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Preface

After a pause taken in 2008 (owed to the political situation in the Caucasus
region where CASC 2008 was supposed to take place), CASC 2009 continued
the series of international workshops on the latest advances and trends both
in the methods of computer algebra and in applications of computer algebra
systems (CASs) to the solution of various problems in scientific computing.

The ten earlier CASC conferences, CASC 1998, CASC 1999, CASC 2000,
CASC 2001, CASC 2002, CASC 2003, CASC 2004, CASC 2005, CASC 2006, and
CASC 2007 were held, respectively, in St. Petersburg (Russia), in Munich (Ger-
many), in Samarkand (Uzbekistan), in Konstanz (Germany), in Yalta (Ukraine),
in Passau (Germany), in St. Petersburg (Russia), in Kalamata (Greece), in
Chigindu (Moldova), and in Bonn, Germany, and they all proved to be successful.

Research in the area of computer algebra and its applications is being con-
ducted actively in Japan. For example, during the years 2005-2007, at the
CASC conferences, talks were presented by researchers from the University of
Kobe, Osaka University, Yamaguchi University, Kyushu University, University of
Tsukuba, Waseda University, Cybernet Systems, Japan Science and Technology
Agency, and several other institutions of Japan. In this connection, it was de-
cided to hold the CASC 2009 Workshop in Japan in the hope that it would help
bring together non-Japanese and Japanese researchers working both in the areas
of computer algebra (CA) methods and of various CA applications in natural
sciences and engineering.

The present volume contains revised versions of the papers submitted to the
workshop by the participants and accepted by the Program Committee after a
thorough reviewing process (each paper was reviewed by at least three referees).

A number of papers included in the proceedings deal with computer algebra
methods and algorithms: these are contributions to the computation of Groebner
bases, to quantifier elimination, to number theory, to the theory of matrices, to
polynomial algebra, and to the analytical solution of linear difference equations.

Several papers are devoted to the application of symbolic manipulations for
obtaining new analytic solutions of both ordinary and linear and nonlinear par-
tial differential equations.

There are also papers in which the CA methods and results are applied for
the derivation of new interesting finite-difference schemes for numerical inte-
gration of partial differential equations of mathematical physics, including the
two-dimensional Navier—Stokes equations.

The presented applications of computer algebra techniques and CASs include
tasks in the fields of fluid mechanics, nuclear physics, quantum mechanics, stability
of satellites, dimensionality theory, discrete dynamics, and epidemic modeling.

In the invited lecture of X.-S. Gao et al., an important task of triangular
meshing of implicit algebraic surfaces with singularities was considered. Such
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tasks are basic operations in computer graphics, geometric modeling, and finite-
element methods. To solve the above task the authors propose to use an isotopic
meshing, whose feature is that it possesses correct topology. Symbolic compu-
tations are used to guarantee the correctness, and numerical computations are
used whenever possible to enhance the efficiency.

The other invited talk authored by J.-Ch. Faugere dealt with algebraic crypt-
analysis as a general method for solving the problem of evaluating the security of
cryptosystems, which is of fundamental importance in cryptography. Within this
approach, one has to solve a set of multivariate polynomial equations. It is shown
that for a recommended family of parameters, one can solve the corresponding
systems in polynomial time and, thus, break the corresponding cryptosystem.

The CASC 2009 workshop was supported financially by the Japan Society for
the Promotion of Science (JSPS), Cybernet Systems, and Maplesoft. The JSPS
also supported financially the publication of the present proceedings volume. Our
particular thanks are due to the members of the CASC 2009 Local Organizing
Committee in Japan: K. Nagasaka (Kobe University), T. Kitamoto (Yamaguchi
University), and T. Yamaguchi (Cybernet Systems), who ably handled local
arrangements in Kobe. We are grateful to W. Meixner for his technical help in
the preparation of the camera-ready manuscript for this volume.

July 2009 V.P. Gerdt
E.W. Mayr
E.V. Vorozhtsov
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On m-Interlacing Solutions of Linear Difference
Equations*

S.A. Abramov', M.A. Barkatou?, and D.E. Khmelnov3

1 Computing Centre of the Russian Academy of Sciences, Vavilova, 40,
Moscow 119991, GSP-1 Russia
sergeyabramov@mail.ru
2 Institute XLIM, Université de Limoges, CNRS, 123, Av. A. Thomas, 87060
Limoges cedex, France
moulay.barkatou@unilim.fr
3 Computing Centre of the Russian Academy of Sciences, Vavilova, 40,
Moscow 119991, GSP-1, Russia
dennis khmelnov@mail.ru

Abstract. We consider linear homogeneous difference equations with
rational-function coefficients. The search for solutions in the form of the
m-interlacing (1 < m < ord L, where L is a given operator) of finite sums
of hypergeometric sequences, plays an important role in the Hendriks—
Singer algorithm for constructing all Liouvillian solutions of L(y) = 0.
We show that Hendriks—Singer’s procedure for finding solutions in the
form of such m-interlacing can be simplified. We also show that the space
of solutions of L(y) = 0 spanned by the solutions of the form of the m-
interlacing of hypergeometric sequences possesses a cyclic permutation
property. In addition, we describe adjustments of our implementation of
the Hendriks—Singer algorithm to utilize the presented results.

1 Introduction

In [5] the definition of Liouvillian sequence was given, and the fact that the
Galois group of a linear homogeneous difference equation with rational-function
coefficients is solvable iff the equation has a fundamental system of Liouvillian
solutions was proven (the definition of the Galois group of an equation of this
type was given earlier in [I0]). Let C be an algebraically closed subfield of the
field C of complex numbers. In [5] two sequences u,v : N — C are supposed to
be equal iff u,, = v, for all integer n large enough, i.e., factually the germs of
sequences are considered. The ring of the germs of sequences is denoted by S.
As it is done in [5], we will frequently identify a sequence with its equivalent
class in S. We will use the symbol Vn as “for all integer n large enough”. Denote
k = C(x). This field can be embedded in S: since the germs of sequences are
considered we can map f € k, e.g., to the sequence u such that u, = 0if nis a
pole of f and f(n) otherwise.

* Supported by ECONET grant 21315ZF.

V.P. Gerdt, E:ZW. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 1-{I'7} 2009.
(© Springer-Verlag Berlin Heidelberg 2009
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The map ¢ : S — S defined by ¢(ug,ur,us,...) = (u1,us,us,...) is an
automorphism of S (with ¢(f(z)) = f(z + 1) for f(z) € k). We say that a
sequence u = (u,) satisfies the equation L(y) = 0 with

L=¢"+as_1(x)¢" + ...+ ai(x)p + ap(z), (1)
a1(z),az(x),...,aq—1(z) € k, ap(z) € k\ {0}, if the sequence
(Untd + ag—1(N)Uuntd—1+ - .. + a1(n)upt1 + ap(n)uy,)
is equal to zero sequence, i.e., if
Untd + ad—1(M)Untd—1 + ... + a1(n)uns1 + ap(n)u, =0, Vn.

For short, we will talk about solutions of L instead of solutions of the equation
L(y) = 0.

The definition of Liouvillian sequence (we will discuss this definition in Sec-
tion [B.1)) uses the notion of the interlacing of sequences: for sequences b(©) =
Y bW = My, e = ™Dy i > 1, their interlacing is the se-
quence u = (u,) defined by

b, if n=0 (mod m),
b itn=1 (mod m),
w, = Vo i =1 (modm) 2)
(m—1) _ o
b, ifn=m—1 (mod m)

For example, the interlacing of two sequences

p©@ b0 O pO

(SRR A

is the sequence ug, u1, us, ... of the form
AN AN I
A non-zero sequence g is hypergeometric if it satisfies a first order operator
¢ —h(z), h(z) €k,

the rational function h(z) is the certificate of g. By definition, zero sequence is
also hypergeometric with zero certificate.

The interlacing of m sequences, m > 1, which have the form of finite sums of
hypergeometric sequences will be called an m-interlacing.

The C-linear spaces of all sequences that satisfy L and, resp., of all
m-interlacings, that satisfy L will be denoted by V(L) and, resp., V,, (L), m > 1.
The Hendriks—Singer algorithm (HS) for constructing a basis for the C-linear
space of Liouvillian solutions of L is based on two facts proven in [5]:
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(a) If L has a Liouvillian solution then for some integer m, 1 < m < ord L,
the operator L has a solution in the form of an m-interlacing.

(b) For any integer m, 1 < m < ord L, one can construct algorithmically an
operator H € k[¢] such that V(H) = V,,(H) = V,,,(L). (It is possible, of course,
that ord H = dim V,,,(H) = 0.)

The central part of HS is constructing for a given m the operator H mentioned
in (b), and a basis for V,,,(H). This procedure (a part of HS) will be denoted by
mHS.

In Section 2] a simplification of the procedure mHS by removing some unnec-
essary actions is described. (The authors of the paper [5] notice that they ignore
effectiveness questions and just try to present their algorithm in an understand-
able form — see Remarks on p. 251 of [5].)

In Section Bl we briefly consider the special cases when C is not algebraically
closed, and the case of an irreducible L (the Cha — van Hoeij algorithm [2]).

In Section ll we prove some properties of the space V,,(L).

In Section[B] an implementation of a simplified version of mHS and a modified
version of the search for all Liouvillian solutions is described.

2 Search for m-Interlacing Solutions of L for a Fixed m

2.1 The Hendriks—Singer Procedure for Finding m-Interlacing
Solutions

Let L be of the form (), an integer m such that 1 < m < d be fixed, and
7 : k — k be the automorphism defined by x — mxz. The procedure described
in [5] by Hendriks and Singer for finding all solutions of L which have the form
of m-interlacings is as follows.

mHS;: Constructing a polynomial P € k[Z] of smallest degree such that the
operator P(¢™) is right divisible by L in k[¢].

mHS,: Constructing polynomials Py, Py, ..., P,—1 € k[Z] such that if L has
a solution in the form of an m-interlacing of some sequences (9 = (1), 1)) =

@y, 1D = ("), then Py(9)(19)) = 0:
‘PZ:T¢1P7 Z:O7laim_1

mHS5: Constructing finite sets G; C k*,¢ =0,1,...,m—1, such that V1 (P;(¢)) C
V(LhCLgM(qb — h)) (one can use algorithms from [§], [6], and [3] for this).
€Y

mHS,: Constructing an operator L, such that V,,(L) C V(L) = V(Ly):

Ly = LOLM(¢™ — h). (3)

where

H= |J {o7r ') |hedi). (4)

0<i<m—1
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mHSs5: Constructing the operator H = GCRD(L, L.,) and a basis for V/(H) such
that each element of this basis is the m-interlacing of hypergeometric sequences.

2.2 A Simplification of the Hendriks—Singer Procedure
The procedure mHS can be simplified by removing some unnecessary actions.
Theorem 1. Let Gy, G, ...,Gm_1 be as in mHSs, and G = 77 1Gy. In this case

(i) Gi=7¢'T Gy =71¢'G, i =0,1,...,m—1;
(i1) one can use G instead of H in the right-hand side of (3).

Proof. (i) For P as in mHS;, and Py, Py, ..., Pyp—1 as in mHS, we have
P =7¢'P=7¢'t ' (7P) = 7¢'7 " Py.

The proof follows from the definition of G. (Notice that 7¢'7~! is defined by
r—ax+ ) and 7¢' is defined by = +— mx +i.)
(i) We have G; = 7¢'G. Therefore, if h € G;, then ¢~ 77 1(h) € G. O

As a consequence of this theorem we obtain a simplified version of mHS which
we denote by mHS’:

mHS]: The same as mHS;.
mHS): Constructing the polynomial Py = 7P.

mHSj: Constructing G = 771Gy, where the finite set Gy C k* is such that
Vi(Po(@)) © V(LCLM(6 — h).

/. — m o
mHS): Set L,, = LgGLgM(gb h).
mHS{: The same as mHSs.

The cost of mHS), mHS] is the same as the cost of mHS;, mHS5. The cost of
mHS,, mHS;, mHS), is m times less than the cost of mHSs, mHS3, mHS,.

Example 1. Let

2
r+5

rz—1 2

L=¢ — —
¢ z+5¢ z+5’

ot + (5)

m = 2. Then

P(Z) = (z+10)(z+7) 25— (42+30) Z1+423 — (2+4) (x+1) Z*+ (42+6) Z — A4,
Py(¢) = (224+10)(22+T7)¢° — (82 +30)¢* +4¢> — (2x+4) (22 +1)¢% + (8 +
6)¢ — 4,

_J 2

Go = {:z+17 21—1}7
_J 2 2

G= {1-1-2’ z—l}’
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_ 4 (4x+6) (2 | (4o+16)
Loy =¢" = inywin® T (@+1) 7

0 (122+12) (22°+622+42—16)
H=¢"+ (10 0-8P ™ (e4+2)(z—z—8) -

A basis for V(H) = Va(L) consists of two following sequences

the 2-interlacing of the sequences <F(nE1/2)> and <F(ni3/2) >,

the 2-interlacing of the sequences <F(n1+1)> and <F(1n) .

Notice that once the set G is constructed the operators L,, and H are not needed
for constructing a basis for V;,,(L). This would simplify mHS’. But the operator
H is used by the Hendriks—Singer algorithm for a recursion to construct all

Liouvillian solutions of L (Section B.3]).

3 Some Special Cases

3.1 When C Is Not Algebraically Closed

Suppose that C is not algebraically closed. Then L may have hypergeometric
solutions whose certificates belong to C(z) but not to k = C(x). However, the
following statement holds (has been proven in [7]):

Let L € k[¢] and each of the sets G;, i = 0,1,...,m, constructed at the step
mHS3 contains all belonging to C(x) certificates of hypergeometric solutions of
Pi(¢). Then the operator H computed at the step mHSs belongs to k[¢).

As a consequence we have that if L € k[¢], and and the step mHS, we use
some algorithm A for finding all certificates belonging to C(z), then we obtain
H € k[¢]. The operator L is right-divisible by H, and we have L = LH, L €
k[¢]. Even if the algorithm A is applicable only to operators from k[¢] then
we always can apply this algorithm to L. The same is correct if we use mHS’
instead of mHS for constructing H since we construct the same H in both cases.
This fact might be quite important for finding all Liouvillian solutions of L, if
the corresponding implementation of an algorithm for finding hypergeometric
solution is not applicable to operators with the coefficients from C(z).

3.2 When L Is Irreducible

An algorithm which does not compute hypergeometric solutions of Py(¢) was
proposed in [2] for the case of an irreducible operator L. The idea of this algo-
rithm is based on the notion of gauge equivalence of operators. Two operators
L Le k[¢] are gauge equivalent if ord L = ord L and there exists an operator T,
ordT < ord L, such that V(L) = T(V(L)). If T exists then there also exists an
“inverse” T” such that V(L) = T(V(L)). An irreducible L is gauge equivalent to
an operator of the form (@) iff L has Liouvillian solutions. When L is irreducible,
getting () is equivalent to computing Liouvillian solutions ([5]). It was shown
in [2] that this approach is very productive for irreducible L of order 2 or 3.
However the gauge equivalence is not sufficient to get (@) for L in the general
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case. The full factorization has a high complexity. In addition L may have a
Liouvillian solution although L = KM with an irreducible operator M which
has no Liouvillian solution. It means one factorization L = KM may not be
sufficient for finding Liouvillian solution using factorization and paper [5]; it can
happen that other factorizations L = K’M’ are needed to be searched for. So
algorithms that are directly applicable in the general case are of definite value.

4 Some Properties of the Space V,,,(L)

4.1 The Dimension of the Space V,,, (L)

Lemma 1. Any operator A of the form
¢d - 0,(56), a(z) € ka (6)

can be written as

A =LCLM(Q1,Q2,-..,Qu) (7)

for some irreducible operators @Q1,Q2, ..., Q; of the same order p, lp = d.

Proof. Let ) be any irreducible right factor of A:i.e. A = BQ with an irreducible
Q. Let Ry be the operator ¢ — eztiki, and the sequences z(%) = (z,&k)> be such
that zgk) =W k=1,2,....d (recall that k = C(z) and the ground field C
is an algebraically closed subfield of C). Set Qj to be equal to the symmetric
product of Q and Rg. The operator @y is monic irreducible and of same order
as @, k=1,2,...,d. Then A = LCLM(Q1,Q2,-..,Qq4) holds since for any y €
V(A)\{0} the sequences z(*)y | k = 1,2,...,d, are linearly independent elements
of V(A). Notice that some of operators Q1, Qs, ..., Qq can be equal. We get ()
with pairwise different irreducible Q1, @2, ..., @Q; after removing duplicate. O

Lemma 2. Let L be of the form {d), V;(L) = 0 for j = 0,1,...,m — 1 and
Vin(L) # 0. Let H be an operator such that V(H) = Vy,(L). Then H can be

written as
H = LCLM(S1,So,...,5) (8)

for some irreducible S1,S2,...,Sy of order m.

Proof. Follows from the construction of the operator H (see mHS4, mHS5),
Lemmal[Iland the fact that if H has a right factor of order k < m then V;(L) # 0
for some j such that 1 < j <k <m. O

Theorem 2. Let L be of the form [d), V;(L) =0 for j =0,1,...,m —1 and
Vin(L) # 0. Then m divides dim V,,,(L).

Proof. Follows from Lemma O

! This proof is by M. van Hoeij (a private communication).
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Example 2. The operator
L=¢"—¢" — (@+1)(x+3)p+a(z +2) 9)

has no hypergeometric (i.e. 1-interlacing) solutions, so Vi(L) = 0. But it has
2-interlacing solutions, a basis for Vo(L) consists of four following sequences

) and ((=2)"*t1/20(n+1/2)),
) and (2"+Y20(n +1/2)),

0
(=2)"I'(n)) and (0),
2"I'(n)) and {0).

the 2-interlacing of the sequences

the 2-interlacing of the sequences

(0
the 2-interlacing of the sequences
(
the 2-interlacing of the sequences (

As by Theorem[2, m = 2 divides dim Vo(L) =

4.2 Structure of m-Interlacing Solutions
Let sequences (fy), <f£0)>, <f£1)>, ce (ﬁ(lm_l)> be such that

féo), if n=0 (mod m),
o= . if n=1 (mod m),

Vn. Then we will use the notation
f:< ’IEL0)7f’IEL1)7 R 7f’fg,m_1)>7

e.g., we will write

<b<}3>,b<j>1, ,b&mm?1>

m

for the sequence defined by (2)) for all integer n large enough.
If h(x) € k is the certificate of a hypergeometric sequence (g,,) then the source
of the sequence (g,) is a meromorphic function G(z) such that

— G(z) is defined for all z with large enough Re z, and G(z+1)—h(z)G(x) = 0,
— gn = G(n), ¥n

Remark. A priory the function G(z) is not defined uniquely but up to a factor
in the form of a 1-periodic holomorphic function. We suppose that one of such
functions which does not vanish for x € ;Z is fixed, and, therefore, we get the
source uniquely defined by the certificate h(x).

Let
(G5), (95D)s - (9) (11)
be hypergeometric sequences whose certificates are in G (see mSH%), and

Gi(x),Ga(x),...,Gs(x) (12)
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be the sources of the hypergeometric sequences ([I)). By Theorem [Ii(i) any ele-
ment of V(L) can be represented in the form

< > 0 Ui(n), Y e Ui(n), oY e, Uj(n) > ) (13)

j=1 j=1 j=1

with
T

Uj(z):Gj( ) i=1,2,...,s, (14)

and with some concrete complex constants

m

Cij, i=01,...,m—1,j=1,2..s. (15)

Note that in representation (I3), all components of any element of V(L) have
identical structure, and each of the steps mHS; and mHSj constructs a basis for
the space of suitable constants (5.

Example 3. The sequences belonging to the basis constructed in Example[dl can
be presented as

< C1 + C2 C2 + C1 >
ry—3) I+ G- Ls+1)/’

with (1,0),(0,1) as (c1,¢2), and the sequences belonging to the basis constructed
in Fxample[2 can be presented as

<c1 (—2)%2 [(n)2) + 3 22 [(n)2), 3 (—2)"2 T(n)2) + ¢4 27/ T'(n/2) >

with (1,0,0,0),(0,1,0,0),(0,0,1,0),(0,0,0,1) as (c1, c2,c3,C4)-

We suppose that one unique value a of 22 and, resp., one unique value 3 of
(—2)Y2 are selected. Then 2% = o™, (—2)™/? = ™. This is in agreement with
the remark to definition of the source of a hypergeometric sequence.

The following proposition enables one to apply an operator of k[¢] to an m-
interlacing of sequences.

Proposition 1. If (fr(bo)>, (fr(bl)>, ce (fr(bm_l)> are arbitrary sequences, then

o ({1010, o gm0 ) = (18 i )

Proof. A direct check. O

4.3 Cyclic Permuted Solutions

Some of functions ([I2) can be similar, i.e., such that G;(x)/G;(z) € k for
some indexes i # j (the corresponding hypergeometric sequences are also called
similar).
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Lemma 3. Let h = (h,) be a hypergeometric sequence with the source G(z). Let
f=(fn) be the m-interlacing of sequences {So(n)hn), (S1(n)hn), ..., {Sm—1(n)hy)
with So(x), S1(x),...,Sm—1(x) € k. Then for some Ro(z), R1(z),..., Rm(x) € k
and U(z) =G (%)

f=(Ro(n)U(n), Ri(n)U(n—-1), ..., Rpp—1(n)U(n—m+1)), (16)
and

&(f) = (Ri(n+1)U(n), Ro(n+1)U(n—1), ...
yRup(n+ 1) Um—m+1)). (17)

Proof. Indeed, by definition of f
f= So(")G(”) (™ Hea(" Y, ..
m m/’ m m )’
S <nm+1)G<nm+1>>.
m m

This proves (8. By Proposition [l applying ¢ to a sequence of the form ()
gives

(Ri(n+1)U(n), Re(n+1)U(n—1), ...
yRpmoi(n+ 1) U(m—m+2), Ro(n+1)U(n+1)).

But U(n+1) =U((n—m+1)4+m) = S(n)U(n—m+1) with a rational function
S(x). Setting Rp41(z) = S(x — 1)Ro(z) we get (IT). O

Lemma 4. Any element of V(L) can be represented as a sum of solutions
such that each of these solutions has the form of an m-interlacing of similar
hypergeometric sequences.

Proof. We can present any element of V,,,(L) as a sum of the m-interlacings of
similar hypergeometric sequences such that the components of different sum-
mands are not similar. Application of L to the m-interlacing of similar hy-
pergeometric sequences gives again the m-interlacing of similar hypergeometric
sequences whose components are similar to components of the original
m-interlacing. The claimed follows. 0

Theorem 3. Let L have a solution (I3). Then L has the cyclic permuted
solution

< D e Ui(n), > eaUs(n), oo Y emo1,;Us(n), Y coy Uj(n) > - (18)

Jj=1 Jj=1 Jj=1 Jj=1



10 S.A. Abramov, M.A. Barkatou, and D.E. Khmelnov

Proof. By Lemmas B M it is sufficient to consider the case ([I6]) of the m-
interlacing of similar hypergeometric sequences. We have to prove that if (IQ) is
a solution of L then

yRm—1(n)U(n —m+ 1), Ro(n)U(n)) (19)

is also a solution of L. By the second part of Lemma [3 the result of applying L
to (IJ) has the form

(So(n)U(n—1), S1(n)U(n—2), ... ;. Spm—1(n)U(n—m) ), (20)
So(x), Sl(z), Ce ,Smfl(z) ck.

We introduce the operation ’:

(O, 50, g = (R 0 15

(in the case m = 1 this operation coincides with ¢). For the operator ([Il) we set
L'=¢%+ag_1(x+ 1)t + ... +ai(z+1)¢+ap(x + 1). It is easy to see that
L'(f") = (L(f)) for any m-interlacing.
Using Proposition [Tl we have
L({(Ro(n)U(n), Ri(n)U(n—1), ... ,Rp—1(n)U(n—m+1))) =
= Lo~ ((Rl(n +1)U(n), Rao(n+1)U(n —1),

1(n+1)U(n—m), Ro(n+1)U(n+1))) =
_¢ 1L’(< 1(n+1)U(n), Re(n+1)U(n—1),

m_1(n+ 1)U —m), Ry(n+1)U(n+1))) =
—q/) 1L’(( Ri(n)U(n —1), Ry(n)U(n —2), ...

oo s\ Rpsi(n)U(n—m — 1), Ry(n)U(n))) =
= ¢ (L((Ri(n)U(n = 1), Ra(n)U(n —2), .
s Rn—1(n) U(n —m —1), Ro(n)U(n))))’ ) =
=¢ " ((So(n+1)U(n), Si(n+1)U(n—1), .
 Sm—1n+ 1)U —m+1))) =
= ({(Sm-1(n)U(n—m), So(n)U(n—1), ... ,Sm—2n)Un—m+1))).
Since ([I8)) is a solution of L we have
Si(n)=0 when n=14i+1(mod m), i=0,1,...m—1.
But this implies that S;(z), ¢ = 0,1,...,m — 1, are equal to zero identically.
Therefore, ([I9) is a solution of L. O

Example 4. The sequences belonging to the basis constructed in Example[d can
be presented as

<F(’2‘1§)7 F(31+1)>’ <F(Zl+1)’ I( 1§)>'

N3
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5 Implementation

The improvements proposed in Section 2] are implemented as a modification of
the MAPLE implementation [7] of the original Hendriks—Singer algorithm for
finding Liouvillian solutions. The implementation is done as
LiouvillianSolution function that extends the MAPLE package LREtools
containing various functions for solving linear recurrence equations. To the best
of the authors’ knowledge it is the only one existing full implementations (at
least, in MAPLE) of this algorithm.

The paper [I] presents a modification of the Hendriks-Singer algorithm HS
and describes its implementation. However, the implementation described in that
paper is not full since it solves the second-order equations only.

5.1 Liouvillian Solutions

By [5] the ring £ of Liouvillian sequences is the smallest subring of S such that
kCL,

ue Liff p(u) € L,

u € k implies that v € L if ¢(v) = uv,

u € L implies that v € L if ¢p(v) = u + v,

w® y® w1 ¢ £ implies that the interlacing of these sequences be-
longs to L.

Note that the definition of Liouvillian sequences may be given in a different
way, but the defined object is still the same. For example, by [9] (also used in
[7) the ring £ of Liouvillian sequences is the smallest subring of S that contains
the set of all hypergeometric elements from S and closed with respect to ¢, ¢!,
X (the summation), and the interlacing.

The space of all Liouvillian solutions of L will be denoted by V. (L). We also
will use notations V (L), V;,,(L) introduced before.

5.2 Finding the Operator H and a Basis for the Space V,,,(H) for a
Fixed m

The implementation [7] was adjusted to utilize the procedure mHS’ described
in Section In the initial implementation [7], the procedure mHS was an
internal integral part of the function LiouvillianSolution to find all Liouvil-
lian solutions. The output option output=interlacingl[m] is added to
LiouvillianSolution to provide users with a possibility to search for the space
Vin (L) for a given m. Note that m can be omitted in the option, and in this case,
the function will find itself the smallest m for which V,,,(L) # 0 (if such integer m
exist). This is exactly what is needed as a first step for finding all Liouvillian so-
lutions by HS, i.e., to construct the space V(L). Our implementation represents
m-interlacing solutions in the form (I3) using MAPLE’s structure piecewise in
the sense of the expression (I0).

Example 5. Consider equation {3) from Ezample [
> rec := (n+5)*y(n+5)-2*y(n+3)+(n-1)*y(n+2)-2*xy(n):
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There is no I1-interacing solution:
> soll := LiouvillianSolution(rec,y(m),{},
output=interlacing[1]);

soll := FAIL

There are 2-interacing solutions as was presented in Example [, and 2 is the
smallest m for which there are m-interlacing solutions:

> 8012 := LiouvillianSolution(rec,y(n),{},output=interlacing);
n01 + Gz irem(n, 2) =1
n 1
F(2 +1) (. -2)
sol2 := 2,2
Cso C1 .

(n 0 + n 1 otherwise

re,+ (. -

Now try to find 4-interlacing solutions:

> s0l4 := LiouvillianSolution(rec,y(@n),{},
output=interlacing[4]);

1 n n
( )(4) Cq 1 ( )( )2 Cy
n 41 n 1 +4 n 1 n irem(n, 4) =1
1
N1 n 1 +4 no 1 n irem(n, 4) =2
r(y+ - el )+
sol4 = 1 1
()& ¢y 1 ( )5 V/2 Oy
N1 n 1 T 4 n4 1 n irem(n, 4) =3
— 1
( )(2) C, 1 ( )(")\/2 c,
n 41 no 1 + 4 n4 1 n otherwise
1

They exist. But in this case, they actually correspond to the 2-interlacing
solutions up to arbitrary constants transformation, which can be checked
directly.

There is also an implementation consideration which does not relate to the al-
gorithm efficiency but to the efficiency of the implementation in MAPLE. As
follows from Theorem [I(ii) the elements of the union in the right-hand side of
@) are equal for all i. But if LCLM function is applied to H directly without
removing duplicated elements it works very ineffective. Since it is just a pecu-
liarity of the MAPLE implementation rather than algorithm’s feature, in order
to check only the gain from the algorithm simplification itself, the trick of re-
moving duplicates in H before application of LCLM was added into our mHS
implementation.
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Example 6. Consider the following equation:

> rec := m"2*y(n+4+m)-((n+4) "2-m"2) *y (n+4) +(n-10) *m" 2%y (n+1+m)
> —(n-10)*((n+1) "2-m"2) *y (n+1) -m" 2%y (n+m) + (n"2-m"2) *y (n) ;

rec:=m2y(n+4+m)—((n+4)?—-m?)y(n+4)+ (n—10)m?y(n+1+m)
—(n—=10)((n+1)2=m?)y(n+1)—m2y(n+m)+ (n> —m?)y(n)
The equation has m-interlacing solutions with the components which differ by

constant factors. For example, let m = 3.

> m := 3: LiouvillianSolution(rec, y(n), {},
> output=interlacing[m]);

F(Z Y1) I(-1+

F(g +1)I(-1+

I’(Z +1H)I'(-1+ 3) Cs otherwise

) C1 irem(n, 3)=1
) Cy irem(n, 3) =2

Sw 3w 3

To check the performance changes we use m = 10.
> m := 10:

Let us find 10-interlacing solutions (not printed, but it has the same structure

as above for the case m = 3) and check the time needed to compute the result.
> st:=time():

> LiouvillianSolution(rec, y(n), {}, output=interlacing[m]):
> time()-st;

m=10:

---Finding P took 0.6 seconds

---Constructing L_10 took 3.3 seconds

---Computing H took 0.0 seconds

---Constructing basis took 0.1 seconds

4.063
> st:=time():

> LiouvillianSolution_old(rec,y(n),{},output=interlacing[m]):
> time()-st;
m=10:

---Finding P took 0.6 seconds

---Constructing L_10 took 34.9 seconds

--—-Computing H took 0.0 seconds

---Constructing basis took 0.1 seconds

35.562
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The old version (mHS) took more time than the simplified one (mHS’) to check
existence of 10-interlacing solution. But if we missed LCLM trick the old version
is even worse. Note that unchanged parts in both versions took the same time.

> st:=time():

> LiouvillianSolution_old_no_trick(rec, y(n), {},
> output=interlacing[m]):

> time()-st;

m=10:

---Finding P took 0.6 seconds
---Constructing L_10 took 74.5 seconds
--—-Computing H took 0.0 seconds

---Constructing basis took 0.1 seconds

75.125

5.3 Finding All Liouvillian Solutions

Liouvillian solutions of general form are constructed recursively by HS. The
recursive application of mHS or mHS’ leads to a factorization L = RH; ... HoH,
where the operator R is such that V,,,(R) = 0 for all integer m > 1, and where
each of the operators H; satisfies V(H;) = Vi, (H;) # 0 for an integer m; > 1.
For any i = 1,2,...,t a basis B; for V,,,,(H;) has to be constructed. Once a basis
B, for V(H;) = Vi, (H;) is constructed, ¢ = 1,2,. .., ¢, algorithm HS constructs
a basis B of V(H;...HyHy) = Vp(Hy ... HyHy) = Vg (L), using the difference
version of the method of variation of parameters ([4]). To do this HS solves
t — 1 linear algebraic systems whose determinants are shifted Casoratians which
correspond to the bases Bi, Bs, ..., Bi_1 for solutions spaces of the operators
Hy,Hy,...,H;_;.

Recall that the bases By, Bs, ..., B; and the basis B consist of the elements
of the ring S of the germs of sequences. The problem of defining integer ny such
that any of the germs from B is a sequence (in the usual meaning) that satisfies L
for all n > ng looks like quite actual. We will describe below two rules following
which a suitable ng can be computed. Our implementation provides users with
such ng in addition to B.

We will suppose that all operators under consideration are of the form

¢ +rs1(x)p* + .+ ro(2), (21)

where 7o(), 71 (), ...,rs_1(x) € k. For an integer [ we set N; = {n € N, n > [}.
The mentioned rules are as follows.
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1) If a rational function h(z) is defined and does not vanish on N; then a
hypergeometric sequence with certificate h(z) is defined and does not vanish
on N;. Note that the Casoratian of a basis for the solutions space of (1)) also
represents a hypergeometric sequence with h(x) = (=1)%ro(z) (M]).

2) If operators L,L,H are such that L = LH and we use the procedure
described in [5, Lemma 5.4.1] for constructing a basis for V(H) in the form of a
finite set of linear combinations of some computed sequences, then elements of
the basis sequences are defined on N; if initial computed sequences are defined
on N, and all coefficients of L, L, H are defined on N; as well.

Our implementation computes the Casoratian as a hypergeometric sequence
using its certificate. The computed result may differ from the Casoratian by
a constant factor. It still leads to computing correct basis elements since the
elements are also defined up to an arbitrary constant non-zero factor.

Example 7. Consider again equation [d) from Example [
> rec := (n+5)*y(n+5)-2*xy(n+3)+(n-1)*y(n+2)-2xy(n) :

Find all Liouvillian solutions. We use the implicit output form, since the
explicit forms are too huge. The computation time is also printed:

> st:=time():

> LiouvillianSolution(rec, y(n), {},
> output=implicit,usepiecewise=true);
> time()-st;

— Bio(il +1) By (il)
(5 ()

¢1=2
Bll('LJ + 1) B21 11
B
(32 P D) ) «

)
n—1

C, <<Z ( 312(211;; 11322 21 )) B,

(£ i) o )+

)

i1=2
i1=2
C3 <<nZl ( Bm(u]; 21323 l ) Bii(n
)Bm + C4Bii(n) + Cs Bia(n),

¢1=2

<Z Bll(ll + 1) 323 7/1

—, Dy (il)



16 S.A. Abramov, M.A. Barkatou, and D.E. Khmelnov

(—=1)" (6 +3n +n?)

