter | Total | Total
62813 | 47667 | 110803 | 44383 2331 | 46714 | 157518 | 1.00
2118125105 | 46617 |24913 1558 | 26471 73089 | 2.16

8| 893314632 | 23896 | 13542 946 | 14488 | 38384 4.10
16| 4656 | 7178 |12129 | 6853 676 | 7529 19657 | 8.01
32| 4200 | 3663 | 8094 | 3415 645 | 4060 12154 | 12.96
64| 4422 | 2240 | 7003 | 2228 557 | 2805 9808 | 16.06

(]

>

A run in double precision with 64 threads ends after 7h and 37 min. This
time lies between the times in double precision with 8 threads, 10h and 39 min,
and with 16 threads, 5h and 27 min (Table 3). Confusing quality with precision,
from 8 to 64 threads, the working precision can be doubled with a reduction in
time by 3h, from 10.5h to 7.5h.
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While computer algebra systems can perform highly sophisticated algebraic
tasks, they are much less equipped for solving problems from mathematical anal-
ysis in a symbolic manner. Elementary problems in analysis, like the manipu-
lation of Taylor series and the calculation of limits of univariate functions are
supported, with some limitations, in general-purpose computer algebra systems
such as MAPLE and MATHEMATICA. However, limits of multivariate functions
and more advanced notions of limits, like topological closures, are almost absent
from such systems. For instance, and quite surprisingly, MAPLE is not capable
of computing limits of rational functions in more than two variables.

Many fundamental concepts in mathematics are defined in terms of limits
and it is highly desirable for computer algebra to implement those concepts.
However, limits are, by essence, hard to compute, or even not computable in an
algorithmic fashion, say by doing finitely many rational operations on polyno-
mials or matrices.

In this tutorial, we shall see how various types of limits can be computed
by means of algebraic calculations. Examples will cover the Zariski closure of
a constructible set, the tangent cone of an algebraic set at one of its singular
points, and the limit of a real multivariate rational function at one of its poles.

The tutorial will include a presentation of the underlying mathematical con-
cepts and algorithms as well as an extended software demonstration powered by
the RegularChains and PowerSeries libraries. Both libraries are freely available
in source from www.regularchains.org.
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