B21(n) = (TL+2) (TLS o 8) 9
11 )
(2 - 21¢3)” (=3 —V3I+nV3I1+n?)
B22(n) = (n + 2) (TLS o 8) 9
(;+ ;I\/3)n(3f\/3l+n\/3l—n2)
Bag(n) = = (n+2) (n? - n—8) !
1
irem(n, 2) =1
F(Z +1) (. 2)
Biy(n) = 1 . )
. no 1 otherwise
(5= 5)
nl 1 irem(n, 2) =1
re,—.)
Bia(n) = 21 2 )
n otherwise
F(2 +1)

(=2) D (n+1)3 —n —9) .

Di(n) = I'(n+3) -

4.125

The solutions basis is formed from a 2-interlacing basis of 2 elements and a
I-interlacing basis of 3 elements. The corresponding shifted Casoratian D1(n)
is also presented. The expression is applicable for n > 2.

Acknowledgement. The authors wish to express their thanks to M. van Hoeij
for useful discussions.
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Parametric Analysis of Stability Conditions for a
Satellite with Gyrodines*

Andrey V. Banshchikov

Institute for System Dynamics and Control Theory,
Siberian Branch of Russian Academy of Sciences,
P.O. Box 292, 134, Lermontov str., Irkutsk, 664033, Russia

Abstract. With the aid of software LinModel elaborated on the ba-
sis of the computer algebra system “Mathematica” we have conducted
an analysis of dynamics for a mechanical system, which represents an
unguided satellite with 3 gyrodines on a circular orbit. Modeling of sys-
tems (i.e., constructing nonlinear and linearized differential equations of
motion in the Lagrange 2nd kind form), as well as investigation of the
issues of stability and gyroscopic stabilization for eight steady motions
obtained, have been conducted on a PC with the aid of symbolic or
symbolic-numeric computations. The domains of stability and stabiliza-
tion constructed are represented in either an analytical form or graphic
form.

1 Introduction

Productivity of computer algebra systems and efficiency of their application have
been growing substantially side by side with the increase in the time optimal-
ity of contemporary computers and the capacity of their RAM. This gives the
possibility to efficiently process larger volumes of symbolic information. When
it becomes problematic to conduct investigation exclusively in symbolic form, it
is possible to proceed to attributing definite values to some (or all) parameters
of the scrutinized problem, and hence to remove the problem of rounding errors.
This allows the researcher to penetrate deeper into the qualitative nature of the
processes and to proceed to the quantitative (numerical) assessment on the later
stage of the investigation.

The objective of the work is analysis of dynamics and stability of motion
for a well-known orbital system [I] with the use of the software LinModel [2]
elaborated on the basis of the computer algebra system (CAS) “Mathematica”
(license L3228-8720).

Until now, in some works, which are not numerous and related to dynamics
of satellites with 2- or 3-degrees of freedom gyroscopes, only some of possible
steady motions have been investigated. The problem of defining the total set of
steady motions has been stated for a satellite carrying only one gyroscope. In
several cases, such a problem has been stated for similar systems under some

* The work has been supported by RF President’s grant (Project SS-1676.2008.1).

V.P. Gerdt, E:ZW. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 18-28] 2009.
(© Springer-Verlag Berlin Heidelberg 2009
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substantial restrictions, e.g. the absence of moments of gravitation forces. In
the set of the publications, one can find the works (see e.g. [3]), in which the
gyrodamping is realized with the use of various laws of control of the gyrodines.
Such gravitation orientation of satellite is considered to be active. Meanwhile,
in the present paper, we consider passive (unguided) orientation with the use
of three gyroscopes. Any works, which consider the issue of possible gyroscopic
stabilization of unperturbed motions of a satellite with gyrodines, are not known
to the author. The author has to emphasize that problems related to stabilization
of definite mechanical systems under the effect of diverse nature forces are of
great interest at present.

2 Description of the System of Bodies under Investigation

Let, according to the approximate statement, point O; (the system’s mass cen-
ter) move along a circular orbit of radius R with some velocity, which is constant
in its value. Introduce an orbital coordinate system X' at point O; such that
axis O1xq is directed along the radius of the orbit, while axis O;y; is directed
along the tangent to the orbital plane in the direction of the vector of linear
velocity; axis Opz; is directed along the normal to the orbital plane. The ori-
entation of the orbital coordinate system is described in the inertial coordinate
system X° with the center in the attracting point O. Let us attribute the number
of body 1 to the orbital coordinate system. The position of the satellite By is
determined with respect to the orbital coordinate system. There are 3 gyrodines

Fig. 1. The structure of interconnection between the bodies
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installed on the satellite for the purpose of provision of proper orientation. The
gyrodine is a 2-degree-of-freedom system composed of a rotor and a frame.
The rotor is fixed inside the frame and rotates with a constant angular rate.
The frame and the rotor of each of gyrodines are denoted in Fig. 1, resp., as
bodies Bg7B4; B5,BG; B7,Bg.

Consider initial data of the software LinModel, which assign geometric and
kinematic characteristics of the satellite with its gyrodines.

The number of bodies is 8.

Body Bj (orbital coordinate system) is described with regard to the inertial
coordinate system. The mass and the inertial tensor are zero. The numbers of the
rotation axes are {3, 0, 0}, and the angles of rotations are {x, 0, 0}, i.e., the
orbital coordinate system’s orientation with respect to the inertial coordinate
system is determined from one rotation at an angle x about the 3rd axis Oz.
Zeros among the numbers of rotation axes indicate to the fact that there are
no rotations about other axes. The radius vector of point O; in the coordinate

system X0 is 79 = (Rcosy, Rsiny, 0). The radius vector of the mass center

is 7¢, = (0,0, 0). The vector of absolute linear velocity of point Oy is V%l =

(—Rwosiny, Rwocosx, 0), where wyp = x = const is an angular rate of the
orbital coordinate system.

Body By (satellite) is described with regard to body 1. The body’s mass
is Ms. Numbers of rotation axes are {1, 3, 2}, and the respective angles of
rotations are {1, 8, ¢ }, i.e., the orientation of the satellite with respect to the
orbital coordinate system is determined by a sequence of three rotations: about
the first axis Oix7 at an angle v ; about the third axis O;z; at an angle 0;
about the second axis O1y; at an angle ¢ . The radius vector of point Oz in the
orbital coordinate system is r102 =(0,0,0), i.e., points O; and Oy coincide.
The radius vector of the mass center is 7%2 = (0,0,0), ie., the satellite’s
mass center is at point Op. The vector of relative linear velocity of point Os is
Vo, =(0,0,0).

Jz 0 0
0J, 0
0 0 J

The body’s tensor of inertia at point Oy writes Op, = ie.

<

7 )

33

Jz, Jy, J. are satellite’s main inertia moments.

Body Bs (the first gyrodine’s frame) is connected with body 2. M is the mass
of the frame, J; is the inertia moment with respect to the axis of rotation of the
frame itself (we neglect equatorial inertia moments). There takes place rotation
of the frame about the 2nd axis at an angle oy . The radius vector of point Os,
where the bodies connect with each other; its relative linear velocity; the radius
vector of the mass center and the body’s inertia tensor are, respectively,

ry, = Vo, =ri =(0,0,0); Oo, =

coo
oS~ o
coo
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Body By (rotor of the first gyrodine) is connected with body 3. M, is the mass
of the rotor, J, is the inertia moment with respect to the axis of its rotation
(we neglect equatorial moments of inertia). There takes place rotation of the
rotor about the first axis at an angle ¢;. The radius vector of point O4, where
the bodies are connected; its relative linear velocity; the radius vector of the
mass center have (likewise for the previous body) zero components.

Pairs of bodies 5 — 6 and 7 — 8 represent, respectively, the 2nd and the 3rd gy-
rodines, whose geometric description and distribution of masses is similar to
those of the 1st gyrodine’s frame and rotor. The difference consists only in
the axes proper rotations. As far as the 2nd gyrodine is concerned, rotation
of the frame takes place about the 3rd axis at an angle of as, and rotation of
the rotor occurs about the 2nd axis at an angle ¢5 . As far as the 3rd gyrodine is
concerned, rotation of the frame takes place about the 1st axis at an angle as,
and the rotation of the rotor occurs about the 3rd axis at an angle ¢3 .

So, the conservative mechanical system under scrutiny is described by the
nine generalized coordinates ¢, 6,1, a1, ¢1, as, ¢2, as, ¢3 and is located in
the Newtonian field of gravitation to the center of circle O .

3 Constructing a Symbolic Model

Let us list the set of problems solved in symbolic form with the aid of the software
LinModel for the scrutinized system of bodies.

Problem 1. The following geometric and kinematic characteristics have been
computed for each of the bodies:

e matrices of directional cosines;

e radius vectors of the mass centers and the points of connection of the bodies;
e relative and absolute angular rates of the bodies;

e relative and absolute linear velocities of the points of connection of the bodies.

Problem 2. The kinetic energy T(q, q) for the system of bodies as a quadratic
form with respect to generalized velocities ¢, and the force function U(q) of
the approximate Newtonian field of gravitation have been obtained. Here ¢ is
the vector of generalized coordinates.

Problem 3. Nonlinear equations of motion in the Lagrange 2nd kind form have
been constructed.

It has been determined that the three generalized coordinates ¢, ¢o, ¢3 are
cyclic, while the rest six coordinates are positional.

The formulas used in Problems 1 — 3 can be found, for example, in [4] or at
the URL-address of [5].

Problem 4. Let us assign the unperturbed motion in the following form:

(1)

{ga_O,G—O,LZ)—O, =0, amw=0a3, ag=0af, p=0, =0,
=0, dy=0, do=0, d3=0, ¢1=h1, ¢o=hy, ¢é3=hs.
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Here hy, ho, hs are constant values for angular rates of proper rotations of
the rotors; af , a§, af are constant values of the angles of the gyrodine’s frames.
The given unperturbed motion is substituted into nonlinear equations of motion
constructed at the previous step. Hence we obtain the following independent
conditions of existence of motion (1):

(2)

{Cos 0§ Jpwo (hy — dwysina$) =0, sinagJywo (hs +wocosag) = 0,

3cosagsinagywe? =0, —Jywosinaghe =0, —J,wocosaghy =0.

Assuming that af, a3, a§ have the values within the interval [0, 7/2], from
equations (1) and (2) one can easily obtain the following eight solutions:

(,D:O, 9203 ¢:O7 041:7;7 Oé2:g7 Oé3:0,
¢p1="h1, ¢2=0, ¢3=hs;

QQZO, 9:07 7/1:07 alzga QQZOa OLgZO,
¢1="h1, ¢2=0, ¢3=h3;

(,D:O, 9207 ¢:O7 O[1:O7 042:0, Oé3:O7
p1=0, ¢p2=0, ¢3=hs;

=0, 6=0, =0, 041:757 042:757 a3 = 5,
¢1:h17 ¢2:07 ¢3:O7
p=0, 0=0, =0, acr =7, az=0, az=7

br="h1, ¢p2=0, ¢3=0;

=0, 0=0, =0, a1 =0, a2 =0, ag=7
¢.1:O, (b.2:O7 ¢3:O7

(,D:O, 9:03 ¢:O7 061:0, a2:g7 a3:Oa

o - - . (9)
01 =0, ¢2=0, ¢3=hs3;

@:O, 9:07 1/):07 alzoa OQ:gv 043:757
p1=0, d2=0, ¢3=0.

Definition. Above particular solutions of nonlinear equations of motion shall
be called steady motions.

Note, for all the solutions (3) — (10), the second gyrodine’s rotor must be
at rest (i.e. he = 0). Among the eight solutions there are two steady motions
(3), (4) with parameters hy, hg and two equilibrium positions (8), (10) without
any parameters. The rest of the solutions have only one nonzero parameter
(hl or hg )

(10)
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4 Stability Analysis

Algorithms intended for investigation (in symbolic-numerical form) of stability
and stabilization of linearized models of mechanical systems can be found in
[6], [7]. Consideration of above issues often leads to the problem of “parametric
analysis” of algebraic inequalities obtained.

Ezample 1 ( Steady motion (4) ). Consider the problem of stability and of gy-
roscopic stabilization of solution (4).

Let us expand the Lagrangian L =T(q, q)+U(q) in series up to the 2nd de-
gree of smallness with respect to the powers of deviations from the unperturbed
motion (4). As a result, we construct equations of perturbed motion in the first
approximation.

With the use of equations with respect to cyclic coordinates we exclude the
cyclic velocities and accelerations from the obtained linear equations of motion.
Hence we obtain an already “reduced” system of equations of the perturbed
motion.

Let us present these equations in their explicit form, which coincides with their
form of representation (a file of Notebook’s of CAS “Mathematica” format) in
the software LinModel:

Jr(@+d1) + (Jp(hy — wo) + Jywo) ¥ + Jp( + ar) wo(dwo — hy) =0
Jr(0 4 d) +3J,(0 + ag)w? =0,

Jr (Y + ) + (Jp(hs + wo) — Jywo) ¢ + Jp(1 + asg)wo(hs +wo) =0,
(Jp+Jy) ¢+ Jpar + (T — Jp) wo — haldy
Jo)w

) dis
+ (Jp(hs —hs) + (Jf —2Jp + Jp + Jy — 0) ¥ (11)
“rWo(alJp(‘le—hl)-‘r(P(J (hg—h1)+4(2Jp—J +J) ) 0,
(Jp 4+ Jo) b + Jp iz + ((Jp — Jp)wo — Jpht) aiy
+ (Jplhs —hi) — (Jp = 2Jp + Jo + Jy — J2) wo) @
+W0(O&3J (hg+(4)0)+’l/)( (hg*h)+( Jp*Jy‘i’Jz)WQ):O,
(Jp 4 J.) 0+ Jp cia + 3w ((Jp — Ju + Jy) 0+ Jpaa) = 0.

From the coefficients of equations of system (11) we have constructed matrices
A, G, C of the system’s characteristic equation: | AX2 + GA+ C |= 0, where
A is a positive definite matrix of kinetic energy, and G, C' are, respectively,
matrices of gyroscopic and potential forces.

Kelvin—Chetayev’s theorems [8] allow one to start investigation of the issue
of stability of the solution from analysis of the matrix of potential forces. The
matrix of potential forces for solution (4) writes:
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C11 0 0 C14 0 0
0 C29 0 0 O Co6
0 0 C33 0 C35 0

C=lecuo0o 0ewo 0| (12)
0 0 C35 0 Cs5 0
0 Co6 0 0 O C66
where cag = o6 = 3wiJ, ; caa = wo(Jp(hs — h1) +4(J, — Jy + 2Jp)wo) ;
C55 = WO(Jp(hg - hl) + (Jz - Jy + QJP)WQ) ) C33 = C35 — Jp WQ(hg + WQ) 5
C11 = C14 = Jpr(4WQ - hl) ; Ce6 = 3w§(Jp —J, + Jy) .

Let us write down the conditions of definite positiveness of matrix (12):
Jy > Jp, 4wo—h1 >0, ha+wy >0, hi+piwy <0, hz+pwy >0, (13)

where p1=(Jy —J. —Jp) /Ip; p2=4(Jp—Ju+ ) /Iy .

Inequalities (13) are the sufficient conditions of stability of solution (4) with
respect to positional coordinates.

Note that in practice absolute values of angular rates of the rotors are sub-
stantially in excess of wy (i.e. |h1] > wo, |h3] > wo, and 0 < wy < 1).
Consequently, to satisfy conditions (13), rotors of the 1st and 3rd gyrodines
shall rotate in different directions, i.e. h; <0, hy >0 .

Suppose, some of conditions (13) are not satisfied (i.e., the potential system
is unstable). Hence we may consider the issue of possibility of stabilization of
the system’s solution at the expense of influence of the gyroscopic forces.

It is known [8] that evenness (oddness) of the degree instability is determined
by positiveness (negativity) of the determinant of matrix C' of potential forces.
It follows from Kelvin—Chetayev’s theorem, which is related to the influence
of the gyroscopic forces, that gyroscopic stabilization is possible only for those
systems, which have an even degree of instability.

For example, if the second and fourth inequalities in (13) are replaced with
inequalities of opposite sign 4wy —h1 < 0, h1 +piwp > 0 then the determinant
of matrix C' from (12) remains positive, while some main diagonal minors of
this matrix are negative. So, the system shall have an even degree of instability.
Satisfaction of these two conditions necessitates that hy be positive.

The characteristic equation of system (11) A(M\?) = A;(A?) x Ax(A?) = 0
contains A only in the even powers. It is known that stability in such systems
is possible only when all the roots of the polynomial A are purely imaginary,
and, respectively, the roots with respect to A? are negative and real numbers.
This criterion [9] has been implemented in the form of program CrKozlov in the
software LinModel.

Let us write down the algebraic conditions, which provide for existence of
purely imaginary roots for the two co-factors A;(A\?), A2(A\?) of the character-
istic equation of the “reduced” system of equations of motion.

The only condition J, > J, provides the desired properties of the roots for

the equation Aj(A\?) = (Jf A2 +3J, w02) (Jz N +3(Jy, — Jy) w02) =0.
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Coefficients of the equation Ay(A\?) = agA® +a1 A6 +asA* +az 2 +ay = 0 and
the following necessary and sufficient conditions of existence of purely imaginary
roots for the polynomial As(\?):

ap>0, a1 >0, a2>0, a3 >0, a4 >0, 3a%—8a0a2>0,

a%a% — 3a3a? — 6aoa4a% + 14apasasa; — 4aoa§ — 18a3a§ + 16a%a2a4 >0,

a3a3a? — 27a3a} — 4aial + 18azazasa’ + 144agazaia? — 4ajasa? (14)
— 6aoa§a4a% + 18a0a2a§a1 — 192a%a3a2a1 — 80a0a%a3a4a1 — 27a3a§

+256a3a3 — 4apa3a3 — 128a3a3aj + 16apasay + 144a3aza3as > 0

have a rather bulky analytical form, and are not given herein explicitly.

det C
9Jp (Jy—Ja)wi
tiveness of coefficient a4, we obtain the three possible variants of values J. :

Note, ay = . Having written the analytical solution for the posi-

0<J, < Jp— 34Jp ; fogip <J, <3Jp+Jy; J.>3J,+J,. (15)
Parametric analysis of inequalities (14) has been conducted in symbolic-
numeric form. Furthermore, we have used the functions Reduce, RegionPlot,
RegionPlot3D of CAS “Mathematica” intended, respectively, for solving the
systems of algebraic inequalities as well as for obtaining the graphic 2D- and
3D-representations of solutions of these systems.

The following numerical values related to distribution of masses in the sys-
tem have been introduced: J, = 3, J; = 1, J, = 230, J, = 310 (dimen-
sion of inertia moments: kgm?), and wy = 0.0011radc™!. For each of three
intervals (15) we have constructed graphic domains (in the space of parameters
J.,h1,h3), in which inequalities (14) are satisfied. It has been determined that
the largest domain of gyroscopic stabilization shall take place for the first interval
from (15).

For example, in Fig. 2 we give a solution of inequalities (14) for the third
interval when J, = 350. The dotted domains are the domains of gyroscopic sta-
bilization for solution (4). It is obvious from the figure that — in order to provide
for the system’s stabilization — the 3rd gyrodine’s rotor shall rotate more than
six times as fast (or slow) as the 1st gyrodine’s rotor.

Ezample 2 ( Steady motion (8) ). Let us investigate the issue of stability of the
equilibrium position (8).

It has been found out, there exists an additional fourth cyclic integral in the
“reduced” system of equations of the perturbed motion in the first approximation
(with respect to coordinate as) for solution (8). Respectively, the characteristic
equation of the initial system has four zero roots of multiplicity two.

Stability analysis of solution (8) is conducted with respect to five positional
coordinates ag , oz, @, ¥, € and four cyclic velocities b1, ba, P3, ds.
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Fig. 2. The domain of gyroscopic stabilization

Having obtained equations of the perturbed motion in the neighborhood of

solution (8), let us represent the matrix of potential forces already for the “re-
duced” system of equations:
-3J, 0 —3Jp 0 0
0 3Jp 0 0 3Jp
C=wi|-3J, 0 Jy—3J,—4J, +4J, 0 0 (16)
0 0 0 J.—J, 0
0 3Jp 0 0 3(Jp—dJda+Jdy)

Matrix C from (16) is not definite positive, since some main diagonal minors
are negative. But under the conditions Jy —4J, +4J, >0, J, > Jz, Jy > J.,
the determinant of this matrix is positive, and the system shall have an even
degree of instability. In this case, let us consider the problem of possibility of
gyroscopic stabilization.

The characteristic equation of the “reduced” system of equations of perturbed
motion for the scrutinized solution has the form:

(JA% 4 3J,w0°) (Jo A% + 3(Jy — Jo)wo?) (aoA® + a1 A* + a2\ +a3) =0
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where ap = JyJzpJdy ; as =3Jy (Jy — J.) (Jp —4Jy + 4J.) Wi ;
ar = ((2(Jy + J2) Ju+ Jo (Jo = Jy) = 3J2) Ty — 3Jp 00,
— (ot Jy—20) JF + I3 ) wh ;
as = (3Jp (372 = 2(Jy + T) Jo + (Jy — T.) J.) — (3T, + 4T, + J, — 51.) T
T3 4 BTy (o420, — 20.) +4(Je — 1) (T, — J2)) Ty ) Wi

It is known that the necessary condition of stabilization is the positiveness of
all the coefficients in the characteristic equation. With the use of above function
Reduce we have managed to find out that these conditions are incompatible.

In[1] =ReducelJ; >0 A Jy < J, < Jy < J. < Jy A ar/wi >0
ANag/ws >0 A ag/ws >0,{J¢,Jp,Ju,J., ]y}, Reals]

Out[1] = False

So, the simultaneous positiveness of coefficients a; , a2 ,as cannot be provided.
Consequently, gyroscopic stabilization of the equilibrium position (8) is
impossible.

As a result of stability analysis of other steady motions we have obtained the
following results:

a) Solutions (3), (6), (9), and (10) are unstable because one of the co-factors
A2J; — 3J,we? = 0 of the system’s characteristic equation has a positive real
root with respect to A2. Note, for all these solutions, a§ = 7/2.

b) Solution (5) is potentially unstable and cannot be stabilized at the expense
of the effect of gyroscopic forces with an even degree of instability.

¢) Solution (7) is potentially stable (with respect to five positional coordinates)
in case of satisfaction of the obtained conditions of positive definiteness for the
matrix of potential forces. If these conditions are not satisfied, then the issue
of the possibility of gyroscopic stabilization for the system, which has an even
degree of instability, is solved positively.

5 Conclusion

It is necessary to emphasize that problems of plausibility and precision of com-
putations, as well as problems of explicitness and time optimality of the process
of investigations can be partially solved, when a computer algebra system (CAS)
is chosen in the capacity of the software tool. Side by side with employment of
CAS (as the “computing tool”) for solving a definite problem, the approach,
which presumes elaboration of the software for solving a definite class of prob-
lems on the basis of the CAS’s (in our case — CAS “Mathematica”) internal
programming language, may be considered as more valuable. Practically, above
analysis on the whole has been conducted with the use of such software.

Summarizing the results, we have to note some provisions related to the timing
data and the computational environment:
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1) Execution of programs inside CAS “Mathematica” takes place only in the
mode of interpretation, so, the total process of investigation with the aid of the
software LinModel is conducted in the environment of CAS “Mathematica”.

2) The description of the mechanical system is formed in interactive mode,
when the user inputs above data (see section 2) into the corresponding windows
of the software. This important process is conducted just once. Later it is always
possible to correct input data already in the created file when there is the need.

3) Modeling of the system (i.e., constructing nonlinear and linearized differ-
ential equations of motion in the neighborhood of one of eight steady motions)
has necessitated some 100 Megabyte of RAM and 11 seconds of CPU time on a
PC with the processor Core 2 Duo 2.40 GHz.

4) The process of investigation related to stability of steady motions has been
conducted already not in automatic mode. At this stage, we have employed our
own software, side by side with built-in functions and standard add-on packages
of CAS “Mathematica”.
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Abstract. Closure systems and closure operations play an important
role in both mathematics and computer science. In addition there are a
number of concepts which have been proven to be isomorphic to closure
systems and we refer to all such concepts as closure objects. In this work
we develop relation-algebraic specifications to recognize several classes
of closure objects, compute the complete lattices they constitute and
transform any of these closure objects into another. All specifications
are algorithmic and can directly be translated into the programming
language of the computer algebra system RELVIEW, which is a special
purpose tool for computing with relations. We show that the system
is well suited for computing and visualizing closure objects and their
complete lattices.

1 Introduction

The procedure of computing the closure of a given object is an important ba-
sic technique for applications in mathematics and computer science alike. The
approach followed most frequently is to employ so-called closure operations. Ex-
amples include operations that yield the transitive closure of a relation, the
convex hull of a set of points in real vector spaces or the subgroup generated by
a set of elements of a given group. The practical importance of closures is also
documented by the fact that equivalent or at least very similar notions are fre-
quently reinvented. For example, what [6] denotes as “full implicational system”
is called a “full family of functional dependencies” in the theory of relational
databases [7] or a “closed family of implications” in formal concept analysis [9].
Likewise a “dependency relation” [6, Section 2.2] is the same as a “contact re-
lation” in the sense of [I] and one needs only to transpose such a relation and
restrict its range to 2% \ {#} in order to obtain an “entailment relation” in the
sense of [8]. Moreover, on the lattice theoretic side it has been proven that there
exists a close correspondence between all of the aforementioned concepts and
the concept of a closure operation on a set. All of these objects form complete
lattices which are pairwise isomorphic [6].

The subject of this work is to give a relation-algebraic representation of clo-
sure objects. The presented formulas are proven to be correct with respect to the

V.P. Gerdt, E:ZW. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 29-444] 2009.
(© Springer-Verlag Berlin Heidelberg 2009
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original formulation in predicate logic. The resulting specifications are algorith-
mic and directly lead to corresponding programs for RELVIEW [25], which is
a computer algebra system for the special purpose of computing with relations.
The developed formulas provide three basic algorithms for each closure object
given as a finite relation, viz.recognition of an object, i.e., deciding whether a
given relation is, for example, a dependency relation, transformation between
closure objects, e.g., compute the closure operation corresponding to a given full
implicational system, and computation of the complete lattice which is consti-
tuted by the set of all such closure objects. Employing the resulting programs
the computer algebra system RELVIEW supports the study of specific closure
objects in several ways, among which are wisualization as Boolean matrices or
as graphs, providing various graph layout algorithms and offering a number of
ways to highlight selected portions, retracing the results of sub expressions via
step-wise execution, and testing, e.g., by providing random matrices of a speci-
fied degree of filling. Beyond the possibility to study individual closure objects,
the presented algorithms scale well and are applicable to large examples. This
is due to the fact that finite relations can be implemented efficiently with ROB-
DDs [10] and we have taken care that the developed formulas fit the setting of
RELVIEW. The only exception is the computation of all possible closure systems
which is presented in Section 3] as the according problem is well known to be
exponential for sets.

2 Relation Algebra

Since many years relation algebra in the sense of [T2JT1] is used by many math-
ematicians, computer scientists and engineers as conceptual and methodological
base of their work. Its practical importance is due to the fact that many impor-
tant objects of discrete mathematics can be seen as specific relations. Relation
algebra allows very concise and exact problem specifications and, combined with
predicate logic, extremely formal and precise calculations that drastically reduce
the danger of making mistakes during the algorithm developments. In this sec-
tion, we first recall the basics of relation algebra (Section 21]), provide the reader
with an introduction of how pairs and products can be modeled (Section 2.2))
and then show how to represent sets (Section [23]). More specific to the task
at hand Section [2.4] deals with the relation-algebraic specification of extremal
elements of ordered sets and lattices.

2.1 Relations and Relation Algebra

We write R : X <Y if R is a relation with domain X and range Y, i.e., a subset
of the direct product X xY. If the sets X and Y of R’s type [X < Y] are finite
and of size m and n, respectively, we may consider R as a Boolean matrix with
m rows and n columns. Since the Boolean matrix interpretation is well suited for
many purposes and is also used by the computer algebra system RELVIEW as one
of its possibilities to depict relations, we often use matrix terminology and matrix
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notation. Especially we speak about the rows, columns and entries of a relation
and write R, , instead of (x,y) € R or z Ry. Relation algebra knows three basic
relations. The identity relation | : X < X satisfying for all z,y € X that |, , iff
x =y, the universal relation L : X <Y holding for allz € X and y € Y, and the
empty relation O : X <Y which holds for no pair in X xY. The transposition
of a given relation R : X <Y is denoted by R" : Y < X and satisfies for all
x,y that R;y iff R, .. Transposition allows, e.g., a compact formulation that a
given relation R is symmetric by simply stating that it satisfies R = RT. When
viewing relations as sets it comes natural to form the union RUS : X <Y
and intersection RN S : X <Y of two relations R, S : X <Y or to state the
inclusion R C S. The suggestive meaning is, respectively, that for all z,y we
have R, , or Sg, for RUS, both R, , and S, , for RNS and that R, , implies
Sz.y for R C S. The fact that, for example, a given relation R is reflexive can
thus simply be expressed as I C R. A lot of the expressive power of relation
algebra is due to the possibility to express the composition RS : X <Y of two
relations R : X < Z and S : Z < Y. Its definition in predicate logic is that for
all z € X and y € Y we have RS, , iff there exists a z € Z such that R, .
and S, ,. Employing composition the fact that a given relation is transitive is
concisely expressed by RR C R. The complementation of a relation R : X <Y
is denoted by R : X <Y and corresponds to negation in predicate logic: for all
z,y we have R, iff R, , does not hold.

The symmetric quotient of two relations R : X <Y and S : X < Z is not a
basic construct of relation algebra but can be defined by

syq(R,S) := RTS N R'S Y2z

The corresponding definition in predicate logic is that syq(R,S),, . iff for all
z we have that R, , iff S; .. In other words for all y € Y and z € Z we have
syq(R, S)y, iff the y-column of R equals the z-column of S. Additional properties
of this construct can be found in [11].

2.2 Pairing and Related Constructions

The pairing (or fork) [R,S] : Z < XXY of two relations R : Z+— X and S :
Z <Y is defined by demanding for all z € Z and u = (uj,u2) € X XY that
[R,S]sn iff Ry, and S, ,. (It should be noted that throughout this paper
pairs u € X xY are assumed to be of the form (uj,us).) Using identity and
universal relations of appropriate types, the pairing operation allows to define
the two projection relations m : XxXY < X and p : XxXY <Y of the direct
product XxY as 7 := [I,L]" and p := [L,1]". Then the above definition implies
forallue XxY, 2z € X and y € Y that m, . iff uy = x and py 4 iff us = y. Also
the parallel composition (or product) R|S : XxX' <Y xY’ of two relations
R: XY and S: X' <Y’ such that (R | S)u. is equivalent to Ry, ., and
Susws for all u € X x X’ and v € Y xY”, can be defined by means of pairing. We
get the desired property if we define R|S := [7R, pS], where m : Xx X' X
and p: X x X' < X' are the projection relations on X xX".
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2.3 The Representation of Sets

There are several possibilities to model sets in relation algebra. Firstly, sets can
be modeled using wvectors, which are relations v which satisfy v = vL. For a
vector the range is irrelevant and we therefore consider vectors v : X <» 1 with a
specific singleton set 1 = { L} as range and omit the second subscript, i.e., write
v, instead of v, . Such a vector can be considered as a Boolean matrix with
exactly one column, i.e., as a Boolean column vector, and represents the subset
{z € X | v,} of X. A non-empty vector v is said to be a point if voT C |, i.e., v is
injective. This means that it represents a singleton set and we frequently identify
this singleton set with the only element it contains. In the Boolean matrix model
a point v : X «» 1 is a Boolean column vector in which exactly one entry is 1.

As a second way to model sets we will apply the relation-level equivalents of
the set-theoretic symbol €, i.e., membership-relations M : X < 2% on X and its
powerset 2% . These specific relations are defined by demanding for all z € X and
Y € 2X that M,y iff z € Y. A Boolean matrix implementation of M requires ex-
ponential space. Using reduced ordered binary decision diagrams (ROBDDs) as
implementation of relations (as in RELVIEW), however, the number of ROBDD-
nodes for M is linear in the cardinality of X. See [T0/4] for details.

Finally, we use injective functions to model sets. Given an injective function 2
from Y to X, we may consider Y as a subset of X by identifying it with its image
under . If Y is actually a subset of X and 2 is given as relation of type [Y < X]|
such that 1, , iff y = 2 for all y € Y and 2 € X, then the vector +"L : X <1
represents Y as subset of X in the sense above. Clearly, the transition in the
other direction is also possible, i.e., the generation of a relation inj(v) : Y < X
from the vector representation v : X <1 of Y C X such that for all y € Y and
x € X we have inj(v), , iff y = z.

A combination of injective functions with membership-relations allows a
column-wise enumeration of sets of subsets. More specifically, if v : 2% < 1 rep-
resents a subset & of the powerset 2% in the sense defined above, then for all
xz € X and Y € & we get the equivalence of (Minj(v)T)myy and z € Y. This
means that S := Minj(v)' : X <& is the relation-algebraic specification of
membership on &, or, using matrix terminology, the elements of & are repre-
sented precisely by the columns of S. Furthermore, a little reflection shows for
all Y, Z € G the equivalence of Y C Z and ST S y z. Therefore, STS : 65— &
is the relation-algebraic specification of set inclusion on &.

2.4 Extremal Elements of Orders and Lattices

Given a relation R : X <+ X, the pair (X, R) is a partial order set iff | C R
(reflexivity), RN R" C | (antisymmetry) and RR C R (transitivity) hold. In the
following we may omit the set X when clear from context and simply refer to
R as a partial order. When dealing with ordered sets, one typically investigates
extremal elements. Based upon the vector representation of sets we will use the
following relation-algebraic specifications taken from [11].
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lel(R,v) :=vN Rv gel(R,v) := lel(RT,v)

; )
glb(R,v) := gel(R, Rv) lub(R,v) := glb(R',v)

If R: X < X is a partial order relation and Y a subset of X that is represented
by the vector v : X < 1, then lel(R,v) : X «> 1 is empty iff Y does not have a least
element and is a point that represents the least element of Y, otherwise. Similarly,
gel(R,v) : X —1 (glb(R,v) : X — 1 and lub(R,v) : X < 1, respectively) is either
empty or a point that represents the greatest element (greatest lower bound and
least upper bound, respectively) of Y,

If the second arguments of the specifications of ({l) are not vectors but “proper”
relations with a non-singleton range, then the corresponding extremal elements
are computed column-wisely. E.g., in the case of the first specification this means
the following. For all A: X <Y we obtain lel(R, 4) : X —Y and, furthermore,
for all z € X and y € Y that lel(R, A), , iff the least element of {z € X | 4, ,}
exists and equals z. Hence, for all y € Y the y-column of lel(R, A) is either
empty or a point that represents (with respect to R) the least element of the set
the y-column of A represents.

For a partial order R : X < X we also need the following specifications:

Inf(R):=[R,R]' N [R,R]' R Sup(R) := Inf(RT) (2)

Both specifications of [2)) are of type [X xX < X] and it is shown in [3] that
for all w € XxX and z € X we have Inf(R), , iff x is the greatest lower
bound of u; and ug and Sup(R),, iff = is the least upper bound of u; and
ug. Hence, (2)) relation-algebraically specifies the two lattice prerations M and
L. As a consequence, an ordered set (X, R) constitutes a lattice (X, U, M) iff
L = Inf(R)L and L = Sup(R)L, since the latter equations express that the two
relations Inf(R) and Sup(R) are total (see [I1]). Also complete lattices can easily
be characterized by relation-algebraic means. If R : X <+ X is the partial order
of a lattice (X,L,M), then X is complete iff L = L glb(R, M) or, equivalently, iff
L = Llub(R, M), where M : X « 2% is the membership relation.

3 Computing and Visualizing Closure Objects

In the introduction we have mentioned several concepts which we refer to as
“closure objects”. In the literature, all of these notions are usually defined on
powersets; see e.g., [6]. But with the exception of dependency relations the re-
striction to such a specific class of lattices is not necessary. We therefore prefer to
define all closure objects on more general ordered structures. In this section, we
develop relation-algebraic specifications for recognizing, computing and trans-
forming closure objects on complete lattices. The specifications will be algorith-
mic and, hence, can directly be translated into RELVIEW-code. Since RELVIEW
only allows to treat relations on finite sets, we assume for the developments finite
lattices if this is advantageous.
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3.1 Closure Systems

Assume (X, L, 1) to be a complete lattice. Then S C X is called a closure system
(or a Moore family) of X if it is closed under arbitrary least upper bounds, that
is, for all X € S we have X € S. In the case of a finite carrier set X this
second order definition is obviously equivalent to the two requirements that
T € S, where T denotes the greatest element of the lattice, and that for all
xz,y € S also x My € S. The next theorem provides the transformation of this
first-order specification to relation algebra.

Theorem 3.11. Assume R : X < X to be the partial order of a finite lattice
(X,u,m) and let S C X be represented by the vector s : X < 1. Then S is a
closure system of X iff the following formulae hold:

gel(R,L) C s [sT, sT]T CInf(R)s

Proof. As L : X < 1 represents the carrier X, the formula gel(R, L) C s expresses
that S contains the greatest lattice element T. The following calculation shows
that the second formula specifies S to be closed under the binary operation M.

Vue XxX:ui€S5ANuyeS —uMuy €S
SVu€ XXX sy NSy, = Fx € X : Inf(R)yz A S

SVue XxX:[sT, ST]I — (Inf(R) s),,
& [sT, ST]T CInf(R)s O

The formulae of Theorem B.11] can immediately be translated into the program-
ming language of the computer algebra system RELVIEW. Hence, given a partial
order R : X < X of a lattice and a vector s : X < 1, the tool can be used to test
whether s represents a closure system. Note that in Theorem 311l the type of sT
is [1 «» X] and, thus, the type of [sT,s] is [1 +» X x X]. This is advantageous for
the implementation in RELVIEW, which is based on ROBDDs. In general, the
transposition of a relation requires that a new ROBDD has to be computed from
the old one by exchanging the variables encoding the domain with those encod-
ing the range. But in the case of a relation with domain or range 1 this process
can be omitted since the ROBDD of the relation and its transpose coincide [4].

Having specified a single closure system within relation algebra, we turn to
specify the set &(X) of all closure systems of X as a subset of the powerset via
a vector of type [2X « 1]. In the following theorem M : X « 2% is a membership
relation, 7, p : X XX < X are the projection relations of X x X, the left L has
type [X < 1] and the remaining L is of type [1 — X x X].

Theorem 3.12. Assume again R : X < X to be the partial order of a finite

lattice (X,U,M). Then the following vector represents the set &(X) of all closure
systems of X as a subset of the powerset 2% :

.
cs(R) := (gel(R, L)' MN L(xM N pM N Inf(R)M)) :2¥ &1
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Proof. For all S € 2% holds
TeSe3re X :MysAgel(R,L), & (MTgel(R,L))s
and also

Vue XXX :u € SAug €S —uiMug €8
SVueXxX:ui €S5ANuseS—3JzeX :uMuag=2Az€ S8
SVueXxX:u€SAuzeS—-3ze X  Inf(R)y,Nz€S
SVue XxX: (mM)y s A (pM)ys — Iz € X : Inf(R)y,. AM, g
SVue XxX: (7M)y s A (pM)y, s — (Inf(R) M), s
S —Ju e XxX: (aM)y,s A (pM)y,s A Inf(R)M , 5
& -Jue XxX: (tMpMM nf(R)M) g, AL,

& (MNpM A Inf(R)M) L.

As a consequence, MTgel(R, L)N (xM N pM N Inf(R) M )TL represents &(X) and
the result follows according to three simple rules of transposition, namely L = LT,
RTST = (SR)T, and RT = R . 0

Again, the transpositions occurring in the definition of cls(R) are motivated
by the aim to obtain an efficient RELVIEW program. Stating the formula in the
given way, the relations affected during program execution are all of domain 1. If,
in contrast, we would not have simplified the result by applying the rule RT ST =
(S’R)T the resulting program would be less efficient and not scale anymore.

A significant fact about the set &(X) is that it is itself a closure system of the
powerset lattice (2", U, N). Hence, it forms a complete lattice with intersection
as greatest lower bound operation and set inclusion as partial order. A relation-
algebraic specification of the partial order of &(X) is rather simple. Using the
technique described in Section 2.3l by

CISys(R) := Minj(cls(R))" : X < &(X) (3)

the set 6(X) is enumerated by column and we immediately obtain from (3] that
the set inclusion on &(X )can be specified as

ClLat(R) := ClSys(R)" ClSys(R) : 6(X) < &(X). (4)

The number of different closure systems of a finite lattice grows very rapidly,
see [6] for the numbers in the case of powersets 2% up to |X| = 6. Therefore, a
visualization of the according lattice is useful for rather small examples, only.

Example 3.11. Figure[Ilcontains a picture of the Hasse-diagram of the partial
order of a lattice X™* with 6 elements x1,....z¢. The picture demonstrates the
support in RELVIEW to depict relations as directed graphs. Each vertex with
label n represents the lattice element z,,, 1 < n < 6.
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Fig. 1. Hasse-diagram of the partial order of a lattice with 6 elements

Stating the relation-algebraic specifications [B) and (@) above as RELVIEW-
programs, we computed that 24 of the 64 subsets of X* are closure systems.
The result of this computation is shown in Figure 2l There the 24 subsets are
enumerated by column in a 6 x 24 Boolean matrix. In the picture a filled square
denotes a l-entry and an empty square a 0-entry. If we denote the closure sys-
tem represented by column ¢ with S;, 1 < i < 24, then, e.g., the first column
represents the closure system S; = {x6} consisting of the greatest lattice ele-
ment only, the second column represents the closure system Sy = {5, 26}, the
third column represents the closure system Ss = {x4, 26} and the last column
represents the closure system Soq = X* consisting of all lattice elements.

Finally, Figure Bl shows the Hasse-diagram of the lattice &(X*), where the
vertex with label i corresponds to the closure system S;, 1 < ¢ < 24, and an
arrow denotes set inclusion. From Figure 2] it follows that the n-th layer of the
graph exactly contains the vertices corresponding to the closure systems with
cardinality n, 1 < n < 6. 0

3.2 Closure Operations

For a given partial order (X, R) a closure operation is a function C : X — X
which is extensive, monotone, and idempotent. Note that it is not necessary
to restrict such operations to sets. In the next theorem we provide a relation-
algebraic characterization of closure operations of (X, R) as specific relations of
type [X < X]|. Again the given formulae directly lead to a RELVIEW-program
for recognizing closure operations.

Theorem 3.21. Given a partial order R : X « X, a relation C' : X < X is a
closure operation of the ordered set (X, R) iff the following formulae hold:

Cl=cC CCR RCCRCT cccco

LB W —

Fig. 2. Closure systems of the partial order of Figure [I]
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Fig. 3. Hasse-diagram of the lattice &(X™)

Proof. The first equation characterizes C' as a function; cf. [II]. To enhance
readability, we apply the common notation of function application for C' in the
following. First, we show that C' C R states that C is extensive.

VeeX:Rycm e Vr,ye X:C(x) =y — Ry y
SVr,ye X:Cpy — Rey
< CCR

The next calculation verifies that R C CRCT specifies monotonicity.

Va,ye X : nyy — RC(z),C(y)
eVe,ye X :Ryy—3a,be X :C(x) =anC(y) =bA Rap
<:>Vz,y€X:RmyyHEIaGX:C’z,a/\EIbGX:Ravb/\C',Iy
sVryeX: R,y — (CRCT),,
& RCCRCT

Finally, idempotency and transitivity of C' are equivalent due to

Vee X:CCx) =z Vr,y,ac X:Cx)=anC(a)=y—Cx) =y
SVr,y,a € X :Cp g NCoy — Cry
SVe,yeX:(Fa€e X :CraNCay) — Coy
SVr,ye X : (CC)py — Cuy
< CCCC. O

On complete lattices (X, U, M) there is a well-known one-to-one correspondence
between the set O(X) of all closure operations and the set &(X) of all closure
systems. The closure system corresponding to the closure operation C' € O(X) is
the set of all fixed points of C'. Conversely, the closure operation corresponding to
the closure system S € &(X) is such that € X is mapped to {2z € S| Ry .},
where R : X < X is the partial order of the lattice. The following theorem states
how these correspondences can be formulated as a pair of relation-algebraic
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Fig. 4. Closure operations C ...C4 of O(X™)

specifications. To this end, we identify the subsets of X with their representation
as vectors [X < 1]. This enables us to consider &(X) to as a subset of the
powerset 2(X~X] " and O(X) as a subset of [X « X].

Theorem 3.22. Let R : X « X be the partial order of a lattice (X,U,M). Then,
for all C € O(X) the vector

CloToCls(C) := (CNIL: X 1
represents the set of all fized points of C' and for all s € &(X) the relation
CIsToClo(s) == glb(R, sL N RT)" : X & X
fulfills for all z,y € X that ClsToClo(s)zy iff y= {2€V |s.ARz.}.
Proof. Applying the function notation for C, we get for all € X that
Cr)=zedyeX:Coyhz=yAL, & ((CNIL),

and, thus, the definition of CloToCls(C) ensures the first claim. To prove the
second claim, we calculate for given x,y € X

y= {z€V]s; ARy .} ey= {zeV] sL)zyx/\le}
& glb(R,sLNRT), , (cf. Section [Z7))
& glb(R,sLNRT)!

Y

and the definition of ClsToClo(C') yields the desired result. O

The functions CloToCls : O(X) — &(X) and ClsToClo : 6(X) — O(X) of
Theorem[3.22]are order-reversing with respect to set inclusion for closure systems
and the pointwise ordering of functions. The latter order on functions can be
specified in relation algebra as Cy < Cs iff C; C CyRT.

Example 3.21. As the functions of Theorem are order-reversing a trans-
position of the Hasse-diagram in Figure Bl yields the Hasse-diagram of the lattice
O(X™*). Accordingly, in the resulting graph the vertex with label n represents
the closure operation C,, corresponding to the closure system S; for 1 <7 <24
and Figure [4] depicts the relations C)...Cy. The function C; maps all elements
to the greatest lattice element. It is the greatest closure operation with respect
to the pointwise ordering. The least closure operation is the identity relation |
and corresponds to the greatest closure system So4. Figure [ shows the partial
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Fig. 5. Lattice X™, emphasizing closure system S4 and closure operation Cy

order relation of the lattice X* as directed graph, where the vertices of the clo-
sure system S; are emphasized as black squares and the arcs corresponding to
the pairs of the closure operation Cy are drawn boldface.

Two of the three properties of closure operations can immediately be verified
by examining the picture. The operation C} is extensive, since each arc of Cj is
an arc of the graph. It is idempotent, since each Cy-path leads into a loop over
at most one non-loop edge. Monotonicity of C4 can be recognized by pointwise
comparisons. The picture also clearly visualizes that each element of the lattice
is either a fixed point of Cy, i.e., contained in the corresponding closure system
Sy, or is mapped to the least element of Sy above it. O

The topological closure operations of a lattice (X, U, M) distribute over the L-
operation and form an important subclass of O(X). If the lattice X is finite, the
corresponding closure systems are precisely the sublattices of X which contain
the greatest element of X. Assuming R : X <> X to be the partial order of X, a
simple calculation shows that C' € O(X) is topological iff

(C'1C) Sup(R) = Sup(R) C. (5)

We have transformed () into RELVIEW-code and computed for the above ex-
ample lattice X* that exactly 20 out of the 24 closure operations are topological.
The four exceptions are C14, C1g, Ca1 and Coas.

3.3 Full Implicational Systems and Join-Congruences

The origin of full implicational systems is relational database theory, where they
are called families of functional dependencies (see e.g., [7]). In [6] full implica-
tional systems are defined on powersets by a variant of the well known Arm-
strong axioms which require for all sets A, B,C, D that 1) if A — B and B — C
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then A — C, 2)if A D B then A — B and 3) if A — B and C — D then
AUC — BUD. We generalize this description to finite (complete) lattices
(X, U, M) with partial order R : X < X. In this sense, a full implicational sys-
tem on X is a relation F' : X «» X that is 1) transitive, 2) contains RT and
3) for all z,y,2’',y’ € X it holds that F, . and F,, imply Fyiy .y . As a
side remark we note that axiom 3) could be generalized to arbitrary least upper
bounds, i.e., arbitrary complete lattices. The resulting relation-algebraic formu-
lation would be that 3’) for all subrelations D C F we have vw' C F, where
v := lub(R, DL) specifies the least upper bound of all first components of pairs
of D and w := lub(R, DTL) does the same for the second components. But as
we restrict ourselves to finite relations, the following theorem considers the first
version of the axiom only.

Theorem 3.31. Given R: X — X as partial order of a finite lattice (X, U, M),
F: X« X is a full implicational system of X iff the following formulae hold:

FFCF R'CF  F|FCSup(R)FSup(R)"
Proof. We only consider the last formula and get the desired property by

Vu,v € XXX Fyy oy A Fuy vy = FuyUus, o0,
SVu,v € XXX (F|Flyp— 3z, ye Xz =umUus Ay =viUva AFy
SVu,v€ XXX : (F|F)yp — 32,y € X : Sup(R)y,x A Fiy A SUup(R)uy
SVu,0 € XXX : (F|F)yy — (Sup(R) FSup(R) )u.v
& F| F C Sup(R) FSup(R)". 0

If full implicational systems are ordered by inclusion, then the complete lattice
induced by (O(X), <) is isomorphic to the complete lattice induced by (F(X), C),
where F(X) denotes the set of all full implicational systems of (X, LU, M). One
direction of this isomorphism is given by mapping C € O(X) to the full impli-
cational system I’ € F(X) that consists of all pairs (z,y) € X xX with Ry ¢(z)-
The converse direction is obtained by mapping F € §(X) to the closure opera-
tion C' € O(X) such that C(z) = | |[{z € X | Dy} for all z € X. The following
theorem yields these correspondences formulated as a pair of relation-algebraic
specifications.

Theorem 3.32. Let R: X < X be the partial order of a lattice (X,U,M). Then,
for all C € O(X) the relation

CloToFis(C) := CR" : X < X

fulfills for all z,y € X that CloToFis(C)s,y, iff Ryc(x), and, conversely, for all
F € §(X) the relation

FisToClo(F) := lub(R, FT)" : X & X

fulfills for all x,y € X that FisToClo(F),, iff y=|{z € X | Fs.}.
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Fig. 6. Full implicational systems Fi to Fy

Proof. The first claim follows from the definition of CloToFis(C') and
Ryc@ € 32€X:Co ARL, < (CR"),,
and the proof of the second claim is analogue to the one of Theorem [3.22 0

There is a very close relation between full implicational systems and join-congru-
ence relations, which are generalizations of lattice congruences. Given a lattice
(X,u,m), a relation J : X < X is a join-congruence of X iff it is an equiv-
alence relation and, in addition for all z,y,z € X from J;, it follows that
Jzuzyuz- How to specify equivalence relations with relation-algebraic means is
well-known; see e.g., [I1]. From the proof of Theorem [B31] we obtain as spe-
cial case that the remaining requirement on join-congruences holds for J iff
J |1 C Sup(R) J Sup(R)". This leads to the following result.

Theorem 3.33. Let R: X «— X be the partial order of a lattice (X,,M). Then
J: X — X is a join-congruence of X iff the following formulae hold:

IcJ J=J" JJCJ  J|ICSup(R)JSup(R)" 0

In the case of a finite lattice (X,U,M) there is a one-to-one correspondence
between the set O(X) of all closure operations of X and the set J(X) of all join-
congruences of X which again establishes a lattice isomorphism wrt. the lattices
induced by the ordered sets (O(X),<) and (J(X),C). The join-congruence .J
associated with the closure operation C' € O(X) is the kernel of the function C,
i.e., we have for all z,y € X that J,, iff C(z) = C(y). Relation-algebraically
this means that J = CloToJc(C'), where

CloToJc(C) := CCT : X « X. (6)

In the reverse direction, the closure operation C' is obtained from the join-
congruence J € J(X) as in the case of full implicational systems, i.e., by map-
ping each element z € X to | [{z € X | J;.}. Using Theorem we get
C = JcToClo(J) as

JcToClo(J) :=lub(R, J)" : X & X (7)
where R : X < X is the partial order of the finite lattice (X, L, ).

Example 3.31. In Figure [6 the full implicational systems Fj to Fj; of our
running example are shown as RELVIEW-pictures, where F; is the value of
CloToFis(C;) with the closure operations C; from Figure [ 1 <i < 4.
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Fig. 7. Join congruences Ji to Ju

For our running example we already know that exactly 24 equivalence relations
Ji = CloToJc(C;), 1 < i <24, on X* are join-congruences. Figure[7lshows the re-
lations J; to Js. Each column (or row) directly corresponds to a congruence class
of the respective relation. In addition we used RELVIEW to test which of the 24
join-congruences are also meet-congruences. Analogously, a meet-congruence M
satisfies for all z,y, z € X that M, , implies My yn.. We obtained four positive
answers: Jl, Jg, J22 (Wlth the classes {Il}, {.TQ}, {Ig}, {564, I6}, {565}) and | = J24.
The relation Jo, for example, is not a meet-congruence, since * = z = z2 and
y = x3 is one of the 12 triples such that (x,y) is in Jz but (x M z,y M z) is not
in Jg. O

3.4 Dependency Relations

In [I] Aumann introduced certain relations to formalize the essential properties
of a “contact” between objects and sets of objects. His motivation was to obtain
an access to topology which is more suggestive for beginners than the ones
provided by “traditional” axiom systems. If we formulate his original definition
in our notation, then a relation D : X < 2% is a contact if 1) for all z € X and
Y, Z € 2% we have Dy 12}, that 2) from D,y and Y C Z it follows D, 7, and
that 3) from D, y it follows D, z if D, 7 holds for all y € Y. Obviously, demands
1) and 2) are equivalent to the fact that + € Y implies D,y for all x € X and
Y € 2X. Hence, Aumann’s contacts are exactly the dependency relations in the
sense of [6]. In the following theorem, we present relation-algebraic versions of
the two axioms given in [6].

Theorem 3.41. Let M : X «— 2% be a membership-relation. Then a relation
D : X < 2% is a dependency relation iff the following formulae hold:

MCD DMTD CD

Proof. We only show how the second inclusion can be obtained from a first-order
formalization of the sexond axiom of [6]:

VeeX,Y,Ze2X: D,y A(VyeY:Dy,z) — Dy y
evVreX)Y,Ze2X D,y AN-ByeX:yeYADyz) — Dsz
eVreX,Y,Z2€2X : Dy AMTD y; — D,y
evVreX,Ze2X:(3Y €2X: D,y AMTD yz) — D, 4
evVreX,Ze2X . (DMTD ),z — D,z
< DMTD CD O
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In [I] a one-to-one correspondence between the set O(2%) of all closure opera-
tions of (2%, C) and the set D(X) of all contacts of type [X > 2%] is established,
which is also mentioned in [6] for dependency relations. The relation D € ©(X)
corresponding to C' € D(2%X) is for all z € X and Y € 2% given by D,y iff
x € C(Y). Conversely, the closure operation associated with D € ©(X) maps
Y € 2% to {x € X | D, y}. The next theorem contains corresponding specifica-
tions in relation algebra.

Theorem 3.42. Assume M : X < 2% to be a membership-relation. Then, for
all C € O(2%) the relation

CloToDep(C) := MCT : X « 2%

fulfills for all * € X and Y € 2% that CloToDep(C).y iff * € C(Y), and,
conversely, for all D € ®(X) the relation

DepToClo(D) := syq(D, M) : 2% 2%
fulfills for all Y € X that DepToClo(D)(Y) = {z € X | D,y }.
Proof. For the first claim, we calculate for all 2 € X and Y € 2% that
zeC(Y)eIZe2X :MyzNChy < (MCT),y
and use the definition of CloToDep(C),,y. Since for all Y, Z € 2% we have

{reX|Dyyt=ZVeeX :Dyy oaxe€”Z
SVre X : D:z,Y — Mz,Z
< syq(D,M)y z (cf. Section [2))

the definition of DepToClo(D)y,z in combination with the common notation for
function application yields the second claim. O

In [I] Aumann mentions that his relations may also be used to investigate the
notion of a contact in sociology or political science. For this, it is frequently nec-
essary to replace M by a relation M : X « G with the interpretation “individual
x is a member of a group g of individuals” of M, 4. If syq(M,M) = |, then

(G, R) is an ordered set, where R := MT M . In this general setting the one-to-
one correspondence between closure operations and contacts is lost. It can only
be shown that there is an order embedding from the set of closure operations to
the set of these generalized contacts.

4 Conclusion

Closure systems and closure operations play an important role in both math-
ematics and computer science. Moreover, the literature contains many exam-
ples for concepts employed in practice which could be proven to be isomorphic
to special closure systems. In this work we have presented relation-algebraic
formulations of the connections between closure systems on the one hand and
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closure operations, full implication systems, join-congruences, and dependency
relations on the other hand. The resulting algebraic representations are very com-
pact and we have given proofs of the correctness of each formulation. In addition
we have demonstrated that the formulas can directly be used to compute the
transformation between concepts, e.g., transform a given finite dependency rela-
tion to the corresponding closure operation. Each of the definitions can also be
used to efficiently test given relations for conformance, e.g., to compute whether
a given relation is a dependency relation or not. We have used the computer
algebra system RELVIEW to compute both transformations and tests. As shown
by examples, the system can also be used to visualize the results either as graphs
or as Boolean matrices, whatever is more appropriate to the case.

A final word about scalability. We have taken care that the presented tests and
transformations fit well into the setting of relations implemented using ROBDDs.
As a consequence all of the resulting programs scale well and are also applica-
ble to big relations with ten thousands of elements. The only exception is the
enumeration of all possible closure systems on a given set provided with Theo-
rem As shown in [6] the number of such systems grows too rapidly to be
subject to an efficient complete enumeration.
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Abstract. We consider an autonomous system of ordinary differential
equations, which is solved with respect to derivatives. To study local
integrability of the system near a degenerate stationary point, we use
an approach based on Power Geometry method and on the computation
of the resonant normal form. For a planar 5-parametric example of such
system, we found the complete set of necessary and sufficient conditions
on parameters of the system for which the system is locally integrable
near a degenerate stationary point.

Keywords: ordinary differential equations, local integrability, resonant
normal form, power geometry, computer algebra.

1 Introduction

We consider an autonomous system of ordinary differential equations

dl‘i/dt(i:Cfi'i:(pi(X), i:17...,n7 (1)
where X = (z1,...,2,) € C" and ¢;(X) are polynomials.
In a neighborhood of the stationary point X = X0, the system () is locally
integrable if it has there sufficient number m of independent first integrals of the
form

aJ(X)/b](X)7 j:1,...7m,

where functions a;(X) and b;(X) are analytic in a neighborhood of the point
X = XY Otherwise we call the system () locally nonintegrable in this neigh-
borhood.

In [I], there was proposed a method of analysis of integrability of a system
based on power transformations and computation of normal forms near station-
ary solutions of transformed systems [2].

* The grant of the Russian Foundation for Basic Research 08-01-00082 and the grant of
the President of the Russian Federation for support of scientific schools 195.2008.2.
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In this paper we demonstrate how this approach can be applied to the study
of local integrability of the planar case (i.e., n = 2) of system (Il near the
stationary point X? = 0 of high degeneracy.

In the neighborhood of the stationary point X = 0, system (II) can be written
in the form

X =AX +d(X), (2)
where &(X) has no linear in X terms.
Let A1, Ao,..., A\, be eigenvalues of the matrix A. If at least one of them

Ai # 0, then the stationary point X = 0 is called an elementary stationary
point. In this case, system () has a normal form which is equivalent to a system
of lower order [3]. If all eigenvalues vanish, then the stationary point X = 0 is
called a nonelementary stationary point. In this case, there is no normal form for
the system (). But by using power transformations, a nonelementary stationary
point X = 0 can be blown up to a set of elementary stationary points. After
that, it is possible to compute the normal form and verify that the condition A
is satisfied [4] at each elementary stationary point.

If n = 2 then rationality of the ratio A; /A2 and the condition A (see the next
paragraph) are necessary and sufficient conditions for local integrability of a sys-
tem near an elementary stationary point. For local integrability of original sys-
tem (II) near a degenerate (nonelementary) stationary point, it is necessary and
sufficient to have local integrability near each of elementary stationary points,
which are produced by the blowing up process described above.

So we study the system

T1 =11 ZQbQ XQv (3)
Bo=1x2 Y Yo X9,

where Q = (q1,q2), X9 = 29" 2%*; ¢ and 1) are constant coefficients, which
can be polynomials in parameters of the system.

System (B]) has a quasi-homogeneous initial approximation if there exists an
integer vector R = (r1,72) > 0 and a number s such that the scalar product

(Q, R) o q1 71+ qa2r2 > s = const

for nonzero |¢g| + |1g| # 0, and between vectors @ with (@, R) = s there are
vectors of the form (g1, —1) and (—1, ¢2). In this case, system (@) takes the form

Ct‘l = CEl[(bs()() + ¢5+1(X) + ¢5+2(X) + .. ']7
5.52 = $2[¢5(X) + ¢s+l(X) + ¢s+2(X) + .. ']7

where ¢5(X) is the sum of terms ¢poX @ for which (Q, R) = k. And the same
holds for the 1 (X). Then the initial approximation of ([B)) is the quasi-homoge-
neous system

T1 = T1 Ps (X)a

. 4

x2:z2ws(X)' ( )
We study the problem: what are the conditions on parameters under which
system (3) is locally integrable. The local integrability of (@) is necessary for
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this. For an autonomous planar system m = 1 (on m see the introduction); so
there are two cases:

1. System () is Hamiltonian, i.e., it has the form
l‘lzaH(X)/a.I‘g, i‘gz—aH(X)/a$17

where H(X) is a quasi-homogeneous polynomial.
2. System (@) is non Hamiltonian, but it has the first integral F'(X):

OF (X)
6:51

F(X)

0
1 ¢s + 94

Z2 1/’5 = Oa

where F(X) is a quasi-homogeneous polynomial.

For the first case, with the additional assumption that the polynomial H(X) is
expandable into the product of only square free factors, the problem is solved
in [5]. Therefore, here we discuss only the second case. More precisely, we study
the system with R = (2,3) and s = 7.

At R = (2,3) and s = 7 the quasi-homogeneous system () has the form

i=ay+bx’y, §=ca?y®+da°, (5)
where a # 0 and d # 0.
Lemma 11. If system ([8) with b # 0 and ¢ # 0 has the first integral
I=ay*+ 323y +~25 p[#£0, (6)

then
(ad—bc)(3b+2¢)=0. (7)

Proof. A derivative of integral (@) with respect to system (B) has the form

OI/0z (ay® + bady) + 01 /9y (ca?y? + daP) =
=Bpa+4ac)z*y’ + (6va+38b+28c+4ad)z’y>+
+(67b+28d)z’y =0,

thus, coefficients at three monomials xPy? are equal to zero, i.e.

3fa+4ac=0, 6~4b+25d=0, (8)
6ya+38b+20c+4ad=0.

From the first two equations (8), we obtain

_ 3pa 6d
CT T4 7T T3y ©)

Substituting these values in the third equations (§]), cancelling the factor S,
multiplying (bc¢), and simplifying we obtain equality ().
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In accordance with Lemma [[T] system () has the first integral (@) in the two
cases:

1. 3b+2¢ =0, then in accordance with equalities (@) integral (@) has the form

B

3
I=(- ay4+2cw3y2+dx6)2c

2
and Hamiltonian function H = —I¢/(3 5);
2. ad—bc=0,if 3b+2c # 0, then the integral ¢y I is not a Hamiltonian func-
tion for any constant co; if 3b+ 2 ¢ = 0, then integral (I0) and Hamiltonian
are proportional to the square (c1y? + cox3)?, where c1, ca = const.
Multiplying = and y in system (Bl by the constants, we can reduce 2 from 4
parameters a, b, ¢, d. For example it is possible to take a = d = 1.

(10)

In [5], systems @B]), (Bl) were studied in the case 1 above. We study them in the
case 2.

2 About Normal Form and the Condition A

Let the linear transformation

X =BY (11)

bring the matrix A to the Jordan form J = B~*AB and (@) to

Y = JY +&(Y). (12)
Let the formal change of coordinates

Y=2+Z2(2), (13)
where = = (&1,...,&,) and §;(Z) are formal power series, transform (I2]) in the
system ]

Z=JZ4+V(Z). (14)

We write it in the form
z'j:zjgi(Z):szngZQ over Q€EN;,j=1,...,n, (15)
where Q = (q1,...,qn), Z9 = 2{" ... 24",
N, ={Q: Q€Z", Q+E; >0}, j=1,...,n,
E; means the unit vector. Denote
N=N;U...UN,. (16)

The diagonal A = (A1,...,A,) of J consists of eigenvalues of the matrix A.
System ([Id)), ([IT) is called the resonant normal form if:
a) J is the Jordan matrix,
b) in writing (&), there are only the resonant terms, for which the scalar

product

(@A) g d + o+ gura = 0. (17)
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Theorem 21 (Bruno [4]). There exists a formal change ({I3) reducing {I2) to
its normal form (I7)), (I3).

In [4] there are conditions on the normal form (I5]), which guarantee the conver-
gence of the normalizing transformation (I3]).

Condition A. In the normal form (I3)
g; = )\JOé(Z) + S\Jﬁ(Z)7 j=1,...,n,

where a(Z) and B(Z) are some power series.
Let

wr =min [(Q, A)| over Q €N, (Q,A)#0, > ¢ <2 k=1,2,...

Jj=1

Condition w (on small divisors). The series

Z 27 logwy > —o0,
k=1

i.e. it converges.
It is fulfilled for almost all vectors A.

Theorem 22 (Bruno [4]). If vector A satisfies Condition w and the normal
form (2.6) satisfies Condition A then the normalizing transformation (I3) con-
verges.

The algorithm of a calculation of the normal form, the normalizing transforma-
tion, and the corresponding computer program are briefly described in [7].

3 The Simplest Nontrivial Example

We consider the system

dw/dt = —y3 — bady + ag 2° + a1 22y?,
2,2 5 4 3 (18)

dy/dt = (1/b) 2°y* + 2° + bg z*y + b1 x y°,

with arbitrary complex parameters a;, b; and b # 0.

Systems with a nilpotent matrix of the linear part are thoroughly studied by
Lyapunov et. al. In our example, there is no linear part, and the first approxi-
mation is not homogeneous but quasi homogeneous. This is the simplest case of
a planar system without linear part with Newton’s open polygon consisting of a
single edge. In our case, the system corresponds to the quasi homogeneous first
approximation with R = (2,3), s = 7. In general case, such problems have not
been studied, and the authors do not know of any applications of the system

@s).
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After the power transformation
r=uv?, y=uv (19)

and time rescaling
dt = u?v"dr,

we obtain system (8] in the form

du/dr = —=3u—[3b+ (2/b)]u® — 2u> + (3a1 — 2b1)uv + (3ag — 2 b)u’v,
dv/dr = v+ [b+ (1/b)]Juv+ u?v + (by — a1)uv? + (b — ag)uv?.
(20)
Under the power transformation (I9), the point x = y = 0 blows up into two
straight lines 4 = 0 and v = 0. Along the line u = 0, system (20) has a single
stationary point © = v = 0. Along the second line v = 0 this system has three
elementary stationary points

1 3
u=0, U=-—,, u=-—. (21)

Lemma 31. Near the point u=v = 0, the system (20) is locally integrable.

Proof. In accordance with Chapter 2 of the book [3], the support of the system
@0)) cousists of the five points Q = (q1, q2)

(0,0), (1,0), (2,0), (1,1), (2,1). (22)

At the point © = v = 0, the eigenvalues of system (20) are A = (A1, A2) = (=3, 1).
Only for the first point from ([22)) @ = 0, the scalar product (Q, A) is zero, for
the remaining four points (22)) it is negative, so these four points lie on the same
side of the straight line (@, A) = 0. In accordance with the remark at the end
of Subsection 2.1 of Chapter 2 of the book [3], in such case the normal form
consists only of the terms of a right-hand side of system (20) such that their
support @ lies on the straight line (@, A) = 0. But only linear terms of system
[20)) satisty this condition. Therefore, at the point = v = 0 the normal form of
the system is linear
le/dT:—?)Zl7 ng/dT:ZQ.

It is obvious that this normal form satisfies the condition A. So the normalizing
transformation converges, and at the point u = v = 0 the system (20)) has the
analytic first integral

21 zg = const.

The proof of local integrability at the point u = co,v = 0 is similar.

Thus, we must find conditions of local integrability at two other stationary
points (2I)). We will have the conditions of local integrability of system (I8]) near
the point X = 0.

Let us consider the stationary point u = —1/b,v = 0. Below we restrict
ourselves to the case b # 2/3 when a linear part of the system (20), after the
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shift u = @ — 1/b, has non-vanishing eigenvalues. At b? = 2/3 the shifted system
in new variables 4 and v has a Jordan cell with both zero eigenvalues as the
linear part. This case can be studied by using one more power transformation.
To simplify eigenvalues, we change the time at this point once more with the
factor dr = (2 — 3b2)/b* dr. After that we obtain the vector of eigenvalues of
system (20)) at this point as (A1, A2) = (—1,0). So the normal form of the system
will become
le/dTl = —21 —+ Z1 91(22),

23
ng/dTl = 2292(22)7 ( )

where g1,2(z) are formal power series in z. Coefficients of these series are rational
functions of the parameters of the system ag, a1, bg, b1 and b. It can be proved that
denominator of each of these rational functions is proportional to some integer
degree k(n) of the polynomial (2 — 3b?). Their numerators are polynomials in
parameters of the system

= p172;n(b,a0,a1,b0,b1) n

91,2(‘77) = (2 _ 3b2)k(n)

n=1

The condition A of integrability for equation 23)) is go(x) = 0. It is equivalent
to the infinite polynomial system of equations

p2,n(b7a/07a/17b07b1) :Oa n= 1327"" (24‘)

According to the Hilbert’s theorem on bases in polynomial ideals [6], this system
has a finite basis.

We computed the first three polynomials ps 1,p2,2, p2,3 by our program [7].
There are 2 solutions of a corresponding subset of equations ([24)) at b # 0

apg = O, ap = 7b0 b, b1 = O, b2 }é 2/3 (25)

and
ap=arb, byp=bib, b>+#2/3. (26)

Addition of the fourth equation ps4 = 0 to the subset of equations does not
change these solutions.

The calculation of polynomials ps (b, ag, a1, bo, b1) in generic case is techni-
cally a very difficult problem. But we can verify some of these equations from
the set (24)) on solutions (25) and (2] for several fixed values of the parameter
b. We verified solutions of subset of equations

pg,n(b, apg = alb, ai, bo = blb, bl) = 07 n = 172, . .,28.

at b =1 and b = 2. All equations are satisfied, so we can assume that [25) and
([26) satisfy the condition A at the stationary point u = —1/b,v = 0.

Let us consider the stationary point u = —3b/2,v = 0. We rescale time at
this point with the factor dr = (2 — 3b%) drmy. After that we get the vector of
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eigenvalues of the system (20)) at this point as (—1/4,3/2). So the normal form
has a resonance of the seventh order

le/dTQ = —(1/4) 21+ 21 rl(zf 22)7

dza/dry = (3/2) 29 + 29 m2(29 22), (27)

where 71 2(x) are also formal power series, and in (27) they depend on single
“resonant” variable 2$z;. Coefficients of these series are rational functions of
system parameters ag, ay,bg,b; and b again. The denominator of each of these
functions is proportional to some integer degree I(n) of the polynomial (2—3 b2).
Their numerators are polynomials in parameters of the system

> 1,2;n b7 a07a17b07b1

7’1,2(17)221(1 (2(3b2)l(n) ) ",
o

The condition A for the equation [27)) is 671 (z) + r2(x) = 0. It is equivalent to
the infinite polynomial system of equations

6q1,n(b7a07alab07b1)+q2,n(b7a07alab07b1) :07 n = 77 143 (28)

We computed polynomials g7, g2,7 and solved the lowest equation from the set
([28) for the parameters of solution (26]). We have found 5 different two-parameter
(b and ay) solutions. With the (26) they are

1) bl = 72 ai, apg = alb, bo = blb, b2 35 2/3,
2) b1 = (3/2) ai, apg = alb, bo = blb, b2 35 2/3, (29)
3) b1 = (8/3) ai, apg = alb, bo = blb, b2 35 2/3

and
4) by = YTV ag=aih, by =Dbib, b #2/3,
5) b1 = 197+274‘/745a1, apg = alb, bo = blb b2 }é 2/3

We verified (28] up to n = 49 for solutions ([29) for b = 1 and b = 2 and arbitrary
ay. They are correct. We verified solution (23]) in the same way. It is also correct.

Solutions [B0) starting from the order n = 14 are correct only for the addi-
tional condition a; = 0. But for this condition, solutions (B0) are a special case
of solutions (29)). So in accordance with the main supposition we can formulate
the

Corollary 1. Ifb? # 2/3, equalities (23) and (Z9) form a complete set of neces-
sary and sufficient conditions of local integrability of system (20) at all stationary
points on the manifold v =0 and thus at the corresponding values of parameters
(23) and (23), then system ([I8) is locally integrable near the degenerate point
rz=y=0.

(30)

Of course we should prove corollary () by methods independent of the “exper-
imental mathematics”. At the moment, we can do it strictly analytically for all
cases above at all stationary points except of the cases [29]) 2) and 3) at station-
ary points u = —3b/2,v = 0. Le., now we have not proved yet local integrability
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by other strong methods only for cases ag = a1 b, by =b1 b, by =3a1/2 and
ap = arb, by =0bb, b = 8ay1/3 at stationary point u = —3b/2,v = 0. All
other cases have been proved. But we strongly believe that we can finish proving
for these two cases also.

4 Remark

It is interesting that for parameters of solution 2) from (29]), the normal form
at both stationary points is linear at least up to 49th order, i.e. g1, = g2,n =
Tipm =ron =0, n=12...,49 at b =1 and b = 2. Thus, for these values
of parameters, the normalizing transformation splits the system into two inde-
pendent equations. It seems that this is the simplest variant of equations (20I).
In the coordinates u, v the equation for the derivative of u does not depend on
the variable v. The solver ”DSolve” of the MATHEMATICA system gives for
parameters values 2) from (29) a solution with two arbitrary constants in a finite
form.

5 Conclusion

We found the complete set of necessary and sufficient conditions on parameters
of system ([I8]) for which this system is locally integrable near the degenerate
stationary point 2 = y = 0. We exclude from the analysis the point b? = 2/3.
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Abstract. The necessary conditions and some sufficient conditions rep-
resented in terms of matrix elements have been obtained for the property
of D-stability of the fifth-order matrices.

1 Introduction

The concept of D-stability of matrices has appeared rather long ago, for the first
time in publications on mathematical economics [I]. It has later been applied in
mathematical ecology [2]. The problem is reduced to verification of positiveness
for the real polynomial of n variables everywhere in the positive orthant. Only
some necessary and some sufficient conditions are known for the n x n—matrices
of general form ([3], [4], [5], etc.). In the general case, the condition of D-stability
can hardly be verified within a finite number of steps (constructively — according
to the definition given in [6]) with the use of algorithms of elimination of variables
from polynomial problems because the complexity of algorithms employed for
elimination of variables in polynomial optimization problems does not allow one
to apply them to rather complex polynomials having large numbers and high
powers of the variables [7]. So, the problem of constructing analytically verifiable
conditions in terms of matrix elements is important. Necessary and sufficient
conditions of D-stability for the 2nd- and 3rd-order matrices have been known for
along time ([5], [8]). In [6], one can find a general approach to solving the problem
for the case of 4th-order matrices on the basis of applying the Routh—-Hurwitz
criterion. An algorithm of polynomial programming is used for the purpose of
numerical verification of sufficient conditions and necessary conditions of D-
stability for arbitrary 4 x 4—matrices. This algorithm has been implemented in
the form of the software applied to several particular cases when the matrix has
not less than two zeros on the main diagonal. The analytical conditions for the
4th-order matrices are discussed in [9].

1.1 Some Definitions

Let M, (R) be a set of quadratic n x n—matrices over the domain R of real
numbers; o(A) be the spectrum of matrix A € M, (R); D,, C M,,(R) be a class
of diagonal matrices with positive elements on the main diagonal.

Definition 1. Matriz A is called stable if Re(\) < 0 for any A € o(A).

V.P. Gerdt, E.ZW. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 54-65] 2009.
(© Springer-Verlag Berlin Heidelberg 2009
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Matrix A is stable if and only if the Routh-Hurwitz conditions hold for the
characteristic polynomial

detON —A) = X"+ a1\ P 4. Fan 1A+ an, (1)

where [ is the identity matrix;

a; = (71)3. Z Ajil ,,,,, in,j;

1<i1<...<in—j<n

_, are main minors having the order j; furthermore, a; = —TrA, a, =
(=1)™detA. From now on, the first index in designations of the main minors
denotes the minor’s order, the numbers of deleted rows and columns of matrix A
are indicated in the sub-indices in the order of growth; the main diagonal minors
of order k are denoted by Agg.

Definition 2. Matrizx A € M, (R) is called D-stable if Re(\) < 0 for all X €
o(DA) for any D € D,, .

Definition 3. Matriz B € M, (R) belongs to the class Py if all the main minors
of matriz B are non-negative, and for each k < n there exists a strongly positive
minor of matriz B, which has order k [3].

Let X € M, (R). Let us now define the set (—X) = {—x | x € X}. If matrix A of
any order is D-stable then A € (—Fp) [10]. This condition, which is both neces-
sary and sufficient for the positiveness of all the coeflicients of the characteristic
polynomial of matrix DA for any d; > 0, requires that (i) all the main odd-order
minors be non-positive (at least one minor for each odd order be strongly neg-
ative); (i) all the main even-order minors be non-negative (at least one minor
for each even order be strongly positive). Condition A € (—F) for the second
order matrices is the necessary and sufficient condition of D-stability [10]. The

a1,1 0a1,2 az;3
following theorem is known for the 3-rd order matrices A = | a2, a1,2 a3

a3,1 a32 433

Theorem 1. [8]. Matriz A € M3(R) is D-stable if and only if the following
2
conditions hold: A € (—Py); (\/—A23a373+\/—a2,2A22+\/—a1,1A21) > —Ass,

furthermore, the equality is reached only when at least one factor under the
radical vanishes, and the other is nonzero.

The system of necessary inequations A € (—Fp) for the matrix A € My(R) is
complemented by the following conditions [9]

Agg >0,

0< af A < — (/A Any + v/~ Apy oy /= Aoy By ) s,

0 < a3plus < —(y/~As A,y + /~ A3, Ana + \/7A21,3A33)2a272, (2)
=
=

0< a§,3A44 \/7‘432"421,4 + \/7A31A22,4 + \/7A21,2A33)2a3,35

<
0 S a£74A44 S \/7A33A21,2 + \/7A32A21,3 + \/714311422’3)2(1414;
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(VV/—Az2 ,a22 + \/— Az, ;a33 + \/—A21,4a4,4)27

(VV/—A2 011+ \/— Az, 033+ \/—A22,4a4,4)27

(\/A21 J(—a11) + \/A22,3 (—agz2) + \/A22(7a414))2,
(A2, . (—a1,1) + / Az, . (—az2) + \/422(—(13,3))2;

|
b
&

(3)
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Furthermore, the simultaneous equality on the left in each of the groups of
conditions ([2)) and (3] is not permitted. Some sufficient conditions of D-stability
for the 4 x 4 matrices have been obtained in [9].

2 The 5th-Order Matrix

For the purpose of investigation of D-stability conditions for the 5th-order matrix

ai,1 a1,2 1,3 A1,4 A1,5
a2 G232 G23 G2.4 G25
A= | a31a32a33a340a35 4)
(41 Q42 A43 Q44 Q45
as1 as2 @53 454 a55

let us write down the characteristic equation of matrix DA € M5(R) :

A5 + )\3 (A23,4,5d1d2 + A22,4,5d1d3 =+ A21,4,5d2d3 + A22,3,5d1d4 —+ A21,3,5d2d4
+As, 5 dsds + Az, dids + Ag, ,  dods + A, 4 dsds + As, , ,dads)

+)\2( — A3415d1d2d3 — A3315d1d2d4 — A3215d1d3d4 — A3115d2d3d4 — A3314d1d2d5
—As, ,didsds — A, dadsds — As, ;didads — As, dadsds — As, ,dsdads)
+A(Ag didadsdy + Ay didadsds + Asydidadads + As,didsdads + Ag, dodsdads)
—didadsdyds As + A\ (—drar 1 — deas s — dsags — dyas s — dsas5) = 0.

()

In accordance with Definition [2] matrix (@) possesses the property of D-stability
if for any D € Ds the Routh-Hurwitz conditions for the characteristic poly-
nomial (B are satisfied. In the variant under scrutiny it is necessary to find
out the fact of positiveness of polynomial (B) coefficients and positiveness of
Hurwitz 2nd- and 4th-order determinants. Satisfaction of the requirement that
A € (—Py) provides for positiveness of the coefficients in the characteristic poly-
nomial for any d; > 0. The Hurwitz determinants represent polynomials of five d;.
To the end of obtaining conditions of positiveness of these polynomials let us use
the principal idea of the method of quasi-homogeneous polynomial forms [7]: in
the scrutinized polynomial we group simpler polynomials representing sums of
some part of its terms, whose non-negativity forms the necessary conditions of
positiveness of the initial polynomial. The necessary conditions of positiveness
of the polynomials in the positive orthant are represented by the requirements of
non-negativity of the polynomial’s coefficients with the highest and zero powers
of the variable.
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2.1 The Second-Order Hurwitz Determinant

The second-order Hurwitz determinant I, = ajas — agas may be written in the
following form:

=Y d?(Ag,,, . dj)(—aii) + didjdi (As,, , — Az, . aii— As,, , a;; (6)
o, apk), ihjEREmAN, i+jthtmAn =15 i,k mn =15

(from now on the indices are placed in the order of increase). The form ()
has a total power for all d;, i.e. the degree of the polynomial, which is 3, and
with respect to each d; — not more than 2. As obvious from the form (@), the
coefficients with second powers of any variable are non-negative (the coefficient
is positive at least with respect to one of the variables) when matrix () is such
that A € (—P,). When the following conditions

(Agm,n - AQi,m,naiqi - A2m,j,naj7j - AQWL,n,kakvk) Z 0’ (7)
i1£jFk#EFm%£n, i+j+k+m+n=15; 14,5, k, m,n=1,5,
are satisfied in addition, polynomial I (@) is positive for any d; > 0. As we
intend to demonstrate below, conditions (7)) are far from necessary ones.

Introduce the following denotations:

{Bra = As,, + (\/—A2,,,5033 + /— A2, , 040+ \/— A2125a55)27

Prs = Az, + (\/—A2 24022 + \/— A2, 4 ;040 + \/— A2, , 1055)
Pra= Az, + (\/—A2 54022 + \/— A2, 5,033+ \/— Az, , 1a55)
Bis = Az, 5 + (\/—Aglymag,g + \/—A21,3,5a3,3 + \/—A21,4,5a4 4)

Bog = Asyy 4 (/= A2, 22011 + \/— A2y, s0a4+ \/— A2y, 5055)

Boa = Asy, + (/= A2, 54011 + \/— Ay, 033+ \/— A2y, 1055)
g ( )
B ( )
( )

)?

)

)

2
2
2
2
2

(8)

o5 = Az, o + (\/—A2, 250110 +\/— A2, 5,033+ \/— Az, , 044 2
34 = Az, + (\/—A2, 5,010 +\/—Asy, 000 + \/—As,, 055 2
B35 = Asy s + (/= A2, 55011 + /= A2y, 022 + \/—Asy 4 044 2,
Bas = Az, ; + (\/*A21,4,5a1,1 + \/*A22,4,5a2,2 + \/71423,4,5‘13 3 }
Now execute necessary transformations and reduce I (@) to the form
Iy=1/3 <§j jdrdmdy (2(As,, — As, , arp — Az, Gmm — Az, Gnn)

2
+Bi3) + 2idi <Ej,k (dj vV Asy a5 — di \/*A%-,m,nak,k) )) ;
(i #i#k; i,j,k=1,5).

In the form (@), for the purpose of positiveness of the expression it is sufficient
to require satisfaction of the inequalities:

<2<A3” >rA2, .k >+5”> 0, (i#i#k; i,5,k=1,5). (10)

Sufficient conditions (0] are softer than conditions (), if in &) G8;; >0 .

9)
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2.2 The Fourth-Order Hurwitz Determinant
The fourth-order Hurwitz determinant for the 5th-order matrix DA
Iy = arasazay — aoa§a4 — afai - alagag, + agasasas + 2apa1a4a5 — agag

represents a homogeneous polynomial of five variables d; having the total degree
of 10, with respect to each of the variables d; the power is not higher than 4.
The polynomial contains 291 addends:

_ i1 i2 713 ji4 Jis Jk JJm Jin s
Fi= 37 (b1, 21,000,501 5 AP A + By, i i),

k<m<n<s; k,m,n,s =1,5; 11 +i2+i3+ia+1i5 = 10, ji+jm+Jjn+Jjs = 10,
where denotations for polynomial coefficients introduced are such that numbers
d; are indicated in the indices, while the powers of respective d; are given in the
sub-indices. The values of these coefficients are given in the Appendix, but since
expressions are bulky, the coefficients have been decomposed into groups, and in
each of the groups are written only some of the coefficients. Group (A]) includes
the coeflicients, which contain 4 indices, the sub-indices are all unequal and
assume the values from the set 1,2,3,4; each coefficient is equal to the product
of the main minors of orders 1,2,3,4; the list (A) contains 120 elements. If
conditions () are satisfied then coefficients of group ([(A2]) are non-negative.

Noteworthy, coefficients of group (A.I]) are non-negative due to the require-
ment that A € (—Fp). This allows one to execute some transpositions and trans-
form the polynomial to the form

Iy = fo+ di(d3 fr2 + d3 fi3 + di fra + f15d2 + f1) + d3(d3 for + d3 fas
+d3 foa + fosdd + f2) + di(d3 f31 + d3sfa2 + difaa + fasdd + f3) + di(d? fan
+d3 faz + d3 fas + fasdd + f1) + d2(d3 fo1 + d3 fs2 + d3 fs3 + foadi + f5),

(11)

where fy does not contain d; of the 4th power; f; (j = 1,5) does not contain d;,
and all the rest of di enter the polynomial, while having the power not higher
than 2:

fo= Z bisjskzmz dg’d?d%d?n + E bisjsksmld?d?dzdm + E bisjskzmlnl df)d?d%dmdn
+ E bi3j2k2m2n1d?d§did72ndn + b1222324252 d%d%d%didg,
(i;éj *k#+m+#n; i,5,k,mn= 1,5).
(12)
f1 = b1,2,3,4,d3d3d3 + b1,2,3,4,5,d5d3dads + b1,2,3, 4,5, d5dzdids
+01,2,3,4,5, d2d3d3ds 4 b1,2,3,5,d5d5d3 + b1,9,3,4,5,d5d3dad?

+01,2,3,4,5,d2d3dad3 + 1,2,4,5,d5d5d3
+01,2,3, 4,5, d2d3d3d3 4 b1,3,4,5,d3d1d5;

(13)

2 2
{frz=1d4 (d3\/514233241 *ds\/b14234152) +d3 (d4\/b14233142 *dsx/b14233152)

2
+ds (d3 Vb1425325, — da \/b14234251) + po1dzdyds;
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2 2
f13 = d4 <d2 \/b14223341 - d5 \/b14334152) + d2 <d4 \/b14213342 - d5 \/b14213352)

2
+ds <d2 \/b14223351 —dy \/b14334251) + p31dadyds;
2 2
f14 = d3 (\/b14223143d2 - \/b14314352d5) + d2 (\/b14213243d3 - \/b14214352d5)

2
+ds (\/b14224351d2 - \/b14324351d3> + pa1dadsds;
2 2
fis =d3 (\/b14223153d2 - \/b14314253d4> + do (\/b14213253d3 - \/b14214253d4>
2
+d4(\/b14224153d2 - \/b14324153d3> + ps1dadsdy .
(14)

Other values of f; and f;r may be obtained from (I3)-(I4) by the correspond-
ing transposition of indices and sub-indices. The values of p;; are given in the

Appendix (A.3).

In the general case, it is possible to equate to zero all the three brackets
simultaneously in each of the coefficients f;; with d} by choosing d; > 0. So, the
requirements of p;; > 0 are necessary for the positiveness of I'; for any d; > 0.
There are 20 such conditions:

pij = (= Az, ., a5,5) 055 > 0,

but these are reduced to ten inequalities of the form:

{512 = (\/—As, A3, , + /—As, Az, + \/—As, As,, 5)2 + As,, , A5 >0,
(V—As Az, + /—As Az, s + /A4, Az, ) + Agy , s A5 > 0,
VA Az, A\~ A Az, \/—Asy As,
V—As Az, + [~ As Az, + [~ As, As,
VA Az, AL Az /AL A, )T Ag, A5 >0,

)*
( )
( )
( )
(V—AsAsy y + /= Asy As, , + \/—Ag, Az, ) + Ao, A5 >0,
( )
( )
( )
( )

2

+ A22,3’5A5 Z Oa
2

+ Az, ., A5 >0,
2

(15)

VA sy~ Aag Ag, o+~ Ag Az, ) F Aoy A5 >0,
VA4 Az, \/— A A, o+ /—Ag A,
VA Az, + /A Az, [~ Ag A,
VA, As, , +\/—As,As, , + /A4, As,

2

+ A21,2’5A5 Z Oa
2

+ Az, ,,45 >0,
=+ A21,2,3A5 > 0}

035

2
045 =

If one considers I'y [II)) as a polynomial with respect to any d;, whose coefficients
represent the polynomials with respect to the rest of the variables d;, (i # j =
1,5), then it is necessary also to provide for the non-negativity of the coefficients
with the zero power of d; in the coefficient with d} and in the addend, which
does not contain variable d;. So, in the capacity of the necessary conditions of
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positiveness of Iy in the positive orthant, we obtain additional two groups of
inequalities, which — in terms of the main minors — write:

Yij = (/=43 42, ., + /A3, A2, .+ \/*A3m,iA2k,n,i)2 + Ag;a4; >0,

(’L#j #Fk#m#n; i,j,k,m,n= 1,5).
(17)
The list (I7) contains 20 elements. When comparing inequalities (8], (I') and
the necessary conditions ([2),B) known for 3rd- and 4th-order matrices [8], [9]
note that these coincide with the accuracy up to the boundary. The following
theorem represents the result of our above reasoning.

Theorem 2. If matriz A € Ms(R) is D-stable then A € (—Fy), and the follow-
ing conditions hold:

(\/7A3n,iA2k,7n,i + \/7A3k,iA2m,n,i + \/7A3m,iA2k,n,i)2 + A4ia’j1j >0,
(V/—As A3, + /A4 A3, + \/—A4kz43i,j)2 + As, ;A5 >0,

(Z\/*AQkYi,jak,k)Q +1437;,]‘ > Oa (Z #] # k#m#n7l7]a kvmvn: 155)

2.3 On the Sufficient Conditions of D-Stability

As noted above, when conditions A € (—FP) and (@) or (I0) hold, the 2-order
Hurwitz determinant is positive for any matrix D € Ds. Let conditions () be
satisfied, then the necessary conditions (I6) hold, and the coefficients in the

group ([A2]) are non-negative.
Let the following conditions for the coefficients of the group (A8]) be satisfied:

bigjokams > 0 (i # j # k # m; 4,5,k,m = 1,5). Hence necessary conditions
(@) hold. In this case it is possible to transform coefficient f; from () to the
following form:

i = 1/3(djndman (3 4 (Bisiaramins + 23 Disisbams /Dissshans ) sl )
+(Vbiaskams i + /b1 dyclycn —
isiamans djdmdn — \/bi4k2m2n2dkdmdn)2
+(\/bi4j2k2m2djdkdm — /D14jokanadjdidn+ (18)
Vbissamansdidimdn — \/Diskmans dkdmdn>2
+(Vbiaskams didacdm = /Brgaans dsclydn —

2
\/bi4j2m2n2djdmdn + \/bi4k2m2n2dkdmdn> )
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It follows from the representation (I8)) that to provide for the positiveness of
coefficients with d} in () it is sufficient that the following inequalities (30
inequalities for (AF) be satisfied:

<3bi4j2k2m1n1 + 2\/bi4j2k2m2 \/bi4j2k2”2) >0,
(i#j#k#m#n; i,j,k,m,n=15).

Now, to grant the positiveness of I'y ([[I) in the positive orthant it is sufficient
to have the positive addend fy (I2)).

If the coefficients (A.2) b, jsksm, > 0, then the expression Y b, ju kym, di d3did2, +
> bigjsksmy d; d3djydy, from ([[2) may be transformed to the form:

1/3 5 ((didsducdn ((/bisgubamsdi — \/biljgksmsdj)ngdgl) + (3 bigabams +

2\/bis s ks ¢bi1j3k3m3)d§d§d§dg)), (i#£j#k#m#n; i,jkmmn=15)

(19)
It follows from (I9) that in order to have non-negativity of this form, it is suffi-
cient to require that

(3 bizjzksms + 2\/bi3j1k3m3 \/biljsksms) >0,
Here we have 30 inequalities for the coefficients (A4).
Let the coefficients (A9) biyjikymon, > 0, then Y- biyjykomon, di d5did2,dn +
b1,253,4,5, A3 d3d3d3d? from ([[2)) may be written down in the form:

(20)

2
d1d2d3d4d5 E (\/bi3j1k2m2n2di - \/bi1j3k2m2n2dj) dkdmdn + (b1222324252

+2 Z \/bi3j1 kamang \/bi1j3k2m2nz)d%d%d§didgv

(z;éj #*k#*m#£n;ijk,mn= 1,5),
(21)
and in order to grant (ZI)) non-negativity it is sufficient that the following in-
equalities be satisfied:

(b1222324252 +2 Z \/bi3j1 kamona \/bi1j3k2m2n2) >0, (22)
(i #4#k#m#nii,jk,mn=1,5).

When the coefficients (A6) bi,j,kymyn, > 0, conditions ([20), ([22)) are satisfied,
fo >0 for all D € Ds. Consequently, the following theorem is valid.

Theorem 3. Matriz A € M5(R) is D-stable when the following conditions are
satisﬁed: A S (7P0), 5ij Z 0, (3 bi4j2k2m1ﬂ1 + 2\/bi4j2k2m2 \/bi4j2k2n2) Z 0,
(3bi2j2k3m3 + 2\/bi3j1k3m3\/bi1j3k3m3) > 0, bi4j2k2m2 > 0, bi3j1k2m2n2 > 0,

bi3j3k3m1 >0, <b1222324252 + 22 \/bi3j1k2m2n2 \/bi1j3k2m2n2) >0,
bigjakaminy = 0, (i # j #k #m#n; i, j, k,m, n=1,5).
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Note, if the coefficients (A7) bi,j, k1mins > 0 then the conditions (I5)) be satisfied.
The case, when all the inequalities turn into equalities simultaneously in the
conditions of Theorem 3, requires additional investigations.
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Appendix

{b14314253 = A42A32,3A22,3,4a1,1v b14214253 = A43A32,3A22,3,4a1,1a
b2,3,14555 = Aa; A3, 5 A2, 54022, D1,2,405, = Aay Az, 5 A2, 5,022,
b2,314555 = A4, A3, 5 A2, 5 4033, D1,3,405, = Aa, Az, , A2, 5,033, (A1)
b13314452 = A42A32,3A22,3,5a4747 b13214452 = A43A32,3A22,3,5a4,4v '
b21324354 = A41A31,2A21,2,3a5,57 b11324354 = A42A31,2A21,2,3a5,5v

.... The list contains 120 elements}.

{b13233351 = A44A34,5( - A34,5 + A21,4,5a171 + A22,4,5a272 + A23,4,5a373)7

b13213343 = A45A32,5( - A32,5 + A21,2,5a171 + A22,3,5a3,3 + A22,4,5a4,4)ﬂ
b11234353 = A43A31,3( - A31,3 + A21,2,3a272 + A21,3,4a4,4 + A21,3,5a5,5)ﬂ
b23314353 = A41 A31,3 ( - A31,3 + A21,2,3a272 + A21,3,4a’4,4 + A21,3,5a’5,5)’
b11334353 = A42A31,2 ( - A31,2 + A21,2,3a373 + A21,2,4a’4,4 + A21,2,5a’5,5)v

.... The list contains 20 elements};

(A.2)
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{M12 = b1,2,3,4:5, + 2\/1)13243251 \/b13244251 + 2\/1)13243142 \/513243152
+21/b152:304, /0152441505 113 = D152,3,4,5, + 21/b152,3,5, v/D1534455,
+2/b142,8045 /015213455 + 2v/D15223041 /0133441550 114 = b142,3,4,5,
+21/b1325445, /13354451 + 24/D15213240 /015214455 + 21/015253144 v/ D15314452»
P15 = b132,3,4,5, + 2\/b13224154 \/b133z4154 + 2\/b13213254 \/Z’13214254
—l—2\/b13223154 \/1)133142547 ....The list contains 20 elements}.

(A.3)
{512233342 = A45( — 21431,5/134,5 + A31,5A21,4,5a1,1 + A34,5A21,4,5a4,4
tag2(As, A2, 5 + Az, Aoy, + As, A, ) Fa33(As, Az, 4,
+As; Az, 45+ A3, A2y, 5 — 21445112,2)), b13243.5, = A44( —2A3, A3, 5
+ A3, ,A; 45033 + Az, Az, 5055 +a1,1(As, Aoy, + Azy A2y L,
+ A3, Aoy ) Faza(As, Az, + Asy Aoy, + Ay Asy s — 2A44a111)),
b1,25405, = Ay (— 243, , A3, , + Az, Azy  s0as + Asy Aoy, L0555
ta1,1(Asz, Az, 4 + Asy Aoy 5y + A, Ag, ) T a22(As, Az,
+ A3, Asy gy + Asy s Any s — 2A4,0111)), b1y3ya5, = Aay (— 243, , As,
+ A3z, Asy a4+ Asy Ao, sas55 +a11(As, jAsy,, + Az, Ao,

+A31,2A22,4,5) + a373(A32,5A22,3,4 + A32,4A22,3,5 + A32,3A22,4,5 - 21442(11)1)),
.... The list contains 30 elements};

(A4)

{b1421314252 = al,l(A45A32,3A22,3,4 + A43A32,5A22,3,4 + A42A33,5A22,3,4
+ A44A32,3A22,3,5 + A43A32,4A22,3,5 + A42 A33,4A22,3,5 + A43A32,3A22,4,5
+ A42A32,3A23,4,5 - 2A22,3,4A22,3,5A5 - 2A42A43a’1,1)a b1224314152 =

az,2 (A45A33,4A21,3,4 + A44A33,5A21,3,4 + A43A34,5A21,3,4 + A44A33,4A21,3,5
+ A43 A33,4A21,4,5 + A44 A31,3A23,4,5 + A43 A31,4A23,4,5 + A41 A33,4A23,4,5
- 2A21,3,4A23,4,5A5 - 2A43A44a272)7 b1122344152 = as;s (A45A31,4A21,2,4

+ A44A31,5A21,2,4 + A41 A34,5A21,2,4 + A44A31,4A21,2,5 + A44A31,2A21,4,5
+ A42A31,4A21,4,5 + A41A32,4A21,4,5 + A41 A31,4A22,4,5 - 2A21,2,4A21,4,5A5
- 2“441 A44a3,3), b1221314452 = a4,4(A45A32,3A21,2,3 + A43A32,5A21,2,3

+ A42 A33,5A21,2,3 + A43A32,3A21,2,5 + A42 A32,3A21,3,5 + A43A31,2A22,3,5
+ A42A31,3A22,3,5 + A41 A32,3A22,3,5 - 2A21,2,3A22,3,5A5 - 2A42A43a474)7
....The list contains 30 elements};

(A.5)
{b1,2,35455, = Az, (AszAs, , + Asy Az, o + Ay Az, — Az, As)as s
+Ag, 4o (AssAs, , + Ag, Az, o + Ay As,, — Az, As)ass — 444, Ay a3, 3044
— (A4, A3, + Ay Asy s + Ay Az, — Az, As) (As, ; — Az, 502
*A21,3,5a3,3 - A21,4,5a4,4) - A41A31,5 (A32,5 - A21,2,5a1,1 - A22,3,5a3,3

7A22,4,5a474) - A45A31,5 (A31,2 - A21,2,3a’3,3 - A21,2,4a’414 - A21,2,5a’5,5)a
.... The list contains 30 elements};

(A.6)
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{b1421314153 = A22,3,4a171(A44A32,3 + A43A32,4 + A42A33,4 - A22,3,4A5)a
b1124314153 = A21,3,4a272(A44A31,3 + A43A31,4 + A41A33,4 - A21,3,4A5)a
b1,2,3,04155 = A2, 5,033(A4, A3, , + Asy Az, + Ay Az, — Az, As), (A7)
b1121314453 = A21,2,3a474(A43A31,2 + A42A31,3 + A41 A32,3 - A21,2,3A5)ﬂ )
b1,2:3,4150 = A2y 5.055(A4, A3, 5 + Asy Ay, + Ay Az, — Ay, As),

.... The list contains 20 elements};

{b14324252 = A42a171 (A32,5A22,3,4 + A32,4A22,3,5 + A32,3A22,4,5 - A42a1,1)ﬂ
b24324252 = A41 az,2 (A31,5A21,3,4 + A31,4A21,3,5 + A31,3A21,4,5 - A41 ag)g),
b12223452 = A44a373 (A34,5A21,2,4 + A32,4A21,4,5 + A31,4A22,4,5 - A44a’3,3 3
b12223244 = A45a474 (A33,5A21,2,5 + A32,5A21,3,5 + A31,5A22,3,5 - A45a’4,4 5
b12224254 = A43a575 (A33,4A21,2,3 + A32,3A21,3,4 + A31,3A22,3,4 - A43a5,5 ’
....The list contains 20 elements};

A8
{b132,31405, = — Az, (Aa,Asyy + AsyAs,, + Agy Az, — Az, As) )
—As, , (AsgAs, , + Agy Az, + Agy Asy , — Agy y As) — As,, (Ags As,
+ Ay Asyy + Agy Az, s — Az, 5 As) + (Azy 5 (Agy Az, + Ay Asy , + Ay As,
—Aa ,, A5) + Az, s s (A44A31,3 + Ay Az, 4+ Ay Az, — A21y314A5)
+ Ao, (Aug A,y + Agy Ay + Agy Ay — Az, o  As) + Az, 5 (As, As,
+ Ay, Agy , + AgyAsyy — Agy oy As) + Aoy, (Asy Asy o + Agy As,  + Agy As,
—Ao, 45 As) + Aoy, (AsgAsy, + Au, Az, + Agy Ag,, — Agy s As))ar 1+
(Agyy s (A Az, + Ay Az, + Asy Az, — Agyy  As) + Asyy, (Agy Asy
+AL, Az, 5 + Agy Azy s — Aoy, As))az,z — Ay Az, (A34,5 — Ay 5011
—Ag, 5022 — A23,4,5a3,3) + (A23,4,5 (A44A32,3 + Ay Az, + Asy Ay,
— Aoy 4 As) + Az, (AsgAsyy + Ag, Asy y + Agy As,, — Asy s As) )asas
— Ay, Az, (Asy s — Aoy p 5011 — Aoy sas3 — Az, sasa) + (Azg s (As As,
+ Ay, Agy s + AgyAsy — Agy o As) + Aoy 5 (Asy Az, + Agy Asy  + Ay As,
—Ao,, 5 A5))as s — Agy As, ; (Asy, — Az, o011 — Agy g 033 — Asy, ,055)
+(A43A31,3A22,4,5 + 2A43A5)a1,1 + Ay Az, g Aoy 5 455 + Ay, Az, Aoy s saay
—2A4, Agyaf | + Ay, As, Aoy, sa20 — 4As, Ay a1 1020 — 243 a1 1033
—4A4, Ay 01,1044 — 4As,As a1 1055, ... . The list contains 20 elements};
(A.9)
01,253,455, = _A?) - A4211 a%,1 - Aiﬂ%g - Aigag,?, - A4214a121,4 - Aisa?)ﬁ
+A5(Az, Az, , + Az, Ay o, + Ay Agy s + Az, Ao, + Asy JAd
+A32,3A21,4,5 + A31,5A22,3,4 + A31,4A22,3,5 + A31,3A22,4,5 + A31,2A23,4,5
—2(Ag, 55 A2, 5, + Az y Ay + Ay, A )1 — 2(As, ,  Asy s,
Ao, Agyy s+ Aoy, Asys)a00 — 2(As, 5 Aoy s, + Ady Aoy
+A2, 55 A2,,5)a33 — 2(Az, ,  Agy 5, + Ay 5, Aoy,
+ Az, , Aoy, s )asa — 2(Ag, s Agy sy + Ay 5 Aoy s + Aoy, Asy,5)055)
+Ay, (—2(As, Az, , + A3, Az, + As, Az, ) + (A3, , A2, 5,
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+Az, Aoy, + A3 LA a1 + (Asy Aoy, + Az, 3 Ad
+A3,,A2,,,)a22 + (As, Az, . + A3y s Ao, oy + A,y As, 5, )033
+(A33,4A21’2,4 + A32’4A21,3’4 + A31,4A22’3,4)a4,4 + (A34’5A21’2,3
+ A3y Aoy, + Asy Ay 5y + Az, s A2 5+ Az, Aoy o + Ay s Ay,
+As, Az, + Az Ay, + A3y JAg, o+ Az Aoy, +245)as 5)
+Ay, (—2(As, ; Az, , + A3, Az, + As, Az, ) + (A3, A2, 4,
+Az, Aoy, + A3 LAy )ar + (A3, Aoy, + Az, 3 Ag, g
+A3, , A2y 55 )a22 + (A3, ;A2 5y + A3y 5 Aoy 50 + Az, s A2, 4 5)a33
+(As, s A2, 55 + Az, Ao, oo + A3y JAsy, )as s + aga(As, Az, ,
+As, Az, + Az, Ay, + A3y JAg Az, Aoy
+ A3, Aoy ys + Asy A2y g, + Ay 4 A2y o+ Az Ay s+ Ay L Aoy,
+2A5 — 4Ay a55)) + Asy (—2(A3z, Az, , + Az, A3,
+As3, Az, ) + (A3, Ao, 5, + A3y JAg o + A3, , Ao, a1
+(A3215A21y214 + A32,4A21,2,5 + A3112A22y415)a2,2 + (A34,5A21,2,4
+A32,4A21’4,5 + A31,4A22,4’5)a4,4 + (A34,5A21’2,5 + A32’5A21,4’5
+A3, s Ay 5 )a5,5 + a3 3(Az, s A2y 5, + Asy A2y, + Ay Aoy,
+As, Az, + Az, Ay, + A3y s Agy g + Az Aoy,
+A31’4A22,3,5 + A31,3A22’4,5 + A31’2A23,4,5 +2A5 — 4A44a414
—4Ay a55)) + Asy (—2(As, Asy, + Az, Asy s + Az, A3, )
+(As, Ao, 54 + Az, Ao, 55 + A3 As s )an + (As, Ao,

+ Az, Az, 55+ Az, 3 Asy, )as s+ (As, Ao, 5, + Az, Aoy,
+A3, Aoy s )aaa + (Az, Az, o + A3y Ay, + Az, J Az, 5 )ass
taz2(Az, A2y 55 + A3y Aoy 5, + Ay Az, + Az, Ao,
+A3, A2y 55 + A3y Aoy 5+ A3y A2y, + Ay Ay
+A31,3A22,415 + A31,2A23,4,5 +2A5 —4A4,a33 —4As,04.4
—4Ay,a55)) + As (—2(As, j Az, + Az, Asy s + Ay s Az, o) + (Asy s A2y g
+ A3, Ay ss + Az, A2y, g )a0 e + (Asy A2y 5 F A3, Ay s+ A3, , A2, , 5 )a33
+(A3415A22y314 + 1433,4142214,5 + A3214A23$5)a474 + (A3415A22y315 + A33,5A22,4,5
+ A3, s Ay 5 )as5 + a11( Az, s Az, 5, + Asy Aoy, + Az, Aoy g + Az, JAs,
+A3, Aoy 5 s + Asy s Ay, + Az s A2, 5, + Az Aoy s + Ay A2,

+ A3, , Aoy 5 + 245 —4Ay,a00 — 4As a3 3 — 4Ag, 044 — 4As5055)).

All the computations have been executed with the aid of the software
MATHEMATICA.
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Abstract. We discuss the family of “divide-and-conquer” algorithms
for polynomial multiplication, that generalize Karatsuba’s algorithm. We
give explicit versions of transposed and short products for this family of
algorithms and describe code generation techniques that result in high-
performance implementations.

1 Introduction

Polynomial multiplication is a cornerstone of higher-level algorithms: fast algo-
rithms for Euclidean division, GCD, Chinese remaindering, factorization,
Newton iteration, etc, depend on fast (subquadratic) algorithms for polynomial
multiplication [20]. This article describes implementation techniques for several
aspects of this question; we focus on dense polynomial arithmetic, as opposed
the sparse model [12].

Variants of polynomial multiplication. To fix notation, we let R be our base
ring, and for n € N5, we let R[z], be the set of polynomials in R[z] of degree
less than n. We will write the input polynomials as

A=ap+az+---Fa, 12" €R[z],, B=by+bix+---+b, 12" € Rlx]n;

note that the number of terms of A and B is at most n. Note also that we assume
the same degree upper bound on A and B: this needs not be a sensible assump-
tion in general, but makes sense in many applications (such as Newton iteration
or GCD). Our first objective is to compute the coeflicients of the product

C=AB=cor+c1z+ -+ can_20* 2 € R[2]2n_1.

This operation will be called plain multiplication. It turns out that two other
forms of multiplication are useful: the first is the transposed multiplication,
closely related to the middle product of [9]. The other noteworthy form is the
short product, introduced in [14] and studied in [I0]. Both are detailed in Sec-
tion B] together with mentions of their applications.

V.P. Gerdt, E:ZW. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 66-{78] 2009.
(© Springer-Verlag Berlin Heidelberg 2009
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Our contribution: code generation for divide-and-conquer algorithms.
Beyond from the naive algorithm, the main classes of fast algorithms are gener-
alizations of Karatsuba’s approach [TI[I8/21], where a given pattern is used in a
divide-and-conquer fashion, and FFT-like approaches, that use or build suitable
evaluation points [7JT56], usually roots of unity.

In this paper, we focus on the former family. Despite its richness, we are not
aware of a systematic treatment of algorithms for transposed or short product in
this context. First, we fill this gap, giving explicit versions of such algorithms. We
will see the algorithms of this family can be described in finite terms, by triples
of graphs. Then, we describe a code generator that turns such graphs into C
implementations, avoiding the need to reimplement everything from scratch; the
performance of these implementations is among the best known to us.

Previous work. Most algorithms for plain multiplication discussed here are
well-known: the most classical ones are due to Karatsuba [11] and Toom [I§],
with improvements in [I]; some less well-known ones are due to Winograd [21].

It is well-known that any algorithm for plain multiplication can be trans-
formed into an algorithm for transposed multiplication; this is already in [21],
and is developed in [93], together with applications. However, while the ez-
istence of transposed algorithms was known, our general derivation of explicit
divide-and-conquer algorithms is new, to our knowledge: the only explicit exam-
ples in [93] describe Karatsuba multiplication. Similarly, the possibility of using
any divide-and-conquer algorithm to perform short products is hinted at in [I0],
but no details are given; only the case of Karatsuba multiplication is developed
in great detail. Our general presentation is, to our knowledge, new.

Computational model. Our problems are bilinear; computations will thus be
done as follows: linear combinations of the inputs are computed (separately), fol-
lowed by pairwise products of the values thus obtained; the result is deduced by
a last series of linear combinations of these products. Our complexity estimates
count the linear operations and the pairwise products.

2 Preliminaries: Graphs for Linear Maps

We address first the linear part of the computations: we recall here how to com-

pute linear maps using a graphical representation. The material in this section
is well-known [5, Ch. 13].

Definition. A linear graph G consists of

— a directed acyclic graph (V, F) with &k inputs and ¢ outputs,
— a weight function A which assigns a weight A(e) € R to each edge e,
— orderings (Ao, ..., Ag—1) and (Fy,..., Fp_1) of the inputs and outputs.

One assigns a matrix to a linear graph in a straightforward way. Each vertex is
assigned a value, obtained by following the “flow” from inputs to outputs: going
from a vertex v to a vertex v’ along an edge e, the value at v is multiplied by
the weight A(e); the value at v’ is obtained by summing the contributions of
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all incoming edges. The values obtained at each vertex are linear combinations
of the values aq,...,ax_1 given at the inputs Ay, ..., Ax_1. In particular, let
fo,---, fe—1 be the values computed by the output nodes Fy,..., Fy_1; f; can
thus be written f; = L; pag + - -+ + L;j y—1ar—1, for some constants L; ;, so that

fo ag Loo -+ Lok
cl=n| : |, with L=] :
fe—1 ap—1 Lo10- Le—1,k—1

Thus, we say that the linear graph G computes the matrix L.

Cost. To measure the number of operations attached to a linear graph, we first
make our computational model more precise: we count at unit cost multiplica-
tions by constants, as well as operations of the form o« = +3++. Then, we define
the cost of G as the number

c(G):={e€ E| Ne) #£1} +|E| - |V|+ k.

We claim that, with a = [ag -+ ar_1]%, the matrix-vector product a — La can
be computed using ¢(G) operations. Indeed, along the edges, each multiplication
by a constant different from +1 costs one operation, which add up to |{e €
E | X(e) # £1}|. Then, if the input of a vertex v consists of s edges, computing
the value at v uses another s — 1 operations of the form 43 + ; summing over
all v gives an extra |E| — |V| + k operations.

Transposition. The transposition principle asserts that an algorithm perform-
ing a matrix-vector product can be transposed, producing an algorithm that
computes the transposed matrix-vector product, in almost the same complexity
as the original one. In our model, the transposition principle is easy to prove.
If G is a linear graph with k£ inputs and ¢ outputs, that computes a matrix
L, we define the transposed graph G! exchanging inputs and outputs and re-
versing the edges, without changing the weights. Theorem 13.10 in [5] proves
that G' computes the transposed matrix of L; besides the cost ¢(G?) is given by
c(Gh) =c(G) — k+ 1.

3 Polynomial Multiplication and Its Variants

In this section, we describe three variants of polynomial multiplication (plain,
transposed and short product), and give algorithms for all of them. The al-
gorithms we consider will be called “divide-and-conquer”, following the termi-
nology of [19]. The most well-known representatives of this class are due to
Karatsuba and Toom, though many more exist.

3.1 Divide-and-Conquer Algorithms

A divide-and-conquer algorithm of parameters (k, (), with k£ < ¢, is a triple
G = (Ga,GB,Gc) of linear graphs such that G4 and Gp have k inputs and £
outputs, and G has £ inputs and 2k — 1 outputs (other conditions follow).
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Let A = (Ag,...,Ak—1) and B = (By,..., Bx_1) be indeterminates and let
Lo(A),..., Ly—1(A) and My(B), ..., My_1(B) be the linear forms computed by
respectively G4 and Gp. Let further N; = L;M; and let Py, ..., Pox_2 be the
linear forms computed by Go. Then, the last conditions for G4, Gp and Go to
form a divide-and-conquer algorithm is that for ¢ =0,...,2k — 2,

Pi(N) = ZO§j<k, 0<j' <k, j+j’' =i A;Bj,

where P;(N) stands for the evaluation of the linear form P; at Ny, ..., Ny_1. For
instance, Karatsuba’s algorithm has k = 2,/ = 3 and

— Lo=A0, L1 =Ag+ A1, Ly = A4
— My = By, M1 = By + By, My = By
- PO(N):N07 Pl(N):Nl_NQ—NQ, P2(N):N2

Other examples due to Toom [I8] and Winograd [21] are in the last section; note
that in these examples, G4 = Gp.

3.2 Plain Multiplication

Let G = (Ga,Gp,Gc) be a divide-and-conquer algorithm of parameters (k, £).
We now recall the well-known derivation of an algorithm for plain multiplication
using G; note that this formalism does not cover evaluations at points in R(z),
which are useful e.g. over GF(2) [22].

Given n and A, B in R[z],, welet h = |[(n+k—1)/k] and ' =n — (k —1)h,
so that b’ < h. To make the algorithm simpler, we also want k' > 0; this will be
the case as soon as n > (k — 1)2. Then, we write

A=Ag+ Az + -+ Agz® YR B = By + Bia" + - 4+ B_qaF DR,

C=Co+Cral + -+ Cop_guZ=2h,

In Algorithm [ below, we use the notation slice(A4, p,q) to denote the “slice”
of A of length ¢ starting at index p, that is, (A div 2?) mod z9. Note that

Ag, ..., Ag_o arein R[z]p and Aj_; in R[z]p ; the same holds for the B;; similarly,
Co, ey Cgk_4 are in R[Qﬁ]gh_h Cgk_g in R[m]h+h/_1 and Cgk_g in R[m]gh/_l.
To obtain C, we compute the linear combinations L; of Ag,..., Ax_1 and

M; of By,...,Bg_1, the products N; = L;M;, and the polynomials C; as the
linear combinations P;(IN). To handle the recursive calls, we need bounds e; and
fi such that deg(L;) < e; and deg(M;) < f; holds: we simply take e; = h if
L; # Ax_1, and e; = h' if L; = Aj_1; the same construction holds for f;. For
simplicity, we assume that e; = f; for all i: this is e.g. the case when G4 = Gp. If
e; # fi, the recursive calls need to be slightly modified, by e.g. doing a recursive
call in length min(e;, f;) and an extra O(n) operations to complete the product.

The cost T'(n) of this algorithm is O(n!°8x(9); one cannot easily give a more
precise statement, since the ratio T'(n)/n!°8+() does not have a limit as n — oc.
We give here closed form expressions for n of the form %%; in this case, we can
go down the recursion until n = 1, which simplifies the estimates.
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Algorithm 1. Mul(A,; B, n)
Require: A, B, n, with deg(A) < n and deg(B) <n
Ensure: C = AB

1: if n < (k—1)? then

2 return AB naive multiplication
3 h=|(n+k-1)/k],  =n—(k—1)h

4: fori=0to k—2do
5: A; = slice(A,ih, h)
6: B; = slice(B, ih, h)
7 Dh,
8

i Ap_q = slice(A4, (k — n')

: Br_1 =slice(B, (k — l)h h')
9: compute the linear combinations Lo, ..., L¢—1 of Ag,..., Ar—1
10: compute the linear combinations Moy, ..., M,_1 of Bo,...,Bx_1

11: for i=0to ¢ —1 do

12: N; = Mul(L;, M;, e;)

13: recover Cy, ..., Coi—2 as linear combinations of No, ..., Ny—;
14: return C = Co + Ci1a™ + -+ + Cop_ox Pk,

The number of bilinear multiplications is #¢. As to the linear operations, let
cA,cB,cc be the costs of G4,Gp,Gc. On inputs of length n, a quick inspection
shows that we do can/k+cpn/k+cc(2n/k—1) operations at steps[@, [0 and 3]
and 2(k — 1)(n/k — 1) additions at step [[4] for a total of (ca + cp + 2¢cc + 2k —
2)n/k — (cc + 2k — 2). For n = k', summing over all recursive calls gives an
overall estimate of

t(i) = (ca+cp+2cc+2k—2)(0' =k /(—k) — (cc+2k—2)(£' —1)/(£—1). (1)
3.3 Transposed Product

If A is fixed, the map A, B — AB becomes linear in B. The transposed product
is the transposed map; applications include Newton iteration [9], evaluation and
interpolation [3], etc.

If A is in R[z],, multiplication-by-A maps B € R[z], to C = AB € R[z]ap_1.
For k € N, we identify R[x]; with its dual; then, the transposed product A, C —
B = CA" maps C € R[z]2,—1 to B € R[z],,. Writing down the matrix of this
map, we deduce the explicit formula [9I3]

= (CA div 2" ") mod 2",

where A = 2" "1 A(1/x) is the reverse of A. This formula gives a quadratic algo-
rithm for the transposed product; actually, any algorithm for the plain product
can be used, by computing C'A and discarding the unnecessary terms.
However, one can do better. As a consequence of the transposition principle,
algorithms for the plain product yield algorithms for the transposed one, with
only O(n) cost difference: this was mentioned in [21], and developed further in [9]
and [3]. However, none of the previous references gave an explicit form for the
transposed version of divide-and-conquer algorithms, except for Karatsuba.
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In Algorithm 2] we provide such an explicit form, on the basis of a divide-
and-conquer algorithm G of parameters (k,¢). The polynomial A is subdivided
as before, and the linear operations applied to the slices A; are unchanged. The
other input is now C'; we apply to it the transposes of the operations seen in Al-
gorithm[I] in the reverse order. Summing Cy, ..., Cax_2 in Algorithm [l becomes
here the subdivision of C into Cy,...,Cor_2, using the degree information ob-
tained in the previous section. Then, we follow the transposed graph G§ to obtain
No, ..., Ny_1; we enforce the degree constraints deg(N;) < 2e; — 1 by truncation
(these truncations are the transposes of injections between some R[z]s.,—1 and
R[z]2¢,—1 that were implicit at step [3] of Algorithm [I). After this, we apply the
algorithm recursively, follow the transposed graph G% to obtain By, ..., Bx_1,
and obtain B as the sum By + - - - 4+ Bj_1zk~ Dk,

Algorithm 2. TranMul(A, C, n)
Require: A,C,n, with deg(A) < n and deg(C) < 2n —1
Ensure: B = CA?

1: if n < (k—1)? then

2 return CA* naive transposed multiplication
3 h=|(n+k—-1)/k],V =n—(k—1)h

4: fori=0to k—2do

5: A; = slice(A,ih, h)

6: Ap_1 =slice(A, (k — 1)h,h’)

7: for i =0 to 2k — 4 do

8: C; = slice(C,ih,2h — 1)

9: Cok_s = slice(C, (2k — 3)h, h + h' — 1)

10: Cog—2 = slice(C, (2k — 2)h, 2h" — 1)

11: compute the linear combinations Lo, ..., Ls—1 of Ag,..., Ax—1

12: compute the transposed linear combinations Ny, ..., Ny—1 of Co,...,Cor_2, with

N; truncated modulo z2% !
13: for i=0to ¢/ —1 do
14: M; = TranMul(L;, N, e;)
15: compute the transposed linear combinations By, ..., Bx—1 of Mo,..., My_1, with
Bj_1 truncated modulo Ih, output By + -+ kalzr(kfl)h

The cost T’(n) of this algorithm is still O(n'°&x(9)). Precisely, let ca,cp, co
be the costs of Ga,Gg, Ge, and consider the case where n = k*. The number of
bilinear multiplications does not change compared to the direct version. As to
linear operations, the cost of step I2is (cc — £ + 2k — 1)(2n/k — 1) and that of
step M@ is (cg — k + £)n/k. After simplification and summation, we obtain that
for n = k?, the overall number of linear operations is now

t'(i) = (catep+2co+3k—L—2) (' k) ) (U—k)— (cc +2k—£—1) (£ —=1)/(£—1).

With ¢(i) given in Eq. (), we obtain t/(i) — t(i) = k' — 1 = n — 1, as implied by
the transposition principle: the transposed algorithm uses n— 1 more operations.
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3.4 Short Product

The short product is a truncated product: to A, B in R[z],, it associates C' =
AB mod 2" € R[z],; it was introduced and described in [I4/1I0], and finds a
natural role in many algorithms involving power series operations, such as those
relying on Newton iteration [4]. The situation is similar to that of the trans-
posed product: the previous references describe Karatsuba’s version in detail,
but hardly mention other algorithms in the divide-and-conquer family. Thus, as
for transposed product, we give here an explicit version of the short product
algorithm, starting from a divide-and-conquer algorithm G of parameters (k, £).

For Karatsuba’s algorithm, two strategies exist in the literature; the latter
one, due to [10], extends directly to the general case. Instead of slicing the input
polynomials, we “decimate” them: for A € Rz],, we write A = >, _, A;(z")a’
(the same holds for B). Here, the polynomial A; belongs to R[z]s,, with h; =
[(n+k —1—14)/k|; we denote it by A; = decimation(A,1,h;). Then, with
Ci =35 4=i AjBj, we deduce

C=>con Ci(a®) 2t = Yoick1(Ci+ 20 1) (2F) 28 + Oy (z%) ¥~ L.

We compute the linear combinations L; of Ag, ..., Ax—1 and M; of By, ..., Bg_1,
the products N; = L;M;, and finally C; using the linear forms Py, ..., Pop_2. We
need to compute C; modulo z":. For i < £, let thus i’ be the largest index such
that the product L;M; appears with a non-zero coefficient in the linear form Py
(this depends on the divide-and-conquer algorithm), and let g; = h; Since the
h; form a decreasing sequence, it suffices to compute L;M; mod z9.

These steps are summarized in Algorithm [3] where we reuse the notation
introduced above. Here, it suffices that n > k to ensure that all h;, and thus all
gi, are positive, since smallest is hy_1 = |n/k]. As for the previous algorithms,
the cost is O(n'°8+(9)); however, the precise analysis is much more delicate [10],
so we do not give any closed-form estimate here, even for n of the form k*.

Algorithm 3. ShortMul(A, B, n)
Require: A, B,n, with deg(A4) < n, deg(B) <n
Ensure: C = AB mod z"
if n =1 then
return AB
:fori=0tok—1do
A; = decimation(A, i, h;)
B; = decimation (B, i, h;)
compute the linear combinations Lo, ..., Ls—1 of Ag,..., Ax—1
compute the linear combinations Mo, ..., My_1 of Bo,...,Bkx_1
fori=0to/¢—1do
N; = ShortMul(L; mod x%, M; mod x%, g;)
: compute the linear combinations Co,...,Cor_2 of No,...,N,_1, truncating C;
modulo z"
: return C' = Y F (0 4+ 2C11)(2%) 2' + Croq (2F) 21

O L XD W

—_

—_
—_
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4 Code Generation

The algorithms given in the previous section all share the same shape; they
only depend on the datum of a divide-and-conquer algorithm G, that is, three
linear graphs. We wrote a java program that inputs such graphs and generates
C implementations; we describe it here.

Coefficient arithmetic. We focus on coefficient types that can be represented
using machine data types: polynomials with double coefficients and polynomials
with coefficients in Z/pZ, where p is an integer (typically a prime) that fits in a
machine word; p is not known in advance (the mpfq library [8] is able to exploit
possible prior knowledge of p).

In the first case, due to cancellations, operations on doubles do not satisfy
the ring axioms. Nevertheless, we support this type, since we want to compare
the running times between double and modular coefficients, and to measure to
what extent divide-and-conquer algorithms suffer from precision loss.

In the second case, we use unsigned longs. Since our implementations are all
done on 64 bit platforms (Intel Core2 or AMD 64), long machine words can hold
up to 64 bits (we will actually slightly reduce this bound, for reasons explained
later). The implementation of operations modulo p follows well-known recipes;
we recall some of them here.

— The addition ¢ = a + b mod p is done by computing ¢’ = a + b — p; if it is
negative, we add p to it. This is done by using the sign bit of ¢ as a mask [17],
using shifts, ands and additions. The same trick is used for subtraction and
multiplication by small constants (used in the linear combination steps).

— Multiplications are done using Montgomery’s algorithm [13].

— The algorithms may do divisions by constants in the linear combination
steps; division by « is done by computing 3 = 1/« modulo p and multiplying
by [ modulo p. Division by 2 receives a special treatment: writing p = 2g+1,
we obtain that p — ¢ = 1/2 mod p. Thus, for an integer a = 2u + v, with
v € 40,1}, a/2 mod p is given by u + v(p — ¢) mod p.

— Some algorithms use roots of unity of low order (e.g., v/—1) when p allows it.

Input and output. On input a triple of matrices, the code generator produces C
code for plain, transposed, short multiplication, as well as two related operations,
square (where both inputs are the same, so some savings are possible) and short
square (similar, but with the same truncation as in the short product). Suppose
for instance that we consider the Karatsuba algorithm; the code generator takes
as input the following matrices:

000O00O0 00000 0 0 000O0OO
000O00O0 00000 0 0 000O0OO
10000 10000 0 0 000O0OO
11000 11000 1 0 00000
01000 01000 -11-10000

0 0 10000
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For a given multiplication type (plain, transposed or short) and a given data
type, we produce several functions: a top-level function, which allocates some
workspace and does some precomputations (e.g., the modular inverses or roots
of unity needed for the linear combinations), the main recursive function, and
functions for the linear combinations.

Memory management. Intermediate results are stored in temporary memory,
in successive slots of length either [n/k] or 2[n/k]. At code generation, when we
determine that a memory area can be reused, we reuse it. We can thus determine
how much workspace will be needed in a single call to the main recursive function
in length n. In general, if the call in length n uses rn + s space, the total amount
will be rn + rn/k + -+ 4 slog,(n) < rkn/(k — 1) + slog,(n). This memory is
allocated by the top-level function. Efforts are made to avoid using too much
memory, similarly to what one would do when writing the code by hand. When
an output of the linear combinations aliases an input, we reuse the input in all
other operations (e.g., for Karatsuba, the linear combinations are Ly = ag, L1 =
ap + a1, Ls = a1: no copy is made and only an addition takes place).

Naive product. We implemented naive algorithms (for plain, transposed and
short products), for degrees up to 16. Our code for this case is generated auto-
matically as well, so as to unroll loops, since the compiler was not doing a very
good job by itself. We do not perform modular reduction after each step: we first
compute the whole result without any reduction, and apply the reduction in the
end. In degree < n, this reduces the number of reductions from n? to n. However,
this slightly reduces the possible size of the modulus: only 60-bit modulus can
now be used. No assembly code was used: using gcc’s custom  uint128 t type,
we obtained code of satisfying quality after compilation.

5 Experiments

We finally give the results of experiments an Intel Core2 Duo CPU T7300 with
4Gb RAM, set to 800Mhz clock speed. The timings are in seconds, for 500 rep-
etitions of the same computation. Our experiments use Karatsuba’s algorithm
and its generalizations by Toom, of parameters (k,2k — 1): for the standard
evaluation points (0,+1,+2,+1/2,...,00), we use linear graphs from [I]. Com-
puting modulo p, with p = 4r+1, we wrote a version of Toom’s algorithm (called
i-Toom below) that evaluates at (0,41,++v/—1,2,00) using FFT techniques in
size 4. We also use a less known algorithm of parameters (3,6) due to Winograd,
with only additions and subtractions in its linear combinations [2I, Ch. IVc].
Complexity predicts that it should be slower than Karatsuba, but the simple
structure of the linear combinations made it worthwhile to experiment with.

Comparison between divide-and-conquer algorithms. Figure [I] compares
the algorithms of Karatsuba, Toom (k = 3) and Winograd, for plain product,
using unsigned longs (transposed and short products behave similarly). As
predicted, Winograd’s algorithm does not perform very well. More surprisingly,
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Toom’s algorithm appears useful for most degrees (examples using other divide-
and-conquer algorithm are given below). Jumps appear for all algorithms; these
are due to crossing degree thresholds determined by both the parameter k of
the graphs, and the threshold for the switch to the naive algorithm: increasing
the latter smooths the curves noticeably. Finally, profiling using Valgrind shows
that in all cases, 65% to 70% is the time is spent in the naive algorithm.

Karatsuba
Toom ——
1.2 " "/ Winograd
1 el
2 0.8 1?‘
g M
£ o6 F{_ﬂ/;p’;f
0.4 N
" ﬂ
0 .,;a%"f
0 200 400 600 800 1000 1200 degree

Fig. 1. Comparison between divide-and-conquer algorithms

Comparison between multiplication types. Figure[2l compares plain, trans-
posed and short product, square and short square, with unsigned longs and
Toom’s algorithm (k = 3); the results for other divide-and-conquer algorithms
are similar. The transposed product is faster than its plain counterpart, even if
operation count predicts it should be slightly slower. Indeed, in the naive trans-
posed product, fewer modular reduction are needed than in the plain one (since
the output is twice as short); this is not accounted for in our model and seems
to explain the savings. The time for a short product is about 60% to 70% that
of a plain product, as in [I0] for Karatsuba. The square product and the short
square are faster than their non-square counterparts, but not by much.

Comparison with other systems. For primes of size 60 bit, the library NTL
v5.5 [16] and the computer algebra system Magma v2.15-6 [2] are the fastest
implementations known to us. We use the two available representations for NTL,
1zz p and ZZ p (our 60 bit primes are too large for the former, so we used 52
bit primes in that case). Figure [ gives running times, where our code uses
“standard” Toom multiplication for £k = 3 or k£ = 4 or i-Toom for p = 4r + 1.
Even though some other implementations use asymptotically faster algorithms
(the staircases indicate FFT multiplication), our code performs better in these
degree ranges. From degree 10000 on, Toom’s algorithm with & = 5 is the best
of our divide-and-conquer algorithms, but does no better than NTL’s FFT.
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Comparison between data types. Operations with double coefficients are
faster than with unsigned longs, but only by a factor of about 1.7 to 1.9 (for all
variants, and for all divide-and-conquer algorithms). Divide-and-conquer algo-
rithms do poorly in terms of precision with double coefficients: for useful kinds
of inputs (such as solutions of ODE’s), the cancellation errors make results un-
usable for degrees from 50 on.

6 Conclusion

Our approach offers several advantages: after paying the small price of writing
the code generator, it becomes straightforward to experiment various divide-and-
conquer algorithms, test optimizations, etc. Also, we now have general versions of
transposed and short product. For plain products, performance is comparable to,
and actually better than, that of software using FFT multiplication in significant
degree ranges. For short products, our advantage is actually higher, since it is
rather difficult to obtain an efficient short product using FFT multiplication.
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Algebraic Cryptanalysis

Cryptography is a collection of mathematical techniques used to secure the trans-
mission and storage of information. A fundamental problem in cryptography is
to evaluate the security of cryptosystems against the most powerful techniques.
To this end, several general methods have been proposed: linear cryptanalysis,
differential cryptanalysis, ... Extensively used cryptographic standards — such
as AES [I] — are all resistant against linear and differential attacks. In this talk,
we will describe another general method — Algebraic Cryptanalysis — which can
be used to evaluate the security of such cryptosystems.

Algebraic cryptanalysis can be described as a general framework that permits
to evaluate the security of a wide range of cryptographic schemes.The basic
principle of such cryptanalysis is to model a cryptographic primitive by a set
of multivariate polynomial equations. The system of equations is constructed in
such a way that solving the system is equivalent to recover a secret information
of the cryptographic primitive (for instance, the secret key in the case of an
encryption scheme). Consequently, evaluate the security of this cryptosystem
is equivalent to estimate the theoretical and practical complexity of solving the
corresponding system of equations. Since one of the most efficient tool for solving
algebraic system over finite field is Grobner bases [2], it is necessary to evaluate
theoretically (e.g. [3]) and practically (e.g. [8]) the complexity of computing
Grobner bases over Fy .

While it is well known that solving system of polynomial equations is NP-hard
[4] in many applications, including cryptography, the polynomial systems that we
have to consider are not random at all (see for instance [6]). Hence, it is a crucial
task to identify several classes of polynomial systems that are easier to solve (or
at least such that we are able to predict accurately the complexity [5]). In this
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talk we will consider a public-key cryptosystem (namely the Minrank problem)
and we will show [7] how its multi-homogenous structure can be used to predict
accurately the complexity of the Grobner basis computation. For instance, for a
recommended family of parameters, we can solve the corresponding systems in
polynomial time and thus break the corresponding cryptosystem.
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Abstract. There is examined the comparison method of dimensional-
ities on a basis of group-theoretical analysis. It has obtained certain
scaling group and operators possible within the differential equations for
different tasks. It has made the comparison of calculated operators of
tension with known results.

1 Introduction

Methods of similarity and dimensionality theory have huge practical and theo-
retical value [1 — 3]. It is possible to argue on a certain analogy of dimensionality
theory (similarity theory) and the fundamental theory for contemporary math-
ematics and physics — geometrical theory of invariants concerning the transfor-
mation of coordinates.

For the correct formulation and processing of experiments, which results
would allow determine general trends, it is essentially important to select non-
dimensional parameters. Their amount has to be minimal, and selected param-
eters should reflect the main characteristics of physical process in the most
convenient form. The probability of such preliminary qualitative-theoretical anal-
ysis and the choice of the defining non-dimensional parameters system derive
from the dimensionality and similarity theory [1].

Also it is necessary to mention the opposite influence of dimensionality theory
on group-theoretical analysis tasks, which is entirely used in different applica-
tions. Such method is known as the dimensionalities comparison [3].

2 The Theory of Dimensionalities

The notion of scaling group is closely connected with the theory of physical
quantity dimensionalities [3]. Let us consider the main equation of dimension

X = (X)[X], (1)

which represents the measurable physical quantity X as a product of its numer-
ical value (X)) and the unit of physical quantity [X].
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If through F, , a = 1,...,r, we denote some independent units of physical
quantity, and if it is possible to express E in terms of these units, and such
an expression would have the form of compound monomial: E = Ei\l...ET)‘T =
dim X, then it could be called the dimensionality of physical quantity X in the
units E,. Hence, the following form is valid for the physical quantity X:

X =(X)dimX = (X)E}M ... E}M. (2)

It follows from this formula that multiplication and involution (in any real power)
of physical quantities are reduced to the same operation on their numerical
values and dimensionalities. Further, if the physical quantity X is the function
of physical quantity x, then dimensionality of derivative would be determined
according to the rule dim 0, X = dim X/dimz.

The quantity X with zero dimension (\y = ... = A, = 0) is called non-
dimensional. In other words, non-dimensional quantity is such physical quantity,
in which dimensionality of the main physical quantities are included in zero
power. The dimensionality is not a kind of invariable property of this physical
quantity and depends on the way of constructing the system of units. For ex-
ample, in international system of units SI (LMTIQNJ), where these symbols
are the symbols of basic quantities: length L, mass M, time T, electric current
strength I, thermodynamic temperature ), matter quantity N and light inten-
sity J, the permittivity (ratio of electric flux density and electric field intensity)
z has the following dimensionality dimz = L™3M~T*I%. In the electrostatic
system SGSE (LMT), where basic units are centimeter, gram, second, the per-
mittivity z is a dimensionless quantity and for the vacuum is equal to unity
zo = 1 (2o is the electric constant).

According to the work [3], quantities X1, ..., Xy will call dependent (on their
dimensionalities), if there exist such numbers x1, ..., xn, not all simultaneously
equal to zero, with which the combination of these quantities X' ... XV is
non-dimensional. Otherwise quantities X1, ..., Xy would be called independent.

One of the essential tasks of dimensionality theory consists in determining
how many independent physical quantities there are among physical quantities
of such gang Xi,..., Xy choosing them and expressing the rest quantities by
independents.

Example 1. In mechanical systems, the following basic quantities are considered
as independent units: £y = L = m, F; = M = kg, Es = T = s. Hence,
dimensions of velocity v, acceleration g, substance density r, and pressure p
could be written in such a form:

dimv=ms ' = LT ' = E1E;", dimg=ms 2= LT 2= FEE;?
dimr = kgm™> = ML~ = B ®Es,
dimp = kgm™'s™2 = ML™'T™2 = E[ 'Ey B 2.

Here v, g, r are independent quantities since there are no numbers x1,..., X~
that are not simultaneously equal to zero and with which the combination of
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these quantities v, g, r would be non-dimensional. Let us show this examining
the combination vX! gX2rX3s or

(ByBy ') (BLE3 2 (By By )\ = Byt e o g =2,

Equating to zero exponents E7, F5, F3, we will obtain the system of equations.
While solving it we will calculate: x1 = x2 = x3 = 0. Hence, all exponents are
simultaneously equal to zero, in such a case there is no dimensionless combination
of quantities v, g, r, and these quantities are independent in accordance with
the above definition.

Let us consider the combination of quantities v, r, p: vX1rX2pX3,

(ElEg_l)Xl (E1—3E2)X2 (El—l EQE?’—Q)xs — Eia —3Xx2—X3 E%(2+X3 E3_X1_2X37

solving the system, we will obtain the following result: x; is any number, x2 =
;Xla X3 = féxy It means that there is such a set of exponents x1, x2, X3,
under which not all of them are simultaneously equal to zero, and with such a
set the combination of quantities v, r, p will be dimensionless. For example, if
x1 = 1 then

1
9’

E3E,

1 . ri1 -1 1
2 = 3=—_, dimwv 2 =FFE _ _ 2 =1.
X X 5 (p) (E11E2E32)
Hence, since there exists a non-dimensional combination of quantities v, 7, p, so
velocity, density, and pressure are dependent variables.
Let us consider the transition from one set of independent basic units E,,« =
1,...,7 to the other set. The change of dimension scale by transition from units

E, to new units F/, | i.e.,
E,=a"E.,, a=1,...,r (3)

will lead to a change in the numerical value of quantity X in accordance with
the equality following from formula (2)

A1

(X)dim X = (X)) ... (@M (EDM .. (E)DM = (X) dim X,

where dim X’ = (E})* ... (E.)* —is the dimensionality of X in new units, and

(X)" = (X) [T (@) (4)

a=1

The analysis of equality (4) demonstrates that any change of the numerical value
of quantity X during the passage to new dimensional units is just a group trans-
formation belonging to scaling group H" [3]. Hence it follows the assertion: the
quantity X is non-dimensional if and only if its numerical value (X) is an invari-
ant of the relevant scaling group H". That’s why any result of the dimensionality
theory could be obtained as some result of the scaling group theory.
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The general conclusion of the dimensionality theory is well-known as the
Pi - theorem: any non-dimensional function of physical quantities is the func-
tion of a non-dimensional combination of these quantities. Any parity between
physical quantities is equivalent to certain parity between their non-dimensional
combinations [3].

There is the opposite influence of dimensionality theory on group-theoretical
analysis tasks. Mathematical equality expressing the connection between differ-
ent physical quantities ought to possess the dimensional homogeneity. For differ-
ential equations, an admitted scaling group could be calculated by introducing
few independent units and searching dimensionalities of the rest of quantities by
using equations themselves on a basis of the request of dimensional equality of
separate summands in these equations. Further, applying this method of com-
parison of dimensionalities, there have been obtained operators of infinitesimal
symmetry in Lie algebra, generated by the scaling group, which are admitted by
differential equations.

3 Calculation of Admitted Lie Operators of Scaling
Group

3.1 The Heat Equation

Lets examine heat equation for one-dimensional rod
Up = Ugp. (5)

We assume the diffusion coefficient to be equal to unity. The reduced nota-
tions with relevant indexes are used for partial derivatives, for example, u; =
Ou/ot, Uz, = 0%u/02%, and so on. In equation (5), there exist three defining
quantities: u, x, t, hence, according to the work [5], the number of independent
quantities should be not less than two.

Example 2. As independent dimensional units we can choose
dimu = Ey,dimt = F5,

so the dimensionality of x will be dimz = E"E3?. Let us write down the
dimensionality equation for heat equation (5)

-1 _ 1—2a1 p—2a2
B\ Ey ' = Bl py2ee

The comparison of dimensionalities leads to the system of linear equations for
exponents, which has the unique solution. As a result, we have obtained the
following table of exponents determining dimensionalities of all variables involved
in equation (5):

uxt
E;100
E, 031
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Under this table, it is possible to write down at once the operators of Lie alge-
bra of infinitesimal symmetry generated by scaling group admitted by equation
(5):

udy, 10y + 2t0;.

Example 3. If we choose as independent dimension the units
dimu = E1,dimx = F»,

then dimt¢ = E7* E5?, and the equation of dimensionalities for (5) would obtain
the form EllfalE; 2 = BBy 2 Thus, the table of exponents determining di-
mensionalities of all variables involved in equation (5) will revert to the following
form:

uzxt
FEF1100
Es012

In this case, the operators of Lie algebra of scaling group admitted by equation
(5) will be identical to those calculated in the first example:

w0y, x0y + 2t0;.

So the operators of scaling group are included in the symmetry algebra of the
heat equation, hence, this equation is invariant under the transformations of
scaling group.

In the work of P. Olver [4, p.165] for the scaling group there exist the following
operators of Lie algebra calculated by the traditional classic method through
defining equations of the general symmetry group of the heat equation:

v3 = UOy, V4 = X0y + 2t0;.

Hence, it is possible to conclude that results calculated by the dimensionalities
comparison method are equal to calculation made by P. Olver.

3.2 The KAV Equation

As example of equation of the high order we can examine the KdV equation
Ut + Upzr + Uty = 0. (6)

This equation is typical of the shallow water theory and of other physical systems
concerned with non-linear effects and dispersion.

In equation (6), there are three defining quantities: u, x, ¢, and so the number
of independent quantities ought to be not less than one. Let us take as an
independent dimensional unit u:

dimu=F

)

so dimensionalities  and ¢: dimz = E*, dimt = E®. Hence, the table of expo-
nents determining dimensionalities of all variables involved in equation (6) will
have the form
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u xr t

1 _3
El-; -3

Operators of Lie algebra of scaling group admitted by the equation (6):
0, + 3t0; — 2u0,,.

If we select x or t as independent dimensional units, operators of scaling group
would be the same.

Thus, for the KdV equation, the infinitesimal symmetries for scaling group
calculated by the dimensionalities comparison method are completely equal to
calculations of P. Olver. In the work [4, p. 174] it is resulted the symmetry
algebra of the KdV equation generated by four vector fields, particularly for
scaling

v4 = 20, + 3t0; — 2u0,,.

3.3 The Boundary Layer Equation

Let us examine the equations of two-dimensional non-stationary boundary layer
(the Prandtl equations)that are well-known from the hydrodynamics, which de-
scribe the motion of ductile incompressible liquid nearby the impenetrable solid
surface along with the enormous Reynolds numbers. Researched system of equa-
tions according to the work [3] has the following form:

{ut + uty + vy + Pr = Uyy, py = 0,uz + vy = 0. (7)

Here v and v are coordinates of the velocity vector; x, y are space coordinates;
t is the time; p is the pressure, besides, in this system of equations, the solidity
of liquid and ductility coefficient are equal to unity.

In system (7), there are six defining quantities: u, v, z, y, t, p, so the number
of independent quantities ought to be not less than two. As independent dimen-
sional units we can choose dimt¢ = E; and dim p = F5. If we make an assumption
that the dimensionalities of the rest of variables are possible to write in a such
way

dimz = E®*ES? dimy = BV EY? dimu = EY' E)?, dimv = B ES?
then the dimensionality equation for system (7) would have the following form:

Ein—lE’Qh + E1271—01E22’Y2—(¥2 + Efl+71—31Eg2+72—52 + E;a1E217a2
—28 —28
E’lYl 1E’2Y2 2.

As a result of dimensionalities comparison, it has been formulated the table
of exponents determining the dimensionalities of all variables encompassed by
system (7):

E 1
E5 0

[ ]
o
v O 2
=

— o3
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Hence, operators of scaling group in the Lie algebra admitted by the system
of equations of the two-dimensional non-stationary boundary layer (7) are as
follows:

20z + u0y + 2p0p, —2t0y — 220, — YOy + v0,.

These operators coincide with scaling operators obtained in the work [3, p. 131]
by means of resolving defining equations for the system of equations of boundary
layer. Besides, these operators coincide with scaling operators obtained in the
work [3] by the dimensionality theory. However, u and v were selected as inde-
pendent quantities, which actually are dependent because their combination is
dimensionless.

The symmetry algebra of examined equations contains certain operators of
scaling group. Hence, these equations are invariant under the transformations of
scaling group.

3.4 The Equation of Self-balancing Beam Oscillation

It is known that if the beam is under the harmonic external influence F. =
F,, sinwt, where F),, and w are the amplitude and circular frequency of external
force, correspondingly, so its dynamics is described by the differential equation

& dg .
T ar 26Tk MR Sk Fp sinwt, (8)

where Tk is the time constant of beam; £ is the power of tranquility; Sy is
static coefficient of beams conversion (sensitivity). Dimensionalities of defining
quantities involved in equation (8): dimTx = T%, dimyy = 1, dimt = T,
dimé =1,dimSg = M~ 'T72, dimF,,, = MT?, dimw = T"%

If as independent quantities we select dimTx = FE; , dim Sg = Fs, then
the rest of defining quantities could be written as dimt¢ = E{" ES?, dim F,, =
Elﬁ 1E2B2. Using these dimensionalities in equation (8), we will obtain the
expression:

E%—2a1E2—2a2 — E1ﬁ1E21+ﬁ2 . E%—alE;ag

in which let us unite the dimensionalities exponents in the following table:

Tk t Sk Fr
E, 110 0
Ey, 001 -1

In this case, the operators of scaling group of Lie algebra admitted by the
equation of beams dynamics (8) having two independent quantities will have the
following form:

TrOr, + to, Sk0s, — Fnor,,. (9)

According to the work [5], the operators of scaling group of Lie algebra ob-
tained by the suggested method are equal for all four possible combinations of
independent quantities:
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dimTK:El,dimSKZEQ; dimSK:El,dimt:Eg;

dimTK:El,dimFm :EQ; dlmFm :El,dimt:Eg;

Hence, the differential equation of the beams dynamics in self-balancing beam-
balances (8) admits the scaling group with operators (9) or scaling group is the
group symmetry of equation (8).

4 Conclusion

So, the dimensionalities comparison method allows us to find rather simply the
operators of scaling group admitted by differential equations, and so, it allows
arguing about invariance of equations under the transformations of scaling group.
This method is certainly an efficient computing procedure of finding infinitesimal
symmetries generated by transformations of scaling group.
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Abstract. A complete method is proposed to compute an ambient iso-
topic meshing for an implicit algebraic surface with singularities. By am-
bient isotopic, we mean a meshing with correct topology and any given
precision. We use symbolic computation to guarantee the correctness and
use numerical computation whenever possible to enhance the efficiency.
Nontrivial examples are given to show the effectiveness of the algorithm.

1 The Main Results

To determine the topology of an algebraic surface and to use triangular meshes
to approximately represent the surface are basic operations in computer graphics
and geometric modeling. A recent survey on this topic can be found in [2].

A meshing is called isotopic if it has the same topology and the same geom-
etry as the surface. A meshing is called ambient isotopic or certified if it is
isotopic and approximates the surface to any given precision. It is known that
isotopy is stronger than homeomorphism [2].

Precisely, an isotopic meshing for a surface S C R? consists of a triangular
polyhedron ¢ and a continuous mapping 7 : R? x [0, 1] — R? which, for any fixed
t € [0,1], is a homeomorphism 7(-,¢) from R3 to itself, and which continuously
deforms ¢ into S: v(-,0) =id, v(¥4,1) = S.

An isotopic meshing ¢ for a surface S C R? is called an ambient isotopic
meshing if, for a given number € > 0, ¢ gives an e-approximation for S in the
following sense || P — v(P,1) ||< € for all P € 4. Such a meshing is also called
an e-meshing.

We use intervals to isolate real numbers: let @Q denote the set of intervals
of the form [a,b] where a < b € Q. The length of an interval box B, =
[a1,b1] X -+ X [an,by] € QT is defined to be |B,| = max;(b; — a;).

Our main result can be summarized as follows.

Theorem 1. Let f(x,y, z) be a square free polynomial with rational numbers as
coefficients. For any algebraic surface S : f(x,y,z) = 0, a given number ¢ > 0,

and a bounding box B € Q°, we have an algorithm to compute an e-meshing
for S =S NB.

V.P. Gerdt, E:ZW. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 89-{93] 2009.
(© Springer-Verlag Berlin Heidelberg 2009
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We first give a sketch of our algorithm and will explain some of the key steps
later in this extended abstract.

Algorithm 2. AMeshSur(f(z,y,2),B,¢). The input is the same as described
in Theorem [l The output is an e-meshing for Sg.

S1 Compute the strong projection curve C : g(x,y) = 0 and an e-meshing for C.
S2 Meshing the singular part of S.

S3 Meshing the non-singular part of S.

S4 Merge the meshes obtained in Steps S2 and S3.

We will explain how to compute the strong projection curve in Section 2. The
methods to compute an e-meshing for a plane curve can be found in [4]. We will
briefly show how to mesh the singular parts of S in Section 3. We use modified
methods from [3JIT] to mesh the non-singular part of S. Details of our results
can be found in [5I78].

There exist four main approaches to compute isotopic meshings for surfaces:
the marching cube method, the Morse theory method, the Delaunay refinement
method, and the CAD (Cylindrical Algebraic Decomposition) based method [2].
Of these methods, only the CAD based methods are capable of treating surfaces
with singularities.

We give a method to compute a certified meshing for implicit algebraic sur-
faces with singularities. The method is a hybrid one based on the CAD approach.
We use symbolic computation to guarantee the correctness and use numerical
computation whenever possible to enhance the efficiency. To our knowledge, this
is the first method to compute an ambient isotopic meshing for surfaces with
singularities.

To use a triangular polyhedron to approximate a surface, we usually need
polyhedrons with thousands of faces. A strategy to reduce the number of meshes
is to use quadratic surfaces to construct certified approximation. This has been
done for algebraic curves [OI0] and is an interest problem for algebraic surfaces.

2 Strong Projection Curve

The basic idea for the CAD based methods to compute the topology of a surface
S is to project S to the xy-plane, compute the topology of the projection curve,
and obtain the topology of S by lifting the topology of the projection curve
to the space. To compute the ambient meshing for a surface, we need a strong
projection curve, which will be discussed in this section.

Let S : f(x,y,z) = 0 be an algebraic surface, where f(z,y,2) € Q[z,y, 2] is
square free. A point Py is a z-critical point of S if f(Py) = f.(Py) = 0.

Let

f

G1(z,y) = sqrfree(Res(f, gz ,2)). (1)

The plane curve G1(z,y) = 0 is called the projection curve of S.
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A point is called z-extremal of a surface or a space curve if the surface or
curve achieves a local extremum value at this point in the z-direction. In order
to compute the ambient meshing for a surface, we need to project the z-extremal
points of S and the space curve f(x,y,2) = G1(x,y) = 0 to the plane. We have

Lemma 1. Let f(z,y,2z) = [[, fi(z,y,2) be a square free polynomial and f;
irreducible polynomials. A necessary condition for the surface f(x,y,z) =0 to
have a z-extremal point is

Go(x,y) = HRes(fi7 (?9{572) HRes(fi, ZJ;’Z) =0 (2)

where only the nonzero resultants are included.

The following example shows that we need to consider the irreducible factors.
Let f = (2 —y)(z — x)(z* + y* + 2* — 1). Then Res(f, fz, z) = Res(f, fy,2) = 0.
But the surface indeed has an z-extremal point at (0,0, 1).

We also need to consider the z-extremal points of spatial curves defined by
g(z,y) = f(z,y,z) = 0, where g and f are polynomials. For this purpose, we
need to decompose the curve into irreducible ones. The leading coefficient of g
(f) as a univariate polynomial in y (2) is called the initial of ¢ (f). Any spatial
curve f(x,y,z) = g(z,y) = 0 can be decomposed into the union of irreducible
curves represented by irreducible chains algorithmically [12J5]. The initials of
these irreducible chains are univariate polynomial in z. We have:

Lemma 2. Let g(z,y), f(x,y,2) be an irreducible chain and

I(z) = product of the initials of f,g. (3)
T(m) = ReS(ReS(h7 f7 Z)? 973}) where h($7 Y, Z) = facgy - fygx

Let E be the set of z-extremal points of the curve C : f = g = 0. Then
Proj,(E) C V(T (2))UV(I(x)). Furthermore, if T(x) = 0, then the curve defined
by f,g is contained in several planes perpendicular to the z-axis.

The following example shows that we need to decompose the curve into irre-
ducible ones. Let f = z(2%+ 2% —1),g = y. Then Res(fzgy — fy9z, f,2) = 0. But
the curve indeed has a z-extremal point at (0,0, 1).

The plane curve

g(%y) = Gl($7y)G2($,y)T(1‘)I(1‘) (4)

is called the strong projection curve of surface S, where Gy, G2, T and [
are defined in (), @), and (B]) respectively. In the case of @), we will include
the nonzero projections for all irreducible components of Gi(x,y)Ga(z,y) =
f(z,y,2)=0.

The purpose to introduce the concept of strong projection curve is that on
a region containing no points of g(x,y) = 0, the surface S and the space curve
g(z,y) = f(z,y,2z) = 0 have no z-extremal points. This property allows us to
estimate the z-values of a surface patch or a curve segment over a region R with
their values on the boundary of R.
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3 Segregating Box for Points and Curve Segments

A key idea to mesh the singular part of S : f(x,y,z) = 0 is to compute the
segregating boxes for the critical points and critical curve segments of S. The
idea of segregating boxes for points of plane curves was originally introduced in
[1]. Here, we give a new interval based method to compute it and extend the
concept to critical curve segments.

The critical parts of S consists of the critical curve defined by g(z,y) =
f(z,y,z) = 0 and the critical points defined by h(z) = g(z,y) = f(x,y,2) =0,
where ¢ is defined in (@) and h(z) = Res(g, g4, v)-

We may compute isolating boxes for the singular points of S with the method
given in [8]. Let P = (a, 3,7) be a critical point on S such that f(«,3,2) =0
has a finite number of solutions. Then B is called a segregating box of P if
S does not intersect with the top and bottom faces of B. A segregating box
can be computed as follows. We may compute an isolating interval [u,v] of ~y
as the solution of f(«,,2) = 0. Let By = [a,b] X [¢,d] be a box containing
(a, 8). We may compute the inclusion function f(Bo,u), f(Bso,v) and subdi-
vide By until 0 ¢ f(Bg,u) and 0 € f(Ba,v). This process will terminate since
f(aaﬁa u)f(a,ﬁ, U) 7é 0.

In a similar way, we may assume that the strong projection curve C : g(x,y) =
0 of S does not meet the top and bottom of Bs. As a consequence, S intersects
B on the four side faces and the critical curves of S intersects B on the left and
right faces: [a, a] X [¢,d] x [u,v] and [b,b] X [¢,d] X [u,v]. With these conditions,
it is not difficult to compute the topology and meshing for S inside B. We can
subdivide the boxes until |B| < ¢ and the meshings thus obtained are e-meshings
for S.

Now, we introduce briefly how to mesh S near a critical curve segment. A box
B = [a,b] x [¢,d] x [u,v] is called a segregating box for a critical curve segment
S inside B if S is the only smooth curve branch of the critical curve inside B
and S does not intersect with the top and bottom faces of B.

We may compute a segregating box for a critical curve segment S as follows.
Let P, and P, be the intersection points of S with planes * = a and x = b
respectively. Then we may compute an isolating box By = [Ya,1, Ya,2] X [2a,1, Za,2]
for P, by solving the equations g(a,y) = f(a,y,z) = 0 with [6]. Compute B}, =
[Yb,1, Yb,2] X [26,1, 2b,2] similarly. We may set the segregating box of S to be Bp =
[a, b] X [min{ya1,yp.1}, max{ya. 2, yp.2}] X [min{zq, 1, 26,1}, max{zq,2, 2p,2}]. This is

Fig. 1. Meshing for surfaces with singular points and singular curves
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true because, due to the conditions in the strong projection curve, S is monotone
both in y and z directions. If |Bp| > €, we can further subdivide the boxes.
After the segregating boxes for the critical curve segments are constructed, we
can compute a meshing for the surface inside B.

Now, we have computed the meshing and topological structure for S inside
the segregating boxes for the critical point and critical curve of S. Outside these
boxes, S has no singular points and can be meshed by modifying the methods
in [3UTT].

Figure 1 are the meshings for five surfaces computed with the implementation
of our algorithm in Maple. Equations defining these surfaces can be found in [5].
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Abstract. In the present paper we consider the Navier—Stokes equa-
tions for the two-dimensional viscous incompressible fluid flows and ap-
ply to these equations our earlier designed general algorithmic approach
to generation of finite-difference schemes. In doing so, we complete first
the Navier—Stokes equations to involution by computing their Janet basis
and discretize this basis by its conversion into the integral conservation
law form. Then we again complete the obtained difference system to
involution with eliminating the partial derivatives and extracting the
minimal Grobner basis from the Janet basis. The elements in the ob-
tained difference Grobner basis that do not contain partial derivatives
of the dependent variables compose a conservative difference scheme.
By exploiting arbitrariness in the numerical integration approximation
we derive two finite-difference schemes that are similar to the classical
scheme by Harlow and Welch. Each of the two schemes is characterized
by a 5x 5 stencil on an orthogonal and uniform grid. We also demonstrate
how an inconsistent difference scheme with a 3 x 3 stencil is generated by
an inappropriate numerical approximation of the underlying integrals.

1 Introduction

In this paper we consider the Navier—Stokes equations for the Newtonian incom-
pressible fluids with constant viscosity. We restrict ourselves to two-dimensi-
onal flows though all the below results admit a straightforward extension to
the three-dimensional case. The incompressibility and constancy of viscosity
are assumed in most mathematical treatments of the two-and three-dimensional
Navier—Stokes equations (see, for example, [I]), since it is a common belief that
such simplification of the equations still preserves their applicability to descrip-
tion of the main features of laminar and turbulent flows. Though in this paper
we do not impose any restriction on the the Reynolds number and treat this
number as a parameter, the difference schemes we obtain are not expected to be
appropriate to turbulent flows. Thus, it is implicitly assumed that the Reynolds
number is small enough.

V.P. Gerdt, E.W. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 94-[I05 2009.
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To generate a finite-difference scheme for the Navier-Stokes equations we ap-
ply our general algorithmic approach [2] based on the integral conservation law
form of the initial system extended with some relevant integral relations be-
tween the dependent variables and their partial derivatives. Then discretization
of the system is done by choosing an integration contour (or surface in the
three-dimensional case) on an appropriate grid, and a finite-difference scheme is
obtained by the (difference) elimination of the partial derivatives.

In paper [2] we considered differential systems of the Cauchy—Kovalevskaya
type that is trivially involutive. Generally, before discretizing, a system of differ-
ential equations has to be completed to involution. More precisely, the system
has to be completed to its formally integrable form, that is, such that all the
integrability conditions are incorporated into the system. The integrability con-
ditions are differential consequences of the system of the order not higher than
the order of the system and such that they cannot be obtained from the system
by means of pure algebraic transformations, i.e. without differentiation.

A constructive way to compute the integrability conditions and to incorpo-
rate them into the system is to complete the system to involution by doing
prolongation of equations in the system - taking their derivatives with respect
to the independent variables - and elimination of the highest order derivatives
from the prolonged equations [3] (see also the introductory paper [4]). Without
completion of a differential system to involution some hidden integrability con-
ditions may not be satisfied in the discrete version within a reasonable accuracy.
If so a numerical solution does not preserve internal algebraic and differential
properties of the continuous solution.

Furthermore, an inappropriate discretization may lead to a difference scheme
which is inconsistent with the initial differential system. The inconsistency means
the existence of a difference consequence of the discrete system that in the con-
tinuous limit becomes a differential equation which does not follow from the
initial differential system.

The structure of the paper is as follows. In Section 2 we consider the Navier—
Stokes equations in the Cartesian coordinates and complete them to involution
using the Janet monomial division [56[7]. In doing so we detect just one integra-
bility condition, namely, the pressure Poisson equation. In Section 3 we discretize
the involutive Navier—Stokes system by applying the approach of paper [2] based
on the integral form of the system. The structure of the discrete system depends
on numerical approximation methods for the integrals. Here we consider two
simple approximation methods that lead to two distinct discrete systems. Then
in Section 4 we construct for the both discrete systems the minimal Groébner
bases by extracting them from the corresponding Janet bases for the ranking
that eliminates the partial derivatives and, thus, can serve to generate finite-
difference schemes for the Navier—Stokes equations. The schemes generated in
this way are qualitatively similar to the classical scheme derived by Harlow and
Welch in [§]. In Section 5 we discuss consistency of the discrete version of the
Navier—Stokes equations with their differential form. By explicit computation we
demonstrate that an inappropriate numerical integration may lead to a difference
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scheme whose algebraically rigorous difference consequence yields in the contin-
uous limit a differential equation which does not follow from the Navier—Stokes
equations. Thereby such a scheme is inconsistent. We conclude in Section 6.

2 Involutive Form of the Navier—Stokes Equations

We consider unsteady two-dimensional motion of incompressible viscous liquid
of constant viscosity that is governed by the following system of equations which
we refer to as the Navier—Stokes system:

ffi=up v, =0,
2=+ uuy +vuy = —py + PiLCAu, (1)
2= +uv, +ovy, = —py + P%CA’U.

Here f! is the continuity equation, and f' and f? are the proper Navier—Stokes
equations [I]. Equations in () are written in the dimensionless form, where
(u,v) is the velocity field, and p is the pressure. The density is included in the
Reynolds number denoted by Re. To determine a nonstationary flow one has
to specify the initial data u = ug(z,y) and v = vo(z, y) satisfying equation f*.
The boundary conditions on a solid surface lead to vanishing relative speed of
the liquid. For the pressure there is no need to specify the boundary conditions
on the surface. Throughout this paper we use notions and definitions from the
papers [2067]. If one chooses the orderly ranking > on the derivatives in () such
that © > y > t and u > v > p, then completion of the system (IJ) to involution
based on the Janet division reveals the only integrability condition

=2 4+ 2uuy + vi =—-Ap
which is the differential consequence of the equations in (Il
FRA gy = ff —ufy —vofy + g OF = f1 (2)
Therefore, the involutive Janet form of the Navier-Stokes system is given by

b Uy +vy =0,

2 ut—i—uum—i—vuy:—pm—&—écAu,
2 vt uwvg +ovy = —py + g A0,
4 u§+2v$uy+v§:fﬁp.

3)

Equation (@) which plays an important role in the computational fluid dynamics
is usually called the pressure Poisson equation [9]. By completion of the Navier—
Stokes system to involution this equation was obtained first by applying Cartan’s
algorithm [I0]. Apparently, the pressure Poisson equation is to be detected by
any completion procedure. For instance, in [4] it was obtained by the geometric
Cartan—Kuranishi completion.
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To see that the system (@) is in involution, and hence there are no other integra-
bility conditions, we give in the below table the following data for the equations
in the system: the first column enumerates the equations; the second column
shows the leader, i.e. the highest ranking derivative in the equation; the third
and the fourth columns show, respectively, Janet multiplicative and nonmulti-
plicative independent variables for the equations.

equation leader multiplicative nonmultiplicative

fl Ug {z,y,t} 0
f? Uyy {y,t} {z}
f? Vaa {z,y,t} 0
f4 Pz {z,y,t} 0

Thus, only f? has a nonmultiplicative prolongation, namely, the prolongation
with respect to . Equality (@) explicitly demonstrates that this prolongation is
reduced to zero by the multiplicative prolongations of the other equations in (3]).
This is just the condition of involutivity [5l7] for the system.

Apparently, the system of equations [B]) is a formally integrable extension of
(@) of the minimal cardinality.

3 Discretization

The pressure Poisson equation f* in (@) can be written as
0? 0? 02
4 2 2
f 0z (u +p) 0xdy (2uv) + Oy? (U p) ’

and, thus, the involutive differential system (3]) admits the conservation law form:
f1: 6aacu+68yv:()’
2. 0 0 2 1 o 1 —
f : 6tu+8w (u +piReuz)4>8y (vuiReuy)_O’
3. 0 o 1 o 2 1 _
[P0 50+ ap (“”_Re”w)"‘ay (” +p_ReUy)—O7

A 2 (uug + vuy +pa) + ;y (vvy +uv, +py) =0.

(4)

Consider now the square integration contour I" in the plane (z,y) as shown in
Fig. M and convert system (4)) into the equivalent integral system:

$—vdx + udy =0,
r
Tj+2 Yk+2 bnt1 tnt1
[ udxdy - f (f (vu — gouy) do — (u? +p— 3 ue) dy) dt =0,
oo a0 (5)
Tj42 Yk42 RS
[ [ vdzdy ftf <;f (UQer— f%evy) dr — (uv— f%evgc) dy) dt=0,
T Yk £ n
;f— (v2)y + (wv)z + py) dz + ((u?)e + (vu)y +pe) dy = 0.
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To pass to the discrete form of (@) we follow our approach in [2] and consider
the orthogonal and uniform grids with the mesh steps h in x and y and 7
in t, i.e.

Tip1 — T =Yrr1— Y =h, tppi—tn=r1.

Now we add to system (B]) the integral relations between dependent variables
and all their partial derivatives entering into the system:

Tjt1

f(u2)$dx = u(zj+17y)2 - U(l’j,y)2 )
yij+1

f(UQ)ydy = ’U((E, yk+l)2 - ’U((E, yk)2 ’
wip

J(wo)adz = (@41, y)v(zj41, ) — ulzg, y)v(z;,y),

yij+1

J(wv)ydy = w(@, yri1)v(@, yrir) — w@, yr)o(z, yr) ,

wy]il Yk+1 (6)
fuwdx = u(‘rj+l7y) - u(mj7y), fuudy = U(%ykﬂ) - u(x7yk),
x; .

IJ‘J«H yZ{:H

fuwdx = u(‘rj+l7y) - u(mj7y), fuudy = U(%ykﬂ) - u(x7yk),
x; .

IJ‘J«H yzil

f’(}de = ’U(l’j+17y) - U(Ij, y) ) fvydy = v(xvyk+1) - ’U,(.T, yk) )
x; .

IJ‘J«H ?JZK«H

Jpedr = p(zjir,y) —u(zy,y), [ pydy = p(, yrrr) — u(z, ye) -
T Yk

k+2

A
®

k+1e ®
LY ® >
J j+1 j+2

Fig. 1. Integration contour
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By applying the midpoint rule to approximate integration over x and y and the
rectangle rule for integration over ¢ in the system (BHG), we obtain the difference
equations on the grid:

2\ n _om 2 .n 2
U )wj+1k'2h—“j+2k Uiy
2\ ™ _om 2 _.n2
v )yjk+1 2h = i k+2 Uik

n —n n n n
UU)wj+1k 2h = WUitogVjrok — UikVsk

n __n n . mn o ,mn
Yjk+1 2h_ujk+2vjk+2 Uik Vsk

n J— n n
Ugfyyy - 2h = uf gy —ufy,

n . — o
Pyfrir 2D =Dy — P
n n n n J—
*(Uj+1 kY k+2) - 2h + (uj+2 k+1 — YUy k+1) “2h =0, (7)
n+1 ) . 2 n n 1 n
(W 1 — Uiy gyr) - 4R% = 207 (Uj+1 KU1k T ReWyjg1k T
n n 1 n 2\ n
T U koW1 k2 — Ry bez — (W) jhake1 — P2kt
1 n 2\ n 1 n _
t RelUejiokt1 T (u )jk+1 t Py — Reuwjk+1) =0,
n+1 n 2 2\ n 1 n
(Uj+1 k+1 — Y k+1) -4h* — 2ht ((U )j+1k “Pit1kReVyjt1k T
2\ n 1 n
+ (v )j+1 k2 T Pjv1k42 — ReVujtthta
_an n 1 n n n 1 n —
Uit o k1Y 2k+1 T RoVoj42 k41 T Ui kr1Vikt1 T RoVej k+1) =0,
AN n n 2\ ™
(v )yj+1 ka2 T (Uv)xj+1 k+2 +pyjﬂ k+2 T (v )yj+1 k-
n n 2 n
= (W)aji1kt2 — Pyjrrpre T (W )ajpopirt

n
+ (Uv)y?.g ki1 — Pajyokt1 — (“2)wj k+1 — (uv)y?k+1 —Pajpyr = 0.

Hereafter we use the operator notations to represent the difference equations in
a more compact form. Denote by 0, (« € {z,y,t}) the right-shift operator in
the variable a, by I, the integration operator over the variable a and by D,
and Dy, respectively, the difference and two-step difference operators. Then the
following operator relations hold

Ly =200, I, =2h6,, I,, =4h20,0,,

) ®)
Irt:Ta Dla:9a715 D2a:9a717

and the difference system () reads
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Irz © (uQ)z = D2z © U27 ITz o ('Uu)w = D2z ovu,

I, 0 (uwv)y = Dyyouv, I, o0 (v?), = Dy, ov?,

I.youy = Dogou, Ipyouy= Dy ou,

I.yovy =Dogov, Iyovy,=Dy,0v,

Iy ope =Dszop, Iryopy=Dy,0p, 9)

IyDoyou+ I, Doyyov=0,

Iy yyDypou+ Iy (Ingy o (vu — P:{Leuy) + 1 D2y 0 (u2 +p— Fieugc)) =0
IyyDygov+ 1y (Ingy o (1)2 +p— f%evy) + 1. Day 0 (uv — F%evgc)) =0,
Iz D2y o (v)y + (wv)g + py) + IryDag o ((4?)s + (vu)y + ps) = 0.

As an example of another possible discretization we consider application of the
trapezoidal rule to the integral relations for g, uy, vy, vy in (6)). For this case we
shall use the corresponding integration operators

Ly =50 4+1), Ly =15(0,+1) (10)
what leads to the following modification of (@)

I, 0(u?), = Dogou?, I.,o0(vu), = Doyovu,

I

Ty Yy
Ligouy =Digou, Iyyouy= Dy ou,

o (uwv)y = Dyyouv, I, 0 (v?), = Dy, 00,
Iiyovy = Digov, ILyyov, =Dy, 00,
Irmopz:Donp7 Iryopy:D2y0p7 (11)
ITyD2z ou+ ITmDQy ov = 07

1 2 1 —
IrmyDlt ou+ Iy (ITID2y © (UU - Rcuy) + IryD2gc o (u +p- Rcuz)) =0,
ITxyDlt ov+ ITt (ITID2y o (U2 +p— }:{LC’U.U) + ITyD2x o (’LL’U - RICUI)) = 07
Irp Doy o ((”2)7; + (w)e +1%) + Iry Doy © ((u2)_,,3 + (vu)y +p:,3) =0.

4 Difference Elimination of Partial Derivatives

In order to eliminate partial derivatives from (@) and ({I) and hence to obtain
difference schemes we construct difference Grobner bases [2] (for a more rigorous
treatment of Grobuer bases in the difference polynomial rings, cf. [11]) for these
systems under the elimination ranking

Uy > Uy > Vg > Uy = U >V > P, O = 0y = 0. (12)

Since there is no software available for computing Grébner bases for nonlinear
difference polynomials, we performed the computation “by hand”. In doing so,
we used the involutive completion procedure based on the Janet division [2].
The obtained Janet basis as a redundant Grobner basis is rather cumbersome.
For this reason we give below only its subset which is a minimal Grobner basis.
The basis is not reduced [l We use this redundant form because it is much more

! The last term in the equation ez in (EEI) is redundant modulo e;.
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compact than the reduced Grobner basis and explicitly shows its connection to

the differential @3] and difference (1) systems.

Iy o (u2)€v =D, 0 u?, Iy o (vu), = Doy ovu,
I, o (uv)y = Dy, ouv, I, 0 (v?), =Dy, o00v?,
Iyouy =Dogou, Ipyouy= Dy ou,
Iyovy = Dogov, Iy
Iy ops =Dapop, Ipyopy =Dz, op,
er:= Iy yDazou+1I.;Ds,0v=0,
ey =l I Iy D1y ou+ Iy (Ir:zfrf,Dzm o (u? +p) +

+ 1,21, Day o (vu) — 2o (L2Dao% + I,2Ds2) ou) =0, (13)
LywyD1gou+ Iy (I, Doy o (vu — gouy) + IryDay o (u? +p— oug)) =0,
ey =Ly Iyl py D1y o v + Loy (Ingdy o Doy o (uv) +

+ L2, Doy o (v2+p) — 2L (L,2Do2 + I,2D52) 0v) =0,
Ty D1y 00+ Iy (IeDay © (02 40 = yvy) + Iy Do o (w0 — ) =0,
eq :=1,2Ds7 o (v?) + 2Ly, 1y Do, Dy 0 (wv) + 1,2 Do o (u?) +

+ (L2D2% + I2Dy) op =0,
Iz Day o (v%)y + (uv)y + py) + LryDay o ((u?)s + (vu)y + ps) = 0.

owvy = Dayouw,

To see that ([I3) is a Grobner basis, we note that there is the only critical pair
{e1, €2} to be verified. The corresponding difference S—polynomial S(eq,ez) :=
Iy Iyl py Dy 0 €1 — Iy Doy 0 €3 is reduced to zero modulo ([@3) in accordance
with the equality

S(er,e2) = podve (InoD2s+1,2Ds2) o €1 + I, Dy, 0 €3 — Iy 0 eq. (14)
Similarly, a Grébner basis for the second discrete system (1) is given by

Irw © (UQ)I = D?z © ’U,Q, ITz © (’UU)I = D?z ovu,

1

Ty
Itzouszlzou7 Ityouy:Dlyou7

o(w)y = Dayouv, I, 0 (v?), = Ds, 00,

Iigovy = Digov, ILyyov, =D, 00,
I.p0opy =Dazop, Iyop,=Dy,0p,
er:=I Dy ou+1I;Doy0v=0,
eg = Iy Dy ou+ Iy (ITIDQy o (vu) +

+ 1y Doy o (v +p) = 7 3 (IryD1} + 1;D12) ou) =0, (15)
LipyD1yout Iy (Iry D2y o (vu — gouy) + Iy Doy o (u? +p— gus)) =0,
e3 = Iy Diyov+ Iy (IMDgy o (uv) +

+ 1y Doy o (v2 +p) = 7o (Iny D13 + Ing D1y) 0 0) =0,
ImyDlt ov+ Iy (ITIDgy o (1)2 +p— P%va) + ITyDgx o (uv — R,lcvw)) =0,
es = I,2Ds2 0 (v?) + 21, ,I,, D2, D3, o (uv) + I,2Ds2 o (u?) +

+ (LD} + 12Dy ) op=0,
I, Doy 0 ((UQ)y + (uv)s +py) + Iy Doy 0 ((u2):,3 + (vu)y erf”) =0.
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Again, the equality

IerryIrzyDt oer — IryD2m ey =
21
=5 ReITt (I,D12 + Irlei) oey + ;D053 — I 0eq. (16)

implies that the left-hand side of (I6]) - the only difference S—polynomial to be
verified - is reduced to zero.

Both systems (I3]) and (5] include the difference equations ey, es, €3, €4 which
do not contain partial derivatives of the dependent variables. These equations
are just the finite-difference schemes for the involutive Navier—Stokes differen-
tial system (B)). One can see that the schemes in (I3]) and (I5) have identical
equations e; and e4 which are discrete versions of the continuity equation and
the pressure Poisson equation, respectively, and the distinct equations es and eg
discretizing the Navier—Stokes equations.

It is important to emphasize that e in (I3]) was obtained from the prolonga-
tion of the equation that follows ey in (I3) by action of the operator 1.1, at
this equation. The equation ey is resulted by reduction of the prolonged equa-
tions modulo other equations in the system. The other elements (e3, e4) in the
difference scheme are also obtained by the prolongation and reduction of the
equations that follow ez and ey in ([I3)). System (IH) is derived in much the same
way.

The derived difference schemes are qualitatively similar to the classical scheme
by Harlow and Welch [8]. All three schemes have the following common features:

— The initial conditions must satisfy the continuity equation f* in (@) and the
pressure Poisson equation f* in (@).

— Transition to the next temporal layer is done by means of the equations eq
and ez that are difference analogues of the Navier—Stokes equations f2 and
2 in [@).

— The continuity equation on the next temporal layer is automatically satisfied
when the pressure satisfies the discrete version of equation f%.

However, as opposed to the approach in [§], we perform first the discrete ap-
proximation of system (B]) and then verify its consistency (see the next section
for more detailed discussion of the consistency check) by means of the equali-
ties () and (IG). In formula (7) of the paper [§], a discrete version of f* was
obtained from the consistency condition for the difference scheme. In the last
case the derived discrete version of f* includes (discrete) partial derivatives of
the velocity field (u,v) with respect to time and by this reason looks like much
more cumbersome than our equation ey.

It should be noted that, by the construction, the schemes in (I3]) and (T3]
are conservative since they approximate the integral form (Bl of the involutive
Navier—Stokes system (3]).
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5 Consistency Issues

The obtained schemes in ([I3]) and ([IE) have a 5 x 5 stencil what is clear from the
equations es, e3,e4 and ey, respectively. This involves some difficulties in using
those schemes at approaching to boundaries and makes the related numerical
computation rather cumbersome. It is tempting to derive a difference scheme
with a more compact stencil. Consider the following discretization of ([Bl) which
differs from (I3 by applying the trapezoidal rule rather than of the midpoint
rule for the pressure integral relations:

Itw © (UQ)I = Dlm © ’U,Q, ITm © (vu)m = DQm ovu,

I

Ty Yy
Ligouy =Digou, Iyyouy=Dyyou,

o (uv)y = Dayouv, Iy, o0 (v?), =Dy, o002,

Iiyovy = Digov, ILyyov, =D, 00,

Liyopy = Diy0op, Iyyopy=Di,op, (17)
I yDoyou+ I, Doyov=0,

Iy yyDyipou+ Iy (Ingy o (vu — P%euy) + 1 D2y 0 (u2 +p— F%eum)) =0
I yyDygov+ Iy (Ingy o (1)2 +p— f%evy) + 1. Dy, 0 (uv — F%evgc)) =0,

ITIDQy o ((v2)y + (uv), +py) + IryDQI o ((UQ):,; + (vu)y erz) =0.

To construct a Grobner basis for (I7) under the elimination ranking (I2)) we
perform, as done in Section 4, suitable prolongations of the discrete versions
of the Navier-Stokes equations and the pressure Poisson equation to eliminate
the partial derivatives in the independent variables. Then we obtain again the
difference scheme consisting of the four difference equations denoted as above
by e, €2, e3,e4 and entering in the following difference set

Iiy o (u2)z =Dy, 0 u2, Lo ('UU):E = Da, ovu,
1

Ty
Itzouszlzou7 It

o (uwv)y = Dy, ouv, I, o (v*), =Dy, o0v?,

yOUy = D1 ou,
Iy ovs = Diyov, Iyouv,=Di,ou,
Iy opy = Digop, ILyyopy=Di,op,
er:=I Do ou+1I;D9y0v=0,
ey := Iy Diyou+Ipy (ITIDgy o (vu) +
Ly Dao (4 9) = L (1, D12+ 1.Di3) o) =0, (19
Iy yyDypou+ Iy (Ingy o (vu — P%euy) + 1 D2y 0 (u2 +p— F%eum)) =0,
ez = Iy Digov+ Iy (Ingy o (uv) +
Ly Dayo (7 +9) — 2 (I, D+ 1uDi2) 00) = 0,
I yyDyov+ Iy (ITIDQy o (1)2 +p— P%va) + 1y Doy 0 (uv — 1%Cvgc)) =0,
ey4 1= }QlIlei o (’1}2) +2D3,Ds,, 0 (uv) + zITyDli o (u2) +
+ 2 (IyD12 + 1,,D12) op =0,
I, Doy 0 ((”2)74 + (uv)s +py) + Iy Doy 0 ((u2):,3 + (vu)y erf”) =0.
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It is readily seen that the difference scheme eq, es, €3, ¢4 in [I8)) has a 3 x 3 stencil.
However, the equation set (I8]), unlike those in (I3)) and ([3)), is not a Grébuer ba-
sis. To show this we construct the difference S—polynomial S(e1, e2) := I, Do
e1 — Iy D2, o ea. Its reduction modulo ey, eg, €3, 4 reads

21

Sere2) = h Re

Lyidyydyy (IpyDi2 + 1, D1}) o e1+
+ Ir:cDQy ce3 — I’!‘tIT:EITy oceq — I’!‘tA (19)

where

2

2 2
a=(i3p2-?

szTf;Dlz) o (u? +p) +

2
+ (IT§D2§ — ITiITyD1§> o(v?+p). (20)

h
Thus, to proceed in constructing a difference Grobner basis we have to add A
to the set (I8), and to the difference scheme ey, e, €3, e4 too. However, in the
continuous limit the difference equation A = 0 implies the differential equation

uim + vjy + Doz +Dyy =0. (21)

This follows from application of formulae ([8) and (I0) to (20):

_ 2 n 2 n 2 n 2 n 2
A=4h ((uj+4k+2 T Ujiske2” T Yipikte T Ukt ) T

n 2 n 2 n 2 n 2
T\ Viorkaa” ~ Vihort3” —Vihakyr T Uik ) +
'3 '3 '3 T
+ (pj+4 k42 ~ Pit3ke2 ~ Pijpikye T Pikg2) T
n n n n ~
Pitokta ~ Piyokt+3s ~ Pjpoks1 T Pjyo k))) ~

" 4 2 2 2
~ 12h <U?+2 k2, T Vjt2 k42, + Do kg2, T Pje k424, +O(h ))

The differential equation (21I]) does not follow from the Navier—Stokes system ().
Otherwise (2I)) would be an integrability condition for (), and hence (3] could
not be involutive. Therefore, the numerical integration rules used for discretiza-
tion of (7)), namely the trapezoidal rule for the pressure integral relations, are
not consistent with the initial differential system.

6 Conclusions

By applying our algorithmic approach to generation of finite-difference schemes
suggested in [2] we derived two new conservative schemes for the involutive
Navier—Stokes system (I]) which are similar to (although distinct from) the clas-
sical scheme derived by Harlow and Welch in [§]. However, the consistency check
of the last scheme requires too cumbersome Groébner basis computation to be
done by hand whereas both our schemes admit such check done in Section 5.
We have also shown that an inconsistent difference scheme can be derived by
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an inappropriate choice of the numerical integration method. To check the prac-
tical quality of the new schemes one has to apply them to explicit numerical
simulation of flows with appropriate initial and boundary conditions, and this is
planned as our future work.

Apparently, by choosing different numerical integration methods (cf. [12]) for
evaluation of the integral equations in (@) and by verification of their consistency
one can generate many difference schemes for the Navier—Stokes equations. From
the above described method it is also clear that it admits a natural extension to
the three-dimensional Navier—Stokes equations.
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Abstract. In this paper we briefly describe a Mathematica package for
simulation of quantum circuits and illustrate some of its features by
simple examples. Unlike other Mathematica-based quantum simulators,
our program provides a user-friendly graphical interface for generating
quantum circuits and computing the circuit unitary matrices. It can be
used for designing and testing different quantum algorithms. As an ex-
ample we consider a quantum circuit implementing Grover’s search algo-
rithm and show that it gives a quadratic speed-up in solving the search
problem.

1 Introduction

Quantum computation is a topic of great interest for the last two decades [1]. The
main reason for this is the potential ability of a quantum computer to provide
massive performance speedup in certain types of computational problems such
as data searching [2], factorization [3] and encryption [4].

However, in spite of some exciting rumors that are spread by the Canadian
company D-Wave (see the Web page http://www.dwavesys.com/), realistic
quantum computers have not been built yet. Their general unavailability gener-
ates interest in developing classical simulators of quantum computation which
can be used for finding and testing new efficient quantum algorithms. There is
quite a number of such simulators (the corresponding links see on the website
http://www.quantiki.org/wiki/index.php/List of QC simulators). But
most of them have been designed for solving some particular tasks such as demon-
stration of various quantum circuits and algorithms and, hence, can not be used
for applications more general. There are also several simulators of quantum
computation developed with Mathematica [5], for example, the Mathematica
packages Quantum (see http://homepage.cem.itesm.mx/lgomez/quantum/),
Qdensity [6], QuCalc [7]. But these programs have similar shortcomings and are
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not universal in a sense that it is not possible to analyze an arbitrary quantum
algorithm within the framework of any of them.

Note that all quantum algorithms are traditionally expressed in the quantum
circuit model [I]. And so the problem of simulating a quantum computation is
reduced to construction of a quantum circuit transforming a given initial state of
quantum memory register into the final state that can be measured. Such trans-
formation is done by means of the corresponding unitary operator. Therefore, a
simulator program must be able to calculate a unitary matrix corresponding to
the quantum circuit in the general case of n-qubit memory register. Besides, a
simulator must be a user-friendly tool which can be easily used to design and
test different quantum algorithms.

We have developed the first version of a Mathematica package “QuantumCir-
cuit” [8] that, in our opinion, satisfies the requirements above. At the moment
we focus on constructing quantum circuits and computing the corresponding
unitary transformations of quantum register but the package is improved and
extended to cover all types of calculations being necessary to simulate a quan-
tum computer. It should be noted also that in addition to the straightforward
computation of the circuit matrix by means of the Mathematica build-in linear
algebra facilities, our program provide users with the special routine to generate
a system of multivariate Boolean polynomials [9] for a circuit constructed from
Toffoli and Hadamard gates. This system is such that its number of common
roots in the finite field Fy defines the matrix elements of the circuit matrix [10].

The paper is organized as follows. In Section 2 we briefly describe the general
structure of an arbitrary quantum circuit and introduce the concept of its matrix
representation. Then we describe (Section 3) the features of computing unitary
matrices corresponding to different quantum gates and their sequences by apply-
ing the straightforward linear algebra procedures provided by the Mathematica
and demonstrate examples how to compute the circuit matrix. As an application
of our package in Section 4 we consider a quantum circuit implementing Grover’s
search algorithm to show that repeating Grover’s iteration gives a hidden item
with high probability.

2  Quantum Circuit and Its Matrix Representation

The quantum circuit model of computation is constructed analogous to the clas-
sical computing and provides an efficient and powerful language for describing
quantum algorithms. A collection of n qubits forms a quantum memory register,
where the input data and intermediate results of computations are held. Each
qubit is a two-level quantum system that can be prepared, manipulated and
measured in a controlled way. Traditionally, the state of a qubit is denoted as
|a), corresponding to standard Dirac notation for quantum mechanical states.
Therefore, a quantum memory register is shown on a diagram visualizing the
circuit as a column of states of the form |a;) (j =1,2,...,n) from which “quan-
tum wires” start. Although a quantum circuit doesn’t contain any wires as such,
the term “wires” is merely used to show evolution of qubits acted on by various
quantum gates.
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laz)
'“3>f1*.*‘ iy *fi*.*‘

Fig. 1. Implementation of the Toffoli gate using Hadamard (H), phase (S), controlled-
NOT (CNOT) and 7/8 (T) gates

General structure of any quantum circuit can be readily understood from
Fig. [l where a quantum circuit implementing the Toffoli gate is depicted.

The circuit is to be read from left-to-right. It means that a column of three
qubits |a1), |az), |as) in the left-hand side of the diagram determines an initial
state of the memory register. Then it is successively acted on by different quan-
tum gates and its final state is shown on the right-hand side of the diagram as
a column of qubits |b1), |b2), |b3). We have drawn vertical dashed lines in Fig. [Tl
to show clearly that evolution of the memory register is controlled by means
of successive application of quantum gates to different qubits at each step of
computation.

Note that all gates are usually denoted with some symbols, for example, H
is the Hadamard gate, “o” and symbol €5 connected with a vertical line corre-
spond to the control and target qubits in the controlled-NOT gate, S and T are
the phase and 7/8 gates, respectively, and so on (we follow here the notations
of [1]). So it seems to be quite natural to introduce the following matrix for
representation of the circuit shown in Fig. [0k

111C111C1C1CT
1C111C11TINTINS| . (1)
HNTINTNTINT 1 H11

Here the unit means identical transformation of the qubit, letters “C” and “N”
in the same column correspond to the control and target qubits of the controlled-
NOT gate, “T'™” denotes an adjoint gate for “T”. One can easily see that this
matrix contains all the information about the structure of this circuit. It means
that defining a matrix whose columns from left-to-right contain symbols corre-
sponding to quantum gates acting on the qubits on each step of computation
we can encode thus information about any quantum circuit. Obviously, number
of rows in the matrix should be equal to the number of qubits in the memory
register. This is an idea of our representation of a quantum circuit.

Thus, in our package a quantum circuit is represented internally as a n x m
matrix, where n is a number of qubits and m determines a number of steps in
the computation. It is assumed that each column contains either one multi-qubit
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gate or single-qubit gates only. To decrease dimension of the matrix it is rea-
sonable to assume also that there are no neighboring columns in the matrix
containing only single-qubit gates acting on different qubits. Note that to define
the corresponding matrix one can use either standard Mathematica representa-
tion for a matrix as list of lists or traditional notation as shown in Fig. 2l Then
a function circuit[mat] generates a diagram corresponding to the matrix mat.

111 c¢c111c¢c1c1l1crT
mat=|1Cc 1 1 1Cc 1 1T NT N S|; circuit[mat]
HNT NTNTNT1H11

Fig. 2. A matrix corresponding to the quantum circuit of Fig. [

It should be emphasized that a user can easily add or delete some row or
column in the matrix mat or change some symbols replacing the corresponding
quantum gates. Then running the command circuit[mat] immediately visual-
izes a new quantum circuit. Afterwards, one can easily compute a unitary matrix
corresponding to the quantum circuit.

The data base of gates in our package contains the following gates [I]:

— one-qubit gates: Hadamard, Pauli X, Pauli Y, Pauli Z, Phase shift Ry,
Phase S = Rs and the 7/8 or T = Rs.

— two-qubit gates: Controlled-X (CNOT), Controlled-Y, Controlled-Z,
Controlled-S, Controlled-T, Controlled-Ry and Swap gate.

— three-qubit gates: Toffoli (CCNOT).

Note that each controlled gate in our program may have not only one but several
control qubits and for visualization it is sufficient to write a symbol “C” in the
corresponding places of the matrix mat. Besides, the set of available gates can
be easily extended by a user.

3 Constructing the Circuit Unitary Matrix

A state of each qubit is characterized by a vector in the two-dimensional complex
Hilbert space with two mutually orthogonal quantum states |0) and |1) forming
a computational basis. Therefore, the state of n-qubit memory register is char-
acterized by a vector in the 2"”-dimensional complex Hilbert space, where the
basis states are given by

laras .. .an) = la1) @la2) ® ... Q |ay) . (2)

Here a; = 0,1 (j = 1,...,n) and the sign ® denotes tensor product of the
vectors. Considering the set of digits (ajas...a,) as a binary notation for the
number k, the basis states (2) can be represented as column vectors:



110 V.P. Gerdt, R. Kragler, and A.N. Prokopenya

1 0
0 1
[00...00) =|0) = , 100...01) =11) = , ,

0 0
0
0

[11...1H=12"-1) = . | , (3)

1

where the vector |k) (k=0,1,...,2" — 1) has the component k+ 1 equal to one
and all other components equal to zero.

A unitary matrix U defined by the quantum circuit with n qubits is repre-
sented as a 2™ x 2™ matrix with respect to the basis states (3). As the circuit is
read from left-to-right and we use the matrix mat to represent the circuit, the
matrix U can be written as the following product

U=UnUp_1...Usly , (4)

where U; (j = 1,2,...,m) is the 2" x 2" matrix determined by the quantum
gates being in the jth column of the matrix mat.

Remind that each column of the matrix mat contains either several one-
qubit gates acting on different qubits or a multi-qubit gate. In the first case
the corresponding matrix U; is obtained as a tensor product of n matrices of
second order representing the one-qubit gates in the computational basis. For
example, the first column of the matrix (1), encoding the quantum circuit of
Fig. [[l contains three symbols, namely, 1, 1, H. Therefore, the corresponding
8 x 8 matrix U; is obtained as a tensor product of the following matrices

1000
10\ _/10\_ 1 /1 1Y\ [oto0|_ 1 /11Y
<01)@3(01)@9¢2(1—1>" 0010 ®¢2<1—1>“
0001
11000000
11000000
00110000
~1]001-10000
v2loooo11o00 |-
00001-100
00000011
000000 1-1

where we have used two 2 X 2 unity matrices and standard matrix representation
for the Hadamard gate (see [1]). Computing this tensor product can be easily
implemented with built-in linear algebra Mathematica tools, the corresponding
source code is shown in Fig. Bl However, memory resources for storing such a



A Mathematica Package for Simulation of Quantum Computation 111

matl = {{1, 0}, {0, 1}};
mat2 = {{1, 0}, {0, 1}};
1
mat3 = —— {{1, 1}, {1, -1}};

V2
ArrayFlatten [ Outer[ Times,
ArrayFlatten [ Outer [ Times, matl, mat2]], mat3]]

Fig. 3. Mathematica code implementing calculation of the matrix (4)

matrix grow exponentially with the number of qubits. And to store the 210 x 210
unitary matrix being a tensor product of ten Hadamard gates, for example, one
needs more than 1 GB memory size which limits efficient simulation of quantum
circuits containing more than 10 qubits. If most of the matrix elements are zeros
one can store the matrix as a sparse array and this enables to increase the number
of qubits in the circuit. For example, to store the 22° x 220 unitary matrix being
a tensor product of twenty Pauli-X gates one needs only about 25 MB memory
size. But in any case time of calculation grows exponentially with the number
of qubits as well (see Fig. HI).

Int
°
4+
A
® A
2t ° A
A
o A
‘ ‘ ‘ .
5 10 * 20
° A
A
2Fr @ A
A A
4r A

Fig. 4. Calculation time of tensor product of n Hadamard (e) and Pauli-X (A) matrices

Note that the kth column of the matrix Uj is a vector in the 2"-dimensional
Hilbert space and is obtained as a result of the action of quantum gates, being in
the jth column of the matrix mat, on the basis vector |k — 1). Therefore, if the
column contains only some controlled gate, the corresponding matrix U; may be
obtained directly by specifying the transformation rules for the basis vectors (3).
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For example, in the case of CNOT gate defined by the second column of the
matrix (1) the Pauli-X or NOT gate is applied to the target qubit |ag) only if
the control qubit |as2) is in the state |1). This operation doesn’t depend on the
state of the qubit |a1). As a result we obtain only permutation of the basis states
(3) according to the rule

10) = |000) — [000) = |0)
[1) = ]001) — |001) = |1)
[2) = |010) — |011) = |3)
13) = [011) — 010) = |2) -
|4) = [100) — |100) = [4) (5)
I5) = [101) — [101) = |5)
16) = |110) — |111) = |7)
7y = 111) — |110) = |6)

Consequently, the columns of the matrix Us from left-to right are just basis
vectors (3) written in the order they appear in the right-hand side of equa-
tion (5). This permutation is implemented in our package with the function
gateCN|[3,3,{2}], the corresponding source code is shown in Fig. Bl Its argu-
ments n, kn and kc are a number of qubits in the circuit, position of the target
qubit and list of positions of the controlled qubits, respectively. The matrix U;
is stored as a sparse one what reduces the memory resources and time of cal-
culation dramatically. For example, the computing time and memory used in
the case of tensor product of eleven Hadamard gates are 10* times larger than
similar values for the CCNOT gate in the circuit with eleven qubits.

gateCN[n_, kn_, kc_?ListQ] :=
Block[ {bl, u0, rules},
bl = Table[IntegerDigits[j, 2, n], {j, 0, 24n-1}];
rules = Table[ {FromDigits [ReplacePart [b1[[]j]],
kn -> Mod [Apply [Times,
bl[[j, ke]] 1 +b1[[]j, kn]], 2] ], 2] +1, §} -> 1,
{3, 24n}];
u0 = SparseArray [rules, {24n, 24n}]; u0 ]

Fig.5. Mathematica code implementing matrix representation of the CNOT gate

When all unitary matrices U; corresponding to the columns of matrix mat
have been calculated one can compute their product according to the expression
(4) and thus find the unitary matrix of the whole circuit. Such sequence of
operations in our package is done by the function matrixU[mat] which is called
with a single argument that is just the matrix mat encoding the circuit. For the
matrix (1), for example the corresponding command gives the unitary 8 x 8
matrix shown in Fig. [l Tt should be noted that this unitary matrix coincides
with the matrix given by the function gateCN|[3, 3, {1,2}] which generates the
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unitary matrix corresponding to the Toffoli gate. Therefore, one can conclude
that the circuit shown in Fig. [[] implements the Toffoli gate. This is a direct
proof of the statement that Toffoli gate can be composed from the Hadamard,
phase, CNOT and 7/8 gates. This example demonstrates one application of our
package as a tool for proving the equivalence of different quantum circuits.

la;y  ———— |bp)

lag) ———— |by)

S O O = O O O O
S O = O O O O O
—_ O O O O O O O
o = O O O O o o

S O O O O o O
S O O O o o = O
S O O O o = O O
S O O O = O O O

lasy  —ED— by

Fig. 6. Toffoli gate and its unitary matrix

It should be emphasized that a matrix mat representing some quantum circuit
may be not only constructed by hand as it has been done above but may be
generated by some function as well. For example, to generate a matrix modeling a
quantum circuit implementing the Fourier transform for n-qubit memory register
one can define the function modelFourier[n] (Fig.[B). Then using the functions
circuit and matrixU, we can easily visualize the circuit (Fig. [l and compute
the corresponding unitary matrix.

modelFourier [n_] := Module|[{model, mm, nl},
model = Array[mm, {n, n (n+1) /2}] /. mm[i_, j_] - 1;
nl =0;
Do [ Do[ If[k == 1, model[[]j, n1+1]] = H,
(model[[j, n1+k]] =C; model[[j+k-1, nl+k]] =Ryg)
1, {k,n-3+1}];
nl=nl+n-j+1, {j, n}]; model ]

Fig.7. Mathematica code for generation of a matrix representing the circuit for the
quantum Fourier transform

Note that a unitary matrix corresponding to the quantum Fourier transform
may be also computed with the Mathematica package Qdensity [6] but this is
done by a procedure written specially for this quantum circuit. However, time of
calculation is only a little bit less than in the case of our package “QuantumCir-
cuit”, whereas the function matrixU is universal, and of course this time grows
exponentially with the number of qubits for both programs (see Fig. [@).
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) —{H] rL . Ib)
ja2) R, 'H] FL I 1b2)
las) R, R, H] Ibs)
jas) R, Rs) R, 1bs)

Fig. 8. A quantum circuit implementing the Fourier transform (n = 4)
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Fig. 9. Time of computing a unitary matrix for the Fourier transform with our package
”QuantumCircuit” (o) and Qdensity (A)

4 Implementation of the Grover Search Algorithm

To demonstrate application of the package “QuantumCircuit” for analysis of
quantum circuits let us consider Grover’s search algorithm [2] as an example.
The search problem is formulated as follows [11]: some n-bit integer k is hidden in
a black-boxed subroutine that indicates, when presented with any n-bit integer
x, whether or not x coincides with k, returning this information as the value
of the n-bit binary function. The problem is to find k& with minimum number
of applying the subroutine. Let a quantum memory register contain five qubits
(n = 4): four qubits |ay), |az), |as), |as) are originally prepared in the state |0)
and one ancillary qubit |as) is in the state |1). It means that the initial state
of the memory register is |[00001) and the corresponding basis vector in the 32-
dimensional Hilbert space has the second component equal to one and all other
components equal to zero (see equation (3)). Applying five Hadamard gates,
one for each qubit, we obtain an equal superposition of all basis states of the
five-qubit system. A quantum search subroutine bounded by two dashed lines
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Fig. 10. Quantum circuit implementing Grover’s search algorithm (n =4,k = 11)

in the diagram (Fig. [IT)) is a 4-bit binary function that outputs 1 if its input is
some given integer (k = 11 in the case shown) and 0 otherwise. This subroutine
together with a quantum circuit drawn on the right of the dashed line form one
Grover’s iteration.

Note that Grover’s iteration can be applied to the memory register several
times bringing it to some final state that can be measured in the computa-
tional basis. And if the number of iterations is equal to the integer part of
7/(4arcsin(2-"/2)) = n/(4 arcsin(1/4)) = 3.108 (see [1], [2], [I1]), then the final
state will be exactly |k) with very high probability.

To find a final state of the memory register after several Grover’s iterations let
us define two matrices mat0 and matG (see Fig. [TT]). The first one represents a
column of Hadamard gates bringing initial state |00001) of the memory register
to equal superposition of all basis states. The corresponding unitary 2° x 2°
matrix matUO is given by the function matrixU[matO0] .

initial = SparseArray[2 > 1, 245];

mat0 = {{H}, {H}, {H}, {H}, {H}}; matUO0 = matrixU[matO0];
1 C1HIXGCXH
X C X HXCXH
matG= (1 C 1 H X C X H |; matUl = matrixU[matG];
1 C1HXZIXH
1 N111111

firstIteration = matUl.matUO.initial;
secondIteration = matUl.firstIteration;
thirdIteration = matUl.secondIteration

Fig. 11. Mathematica code for computing a final vector after three Grover’s iterations
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The second matrix matG represents one Grover’s iteration and the corre-
sponding unitary matrix is given by matrixU[matG]. Defining the initial state
of the memory register as a sparse vector initial, one can act on it with op-
erator matUO and then apply successively several Grover’s iterations matU1.
As a result we obtain a unit vector with 2° = 32 components which determine
probabilities of different basis states of the memory register. Remind that hid-
den item is encoded by the states of four qubits |a1), |as), |as), |as), while the
ancillary qubit |as) is finally in the state \}2 (]0) — 1)) and may be found in both
basis states |0) and |1) with equal probability. Therefore, a probability P to get
k (k=0,1,...,15) as a result of measurement of the memory register |ajazaza4)
is equal to a sum of the 2kth and (2k + 1)th components squared of the final
vector.

10

P8 =0.96 for k=11

max

08
06

P =0.47 for k=11

max

04

02

2 4 6 8 10 12 14
Fig.12. Probability distribution in the final state after one and three Grover’s

iterations

Fig. shows that after one iteration a probability to get a correct number
k = 11 as a result of measurement is equal to 47 percent, while after the third
Grover’s iteration a standard measurement in the computational basis gives 11
with probability 96 percent. It should be noted also that the fourth iteration de-
creases a probability to get a correct result to 58 percent. Thus, maximum proba-
bility to obtain correct result is reached if the number of iterations is equal to its
optimal value that is determined as an integer part of /(4 arcsin(1/v/N), where
N = 2" For large values of N this number is O(v/N) and, hence, Grover’s algo-
rithm provides a quadratic speed-up in solving the search problem in comparison
with a classical computer which requires O(N) applications of the subroutine.

5 Conclusion

In this paper we present a Mathematica package for simulation of quantum cir-
cuits we are currently working on. The package provides a user-friendly graphi-
cal interface for generating quantum circuits and computing the circuit unitary
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matrices. Arbitrary circuit is represented internally as a symbolic table whose
elements correspond to different one- and multi-qubit gates. Its unitary matrix
is computed by means of the Mathematica build-in linear algebra facilities.
Estimating the time of calculation of the unitary matrix corresponding to the
quantum Fourier transform with our package and with the Mathematica package
Qdensity [6] shows that they are comparable (see Fig.[d). But the package Qden-
sity implements the standard algorithm for computing this matrix what means
that simulating other quantum circuit requires to design new algorithm of calcu-
lation. In our package the corresponding function matrixU for computing the
unitary matrix is quite universal. Therefore, our package “QuantumCircuit” is
universal and can be used for designing and testing different quantum algorithms.
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On Computing the Hermite Form of a Matrix of
Differential Polynomials

Mark Giesbrecht and Myung Sub Kim

Cheriton School of Computer Science, University of Waterloo, Waterloo, Canada

Abstract. Given a matrix A € F(¢)[D; 6]"*"™ over the ring of differential
polynomials, we show how to compute the Hermite form H of A and a
unimodular matrix U such that UA = H. The algorithm requires a
polynomial number of operations in F in terms of n, degpA, deg,A.
When F = Q it require time polynomial in the bit-length of the rational
coefficients as well.

1 Introduction

Canonical forms of matrices over principal ideal domains (such as Z or F[z],
for a field F) have proven invaluable for both mathematical and computational
purposes. One of the successes of computer algebra over the past three decades
has been the development of fast algorithms for computing these canonical forms.
These include triangular forms such as the Hermite form (Hermite, [1863), low
degree forms like the Popov form (Popov, 1972), as well as the diagonal Smith
form (Smithl, [1861)).

Canonical forms of matrices over non-commutative domains, especially rings
of differential and difference operators, are also extremely useful. These have
been examined at least since [Dickson (1923), Wedderburn (1932), and |Jacobson
(1943). A typical domain under consideration is that of differential polynomials.
For our purposes these are polynomials over a function field F(¢) (where F is a
field of characteristic zero, typically an extension of QQ, or some representation
of C). A differential indeterminate D is adjoined to form the ring of differential
polynomials F(t)[D;d], which consists of the polynomials in F(¢)[D] under the
usual addition and a non-commutative multiplication defined such that Da =
aD+6(a), for any a € F(t). Here 6 : F(t) — F(t) is a pseudo-derivative, a function
such that for all a,b € F(t) we have

d(a+b)=0(a)+d(b) and (ab) = ad(b) + é(a)b.

The most common derivation in F(¢) takes d(a) = o’ for any a € F(t), the usual
derivative of a, though other derivations (say d(t) = t) are certainly of interest.

A primary motivation in the definition of F(¢)[D;d] is that there is a nat-
ural action on the space of infinitely differentiable functions in ¢, namely the
differential polynomial

amD™ + a1 D" 4 ay D+ ag € F()[D; 6]

V.P. Gerdt, E.ZW. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 118-{I29] 2009.
(© Springer-Verlag Berlin Heidelberg 2009
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acts as the linear differential operator

d™y(t)
dtm

dm Ly (¢
Fam1(t) dtmgi b

W 1 ottt

am(t)
on a differentiable function y(¢). Solving and analyzing systems of such opera-
tors involves working with matrices over F(t)[D;d], and invariants such as the
differential analogues of the Smith, Popov and Hermite forms provide important
structural information.

In commutative domains such as Z and F[z], it has been more common to com-
pute the triangular Hermite and diagonal Smith form (as well as the lower degree
Popov form, especially as an intermediate computation). Indeed, these forms are
more canonical in the sense of being canonical in their class under multiplication
by unimodular matrices. Polynomial-time algorithms for the Smith and Hermite
forms over F[z] were developed by [Kannan (1985), with important advances
by [Kaltofen et all (1987), [Villard (1995), [Mulders and Storjohann (2003), and
many others. One of the key features of this recent work in computing normal
forms has been a careful analysis of the complexity in terms of matrix size, en-
try degree, and coefficient swell. Clearly identifying and analyzing the cost in
terms of all these parameters has led to a dramatic drop in both theoretical and
practical complexity.

Computing the classical Smith and Hermite forms of matrices over differen-
tial (and more general Ore) domains has received less attention though normal
forms of differential polynomial matrices have applications in solving differen-
tial systems and control theory. |Abramov and Bronstein (2001) analyzes the
number of reduction steps necessary to compute a row-reduced form, while
Beckermann et all (2006) analyze the complexity of row reduction in terms of
matrix size, degree and the sizes of the coefficients of some shifts of the input
matrix. [Beckermann et all (2006) demonstrates tight bounds on the degree and
coeflicient sizes of the output, which we will employ here. For the Popov form,
Cheng (2003) gives an algorithm for matrices of shift polynomials. Cheng’s ap-
proach involves order bases computation in order to eliminate lower order terms
of Ore polynomial matrices. A main contribution of |Cheng (2003) is to give an
algorithm computing the row rank and a row-reduced basis of the left nullspace
of a matrix of Ore polynomials in a fraction-free way. This idea is extended in
Dayvies et all (2008) to compute Popov form of general Ore polynomial matrices.
In Davies et all (2008), they reduce the problem of computing Popov form to a
nullspace computation. However, though Popov form is useful for rewriting high
order terms with respect to low order terms, we want a different normal form
more suited to solving system of linear diophantine equations. Since the Hermite
form is upper triangular it meets this goal nicely, not to mention the fact that
it is a “classical” canonical form. In a slightly different vein, IMiddeke (2008)
has recently given an algorithm for the Smith (diagonal) form of a matrix of
differential polynomials, which requires time polynomial in the matrix size and
degree (but the coefficient size is not analyzed).
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In this paper, we first discuss some basic operations with polynomials in
F(¢)[D; 0], which are typically written with respect to the differential variable
D as

f=fo+ iD+ foD?> +--- + f4D%, (1.1)

where fo, ..., fa € F(t), with fq # 0. We write d = degp f to mean the degree in
the differential variable, and generally refer to this as the degree of f. Since this is
a non-commutative ring, it is important to set a standard notation in which the
coefficients fo,. .., fa € F(t) are written to the left of the differential variable D.
For u,v € F[t] relatively prime, we can define deg,(u/v) = max{deg,u,deg,v}.
This is extended to f € F(¢)[D; 0] as in (L)) by letting deg, f = max,;{deg,f;}.
We think of deg, as measuring coefficient size or height. Indeed, with a little
extra work the bounds and algorithms in this paper are effective over Q(t) as
well, where we also include the bit-length of rational coefficients, as well as the
degree in ¢, in our analyses.

A matrix U € F(¢)[D;6]""" is said to be unimodular if there exists a V €
F(t)[D; 8] "™ such that UV = I, the n x n identity matrix. Note that we do not
employ the typical determinantal definition of a unimodular matrix, as there
is no easy notion of determinant for matrices over F(¢)[D;d] (indeed, working
around this deficiency suffuses much of our work).

A matrix H € F(t)[D;6]"*" is said to be in Hermite form if H is upper
triangular, if every diagonal entry is monic, and every off-diagonal entry has
degree less than the diagonal entry below it. As an example, the matrix

1+ (t+2)D + D? 2+ (2t+1)D 1+(1+t)D
2t +t? +tD 2+2t+2t?+D 4t + 2
3+t+B+)D+D*8+4t+ (5+3t)D+D? 7+ 8t + (2+4t)D

has Hermite form

24 ¢+D 142t L _1p
0 2+t+D 1+ % +.D
0 0 =24 Htpyp2

Note that the Hermite form may have denominators in ¢. Also, while this example
does not demonstrate it, it is common that the degrees in the Hermite form, in
both ¢ an D, are substantially larger than in the input.

In this paper we will only concern ourselves with matrices in F(¢)[D;8]"*"
of full row rank, that is, matrices whose rows are F(¢)[D; d]-linear independent.
For any matrix A € F(t)[D;6]"*", we show there exists a unimodular matrix
U such that UA = H is in Hermite form. This form is canonical in the sense
that if two matrices A, B € F(t)[D;]"*" are such that A = PB for unimodular
P € F(t)[D;8]"*" then the Hermite form of A equals the Hermite form of B.

The main contribution of this paper is an algorithm that, given a matrix
A € F(t)[D;8]"*" (of full row rank), computes H and U such that UA = H,
which requires a polynomial number of F-operations in n, degp A, and deg, A. It
will also require time polynomial in the coefficient bit-length when F = Q.
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The remainder of the paper is organized as follows. In Section 2 we summarize
some basic properties of differential polynomial rings and present and analyze
algorithms for some necessary basic operations. In Section 3 we introduce a new
approach to compute appropriate degree bounds on the coefficients of H and
U. In Section 4 we present our algorithm for computing the Hermite form of a
matrix of differential polynomials and analyze it completely.

2 Basic Structure and Operations in F[t][D; 6]

In this section we discuss some of the basic structure of the ring F(¢)[D; d] and
present and analyze simple algorithms to do some computations that will be
necessary in the next section.

Some well-known properties of F(¢)[D; d] are worth recalling; see
Bronstein and Petkovsek (1994) for an algorithmic presentation of this theory.
Given f, g € F(t)[D; ¢], there is a degree function (in D) which satisfies the usual
properties: degp(fg) = degp f +degpg and degp (f + ¢g) < max{degp f, degpg}.
F(¢)[D; 0] is also a left and right principal ideal ring, which implies the existence
of a right (and left) division with remainder algorithm such that there exists
unique ¢, € F(t)[D;0] such that f = qg + r where degp(r) < degp(g). This
allows for a right (and left) euclidean-like algorithm which shows the existence of
a greatest common right divisor, h = gerd(f, g), a polynomial of minimal degree
(in D) such that f = uh and g = vh for u,v € F(t)[D;d]. The GCRD is unique
up to a left multiple in F(¢)\{0}, and there exist co-factors a,b € F(t)[D;J]
such that af + bg = gerd(f, g). There also exists a least common left multiple
lelm(f, g). Analogously there exists a greatest common left divisor, geld(f,g),
and least common right multiple, lecrm(f, g), both of which are unique up to a
right multiple in F(¢).

Efficient algorithms for computing products of polynomials are developed in
van der Hoeven (2002) and Bostan et all (2008), while fast algorithms to com-
pute the LCLM and GCRD, are developed in|Li and Nemes (1997) and[Li (1998).
In this paper we will only need to compute very specific products of the form
DF f for some k € N. We will work with differential polynomials in F[t][D; ], as
opposed to F(t)[D;d], and manage denominators separately. If f € F[t][D;d] is
written as in ([LT)), then fo,..., fq € F[t], and

Df= Y fD+ > D' eF[t)[D;4],

0<i<d 0<i<d

where f/ € F[t] is the usual derivative of f; € F[t]. Assume deg, f < e. It is easily
seen that degy(Df) = d+ 1, and deg,(Df) < e. The cost of computing Df is
O(de) operations in F. Computing D¥f, for 1 < k < m then requires O(dem)
operations in F.

If F = Q we must account for the bit-length of the coefficients as well. Assum-
ing our polynomials are in Z[t][D;d] (which will be sufficient), and are written
as above, we have f; =37, . fijt? for fi; € Z. We write || f||oo = max |f;;| to
capture the coefficient size of f. It easily follows that |Df]|c < (e 4+ 1| f]]oo;
and s0 [| D™ floo < (€ +1)™fllco-
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Lemma 2.1

(i) Let f € F[t][D;0] have degp f = d, deg,f = e, and let m € N. Then we can
compute D* f, for 1 < k < m, with O(dem) operations in F.

(ii) Let f € Z[t][D;d]. Then |D™ flloo < (e +1)™ - || flloo, and we can compute
Dif, for 1 <i<m, with O(dem - (mloge + log || f|l=)?) bit operations.

We make no claim that the above methods are the most efficient, and faster
polynomial and matrix arithmetic will certainly improve the cost. However, the
above analysis will be sufficient, and these costs will be dominated by others in
the algorithms of later sections.

3 Existence and Degree Bounds on the Hermite Form

In this section we prove the existence and uniqueness of the Hermite form over
F(¢)[D; 4], and prove some important properties about unimodular matrices and
equivalence over this ring. The principal technical difficulty is that there is no
natural determinant function with the properties found in commutative linear
algebra. The determinant is one of the main tools used in the analysis of essen-
tially all fast algorithms for computing the Hermite form H and transformation
matrix U, and specifically two relevant techniques in established methods by
Storjohann (1994) and [Kaltofen et al! (1987). One approach might be to employ
the non-commutative determinant of |[Dieudonné (1943), but this adds consider-
able complication. Instead, we find degree bounds via established bounds on the
row-reduced form.

Definition 3.1 (Unimodular matrix). Let U € F(¢)[D;]"*" and suppose
there exists a V. € F(t)[D;8]"" such that UV = I,,, where I,, is the identity
matriz over F(t)[D; )" ™. Then U is called a unimodular matriz over F(t)[D; §].

This definition is in fact symmetric, in that V' is also unimodular, as shown in
the following lemma (the proof of which is left to the reader).

Lemma 3.1. Let U € F(t)[D;6]"™" be unimodular such that there evists a V €
F(H)[D;8]" "™ with UV = I,. Then VU = I,, as well.

Theorem 3.1. Let a,b € F(t)[D;d]. There exists a unimodular matriz

W= (z 1’) € F(t)[D;6)*** such that W (Z) = (g) :

where g = gerd(a,b) and sa = —tb = lclm(a, b).

Proof. Let u,v € F(t)[D; d] be the multipliers from the euclidean algorithm such
that ua + vb = g. Since sa = —tb = lclm(a, b), we know that geld(s,t) = 1
(otherwise the minimality of the degree of the lelm would be violated). It follows
that there exist ¢,d € F(¢)[D;d] such that sc+ td = 1. Now observe that

wv\ (ag™t ¢\ (1 -uc—vd\ (luc+wvd\ (1 —-uc—vd\ (10
5t bg~' d) \0 1 S\ 1 0 1 S \01)"
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Thus

Wl ag™' ag7'(—uc—vd) +c\ _ (ag”! —a+c
T \bg7! bgl(~uc—vd)+d) " \bg™! —b+d)’

so W is unimodular. O

Definition 3.2 (Hermite Normal Form). Let H € F(t)[D;8]" " with full
row rank. The matrix H is in Hermite form if H is upper triangular, if every
diagonal entry of H is monic, and if every off-diagonal entry of H has degree
(in D) strictly lower than the degree of the diagonal entry below it.

Theorem 3.2. Let A € F(t)[D;0]"*" have row rank n. Then there exists a
matriz H € F(t)[D;8]"" with row rank n in Hermite form, and a unimodular
matriz U € F(t)[D;6]"™", such that UA = H.

Proof. We show this induction on n. The base case, n = 1, is trivial and we
suppose that the theorem holds for n — 1 x n — 1 matrices. Since A has row rank
n, we can find a permutation of the rows of A such that every principal minor of
A has full row rank. Since this permutation is a unimodular transformation of
A, we assume this property about A. Thus, by the induction hypothesis, there
exists a unimodular matrix Uy € F(£)[D; 6] P>~ guch that

0 -Hl,l co
U, 0 Hj
t|-A=H= 0 : o | e F@)[Ds 0",
0 gn—l,n—l *
00---01 Ap1Apno - Apno1t Ann

where the (n — 1)st principal minor of H is in Hermite form. By Theorem 3.1}
we know that there exists a unimodular matrix

W = (Z “t> € F(t)[D; 6)*? such that W (f) = (%) € F(t)[D; 6],

This allows us to reduce A, 1,..., A, n—1 to zero, and does not introduce any
non-zero entries below the diagonal. Also, all off-diagonal entries can be reduced
using unimodular operations modulo the diagonal entry, putting the matrix into
Hermite form. ad

Corollary 3.1. Let A € F(t)[D;8]" " have full row rank. Suppose UA = H for
unimodular U € F(t)[D;8]"*" and Hermite form H € F(t)[D;6]"*". Then both

U and H are unique.

Proof. Suppose H and G are both Hermite forms of A. Thus, there exist uni-
modular matrices U and V such that UA = H and VA = G, and G = WH
where W = VU ! is unimodular. Since G and H are upper triangular matrices,
we know W is as well. Moreover, since G and H have monic diagonal entries,
the diagonal entries of W equal 1. We now prove W is the identity matrix. By
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way of contradiction, first assume that W is not the identity, so there exists an
entry W;; which is the first nonzero off-diagonal entry on the ith row of W.
Since ¢ < j and since Wy; = 1, Gy = Hij + WijHj;. Because Wi, # 0, we see
degpGi; > degpGjj, which contradicts the definition of the Hermite form. The
uniqueness of U follows similarly. a

Definition 3.3 (Row Degree). A matriz T € F(t)[D;0]"*" has row degree
U € (NU{—oco})" if the ith row of T has degree u;. We write rowdeg ™ .

Definition 3.4 (Leading Row Coefficient Matrix). Let T € F(t)[D;]"*"
have rowdegu . Set N = degpT and S = diag(DV~%,..., DN=un). We write

ST = LDV + lower degree terms in D,

where the matric L = LCow(T) € F(t)"*™ is called the leading row coefficient
matrix of T.

Definition 3.5 (Row-reduced Form). A matriz T € F(t)[D;8]™"" with rank
r is in row-reduced form if rank LCyoy(T) = 1.

Fact 3.1 (Beckermann et all (2006) Theorem 2.2). For any

A € F()[D; 8] there exists a unimodular matriz U € F(t)[D;8]™"™, with
T = UA having r < min{m, s} nonzero rows, rowdegT < rowdegA, and where
the submatriz consisting of the r nonzero rows of T are row-reduced. Moreover,
the unimodular multiplier satisfies the degree bound

rowdegU < v + (| W] — |v'| — min{u;})€,
j

where U := max(ﬁ,rowdegA), v = max(ﬁ,rowdegT), and € is the column

vector with all entries equal to 1.

The proof of the following is left to the reader.

Corollary 3.2. If A € F(t)[D;d]"*" is a unimodular matriz then the row re-
duced form of A is an identity matriz.

The following theorems provide degree bounds on H and U. We first compute
a degree bound of the inverse of U by using the idea of backward substitution,
and then use the result of Beckermann et all (2006) to compute degree bound
of U.

Theorem 3.3. Let A € F(t)[D;4]"*" be a matriz with degpA;; < d and full
row rank. Suppose UA = H for unimodular matriz U € F(t)[D;8]"*" and
H € F@)[D;8]"™"™ in Hermite form. Then there exist a unimodular matriz
V € F(t)[D; 08" " such that A =V H where UV = I,, and degpVi; < d.

Proof. We prove by induction on n. The base case is n = 1. Since Hy; =
gerd(Aqr, ..., Ap1), degpHyp < d and so degpVip < d for 1 < i < n. Now,
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we suppose that our claim is true for & where 1 < k < n. Then we have to show
that degpVig+1 < d. We need to consider two cases:

Case 1: degpV; k41 > max(degpVii, ..., degpVik). Since

degp Hyt1,k+1 > max(degp Hikt1,- .., degpH kt1),
degpAi k1 = degp(Vikt1 Hi+1,541),

where A; p11 = VinHi p11 + - + Vigr1Hpq1 k1. Thus, degp Vi p11 < d.
Case 2: degpV; k41 < max(degpVii,...,degpVig). Thus, by induction hypothe-
sis, degpVix+1 < d. O

Corollary 3.3. Let A, V, and U be those in Theorem [.3 Then degpU;; <
(n—1)d.

Proof. By Corollary[3.2] we know that the row reduced form of V' is I,,. Moreover,
since I, = UV, we can compute the degree bound of U by using Fact[3.1} Clearly,

U+ (7] = [V] - min{u;}) € <V + (U] - min{u;})€,
J J

— g — - = a:
where ¥ := max(0,rowdegV) and v := max(0,rowdegl,) = 0. Since the
degree of each row of V is bounded by d, (|| — minj{u;}) < (n — 1)d. Then,
by Fact Bl rowdegU < (n — 1)d. Therefore, degpU;; < (n —1)d. O

Corollary 3.4. Let H be same as that in Theorem [33. Then degpH;; < nd.
Proof. Since degpU;; < (n —1)d and degpA;; < d, degpH;; < nd. O

4 Computing Hermite Forms by Linear Systems over F(t)

In this section we present our polynomial-time algorithm to compute the Hermite
form of a matrix over F(¢)[D; ¢]. We exhibit a variant of the linear system method
developed inKaltofen et all (1987) and [Storjohann (1994). The approach of these
papers is to reduce the problem of computing the Hermite of matrices with
(usual) polynomial entries in F[z] to the problem of solving a linear system
equations over F. Analogously, we reduce the problem of computing the Hermite
form over F[t][D; d] to solving linear systems over F(¢). The point is that the field
F(t) over which we solve is the usual, commutative, field of rational functions.

For convenience, we assume that our matrix is over F[t][D;d] instead of
F(t)[D; 6], which can easily be achieved by clearing denominators with a “scalar”
multiple from F[¢]. This is clearly a unimodular operation in the class of matrices
over F(t)[D; 4].

We first consider formulating the computation of the Hermite form a matrix
over F(t)[D; d] as the solution of a “pseudo”-linear system over F(t)[D; ] (i.e., a
matrix equation over the non-commutative ring F(t)[D; d]).

Theorem 4.1. Let A € F[t][D;6]" " have full row rank, with degpA; ; < d,

and (dy,...,d,) € N™ be given. Consider the system of equations PA = G, for
n x n matrices for P,G € F(t)[D; 0] restricted as follows:
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— The degree (in D) of each entry of P is bounded by (n — 1)d + maxi<i<n d;.

— The matriz G is upper triangular, where every diagonal entry is monic and
the degree of each off-diagonal entry is less than the degree of the diagonal
entry below 1t.

— The degree of the ith diagonal entry of G is d;.

Let H be the Hermite form of A and (hy,...,hy,) € N be the degrees of the
diagonal entries of H. Then the following are true:

(a) There exists at least one pair P,G as above with PA = G if and only if
d; > h; for1 <i<n.

(b) If di = h; for 1 < i < n then G is the Hermite form of A and P is a
unimodular matriz.

Proof. The proof is similar to that of [Kaltofen et all (1987), Lemma 2.1. Given
a degree vector (dy,...,d,), we view PA = G as a system of equations in the
unknown entries of P and G. Since H is the Hermite form of A, there exist a
unimodular matrix U such that UA = H. Thus PU 'H = G and the matrix
PU~! must be upper triangular since the matrices H and G are upper triangular.
Moreover, since the matrix PU~! is in F(¢)[D;6]"*", and Gy = (PU V) - Hy;
for 1 < i < n, we know d; > h; for 1 < ¢ < n. For the other direction, we
suppose d; > h; for 1 < i < n. Let D = diag(D%~"1, ..., D¥~"), Then since
(DU)A = (DH), we can set P = DU and G = DH as a solution to PA = G,
and the ith diagonal of G has degree d; by construction. By Corollary B3] we
know degpU; ; < (n — 1)d and so degp P ; < (n — 1)d 4+ maxi<i<y d;.

To prove (b), suppose d; = h; for 1 <1i < n and that, contrarily, G is not the
Hermite form of A. Since PU ! is an upper triangular matrix with ones on the
diagonal, PU ! is a unimodular matrix. Thus P is a unimodular matrix and,
by Corollary Bl G is the (unique) Hermite form of A, a contradiction. O

Lemma 4.1. Let A, P, (di,...,dy), and G be as in Theorem [{.1], and let
B = (n —1)d + maxi<i<n d;. Also, assume that deg,A;; < e for 1 <1i,j < n.
Then we can express the system PA = G as a linear system over F(t) as PA =G
where

~

Pe F(t)nxn(ﬁ-i-l)’ A c F[t]n(ﬁﬂ-l)xn(@-ﬁ-d-&—l)’ G c F(t)nxn(ﬁ—ﬁ—d-q—l).

Assuming the entries A are known while the entries of P and G are indeter-
minates, the system of equations from PA=_G for the entries of P and G is
linear over F(t) in its unknowns, and the number of equations and unknowns is
O(n3d). The entries in A are in F[t] and have degree at most e.

Proof. Since degp P; j < [3, each entry of P has at most (ﬁ+1) coefficients in F(¢)
and can be written as Pj; = 3 i <5 P Dk. We let P € F(t)™n(A+D) be the
matrix formed from P with P;; replaced by the row vector (Pijo, ..., Pi;jg) € F(t).

Since degp P < 3, when forming PA, the entries in A are multiplied by D for
0 < ¢ < 8, resulting in polynomials of degree in D of degree at most u = 3 + d.
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Thus, we construct A as the matrix formed from A with A;j replaced by the
(B+1) x (1 + 1) matrix whose £th row is
(Am Al Al ) such that DA;; = AE?O + ij—]lD +-+ A

1§00 FAiglr - -0 iy

4 pr

ijp
Note that by Lemma 2] we can compute D*A; ; quickly.

Finally, we construct the matrix G. Each entry of G has degree in D of degree
at most nd < n(6+ d+1). Thus, initially G is the matrix formed by G with G;;
replaced by

(Gij07 ooy Gij,u) Where Gij = GijO —+ Gijlp —+ -4 Gij#D‘u.

However, because of the structure of the system we can fix values of many of
the entries of G as follows. First, since every diagonal entry of the Hermite form
is monic, we know the corresponding entry in G is 1. Also, by Corollary B.4]
the degree in D of every diagonal entry of H is bounded by nd, and every off-
diagonal has degree in D less than that of the diagonal below it (and hence less
than nd), and we can set all coefficients of larger powers of D to 0 in G.

The resulting system PA= @, restricted as above according to Theorem (.11
has O(n3d) linear equations in O(n3d) unknowns. Since the coefficients in A are
all of the form D*A;;, and since this does not affect their degree in ¢, the degree

in ¢ of entries of A is the same as that of A, namely e. a

With more work, we believe the dimension of the system can be reduced to
O(n?d) x O(n?d) if we apply the techniques presented in Storjohann (1994)
Section 4.3, wherein the unknown coefficients of G are removed from the system.
See also [Labhalla et al) (1996).

So far, we have shown how to convert the differential system over F(¢)[D; d]
into a linear system over F(t). Also, we note, by Theorem 1] that the correct
degree of the ith diagonal entry in the Hermite form of A can be found by
seeking the smallest non-negative integer k such that PA = G is consistent
when degpGj; =ndfor j=1,...,1—1,74+1,...,n and k < degpG; ;. Using
binary search, we can find the correct degrees of all diagonal entries by solving
at most O(nlog(nd)) systems. We then find the correct degrees of the diagonal
entries in the Hermite form of A, solving the system PA = G with the correct
diagonal degrees gives the matrices U and H such that UA = H where H is the
Hermite form of A.

Theorem 4.2. Let A € F[t][D;]™*"™ with degpA;; < d and deg,A;; < e for
1 <4,j <n. Then we can compute the Hermite form H € F(t)[D;d] of A, and a
unimodular U € F[t][D; 8] such that UA = H, with O((n'%d® + n"d?e)log(nd))
operations in F

Proof. Lemma [Tl and the following discussion, above shows that computing U
and H is reduced to solving O(nlog(nd)) systems of linear equations over F(t),
each of which is m x m for m = O(n®d) and in which the entries have degree
e. Using standard linear algebra this can be solved with O(m*e) operations in
F, since any solution has degree at most me (see lvon zur Gathen and Gerhard
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(2003)). A somewhat better strategy is to use the ¢-adic lifting approach of Dixon
(1982), which would require O(m?+m?2e) operations in F for each system, giving
a total cost of O((n'%d® + n”d?e)log(nd)) operations in F. O

As noted above, it is expected that we can bring this cost down through a
smaller system similar to that of [Storjohann (1994), to a cost of O((n"d? +
n®d%e)log(nd)). Nonetheless, the algorithm as it is stated achieves a guaranteed
polynomial-time solution.

It is often the case that we are considering differential systems over Q(¢)[D; 4],
where we must contend with growth in coefficients in D, t and in the size of
the rational coefficients. However, once again we may employ the fact that the
Hermite form and unimodular transformation matrix are solutions of a linear
system over Q[t]. For convenience, we can assume in fact that our input is in
Z[t)[D; 6]™*™ (since the rational matrix to eliminate denominators is unimodular
in Q(¢)[D; 4]). There is some amount of extra coefficient growth when going from
A to /Al; namely we take up to nd derivatives, introducing a multiplicative con-
stant of size around min((nd)!, e!). In terms of the bit-length of the coefficients,
this incurs a multiplicative blow-up of only O(£log(¢)) where ¢ = min(nd, e). It
follows that we can find the Hermite form of A € Q(¢)[D;d]™*"™ in time polyno-
mial in n, deg,A;;, degpA;j, and log ||A;;||, the maximum coefficient length in
an entry, for 1 < ¢,j < n. A modular algorithm, for example along the lines of
Li and Nemes (1997), would improve performance considerably, as might p-adic
solvers and a more careful construction of the linear system.

5 Conclusions and Future Work

We have shown that the problem of computing the Hermite form of a matrix over
F(t)[D; ¢] can be accomplished in polynomial time. Moreover, our algorithm will
also control growth in coefficient bit-length when F = Q. We have also shown
that the degree bounds on Hermite forms in the differential ring are very similar
to the regular polynomial case. From a practical point of view our method is
still expensive. Our next work will be to investigate more efficient algorithms.
We have suggested ways to compress the system of equations and to employ
structured matrix techniques. Also, the use of randomization has been shown to
be highly beneficial over F[t], and should be investigated in this domain. Finally,
our approach should be applicable to difference polynomials and more general
Ore polynomial rings.
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Abstract. We show that a comprehensive Boolean Grobner basis of
an ideal I in a Boolean polynomial ring B(A, X) with main variables X
and parameters A can be obtained by simply computing a usual Boolean
Grobner basis of I regarding both X and A as variables with a certain
block term order such that X > A. The result together with a fact
that a finite Boolean ring is isomorphic to a direct product of the Galois
field GF2 enables us to compute a comprehensive Boolean Grobner basis
by only computing corresponding Grébner bases in a polynomial ring
over GF>. Our implementation in a computer algebra system Risa/Asir
shows that our method is extremely efficient comparing with existing
computation algorithms of comprehensive Boolean Groébner bases.

1 Introduction

A commutative ring B with an identity is called a Boolean ring if every element of
which is idempotent. A residue class ring B[ X1, ..., X,]/(X?—X1,..., X2~ X,,)
with an ideal (X?— X7, ..., X2—X,,) also becomes a Boolean ring, which is called
a Boolean polynomial ring and denoted by B(X1, ..., X,). A Grobner basis in a
Boolean polynomial ring (called a Boolean Grébner basis) is first introduced in
[Bl6] and further developments are done in [7U8I0IT2]. The original computation
algorithm introduced in [5l6] uses a special monomial reduction which is more
complicated than a usual monomial reduction in a polynomial ring over a field.
Though the algorithm is based on such a complicated monomial reduction, it is
also directly applicable for the computations of comprehensive Boolean Grobner
bases. This algorithm is implemented in [7] for computations of both Boolean
Grobner bases and comprehensive Boolean Grobner bases. In [9], an alternative
algorithm is introduced where we can obtain a Boolean Grébner basis by only
computing usual Grobner bases in a polynomial ring over the Galois field GF5.
Its implementation brought us a much faster program than the previous one of
[7]. Unfortunately, however, this algorithm is not applicable for the computations
of comprehensive Boolean Grobner bases.

In this paper, we show that a Boolean Grébner basis {g1(A, X), ..., gs(4, X)}
of an ideal I in a Boolean polynomial ring B(A, X) with variables A=A, ..., A,
and X = X1,..., X, w.r.t. a block term order such that X > A is stable for any
specialization of 4, i.e. {g1(@, X), ..., gs(a@, X)} also becomes a Boolean Grobner

V.P. Gerdt, E:ZW. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 130-{I41] 2009.
(© Springer-Verlag Berlin Heidelberg 2009
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basis of the ideal ({f(a, X)|f(A4,X) € I}) in a Boolean polynomial ring B/(X)
for any Boolean extension B’ of B and elements @ = aq, ..., a,, of B’. This result
together with an algorithm of [9] enables us to compute comprehensive Boolean
Grobner bases by only computing usual Grobner bases in polynomial rings over
the Galois field GF5. We implemented the method in a computer algebra system
Risa/Asir([]). Our program achieves a tremendous speedup comparing with the
previous one. It enables us to do our recent work [IT] of a non-trivial application
of Boolean Grobner bases.

The paper is organized as follows. In section 2, we give a quick review of
Boolean Grobner bases, which we need for understanding our work. More de-
tailed descriptions can be found in [12]. We also prove a key fact (namely The-
orem 16) which plays an important role in this paper. In section 3, we describe
the algorithm to compute Boolean Grébner bases introduced in [9]. In section 4,
we prove the above result in much stronger form. In section 5, we describe our
implementation together with some timing data of our computation experiments.

2 Boolean Grobner Bases

A Boolean Grobner basis is defined as a natural modification of a Grobner basis
in a Boolean polynomial ring. Though it was introduced in [5J6] together with
a computation algorithm using a special monomial reduction, the same notion
was independently discovered in [I5] for a polynomial ring over a more general
coefficient ring. In this section, we give a quick review of Boolean Grobner bases.
More detailed descriptions with proofs can be found in [§] or [I5].

2.1 Boolean Polynomial Ring

Definition 1. A commutative ring B with an identity 1 is called a Boolean ring
2

if every element a of B is idempotent, i.e. a® = a.

(B,V, A, —) becomes a Boolean algebra with the Boolean operations V, A, = de-
fined by aVb=a+b+a-b,aANb=a-b,—a =1+ a. Conversely, for a Boolean
algebra (B,V, A, ), if we define + and - by a +b = (-a Ab) V (a A =b) and
a-b=aAb, (B,+,-) becomes a Boolean ring.

Since —a = a in a Boolean ring, we do not need to use the symbol '—’, however,
we also use — when we want to stress its meaning.

Definition 2. Let B be a Boolean ring. A quotient ring B[X1, ..., X,]/(X? —
X1,...,X2 — X,,) modulo an ideal (X? — X1,..., X2 — X,,) becomes a Boolean
ring. It is called a Boolean polynomial ring and denoted by B(X1,...,X,,), its
element is called a Boolean polynomial.

Note that a Boolean polynomial of B(X3,...,X,,) is uniquely represented by a
polynomial of B[X7,..., X,] that has at most degree 1 for each variable X;. In
what follows, we identify a Boolean polynomial with such a representation.

Multiple variables such as A,..., A, or Xi,...,X, are abbreviated to A or
X respectively. Lower small roman letters such as a,b, ¢ are usually used for
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elements of a Boolean ring B. The symbol a denotes an m-tuple of element of B
for some m. For a Boolean polynomial f(A, X) with variables A and X, f(a, X)
denotes a Boolean polynomial in B(X) obtained by specializing A with a.

2.2 Grobner Bases

In what follows, we assume that some term order on a set of power products of
variables is given. For a polynomial f in a polynomial ring B[X] over a Boolean
ring B, we use the notations LT(f), LM(f) and LC(f) to denote the leading
power product, the leading monomial and leading coefficient of f respectively.
f— LM(f) is also denoted by Rd(f). We also use the notations LT (F') and
LM (F) to denote the sets {LT(f)|f € F} and {LM(f)|f € F} for a (possibly
infinite) subset F of B[X]. T(X) denotes the set of power products consisting

of variables X.

Definition 3. For an ideal I of a polynomial ring B[X], a finite subset G of I
is called a Grobner basis of I if (LM(I)) = (LM(G)).

Definition 4. For a polynomial f € B[X], let a = LC(f), t = LT(f) and
h = Rd(f). A monomial reduction — by f is defined as follows:

bts +p — (1 — a)bts + absh + p.

(Note that (bts + p) — ((1 — a)bts + absh + p) = bs(af).)

Where s is a term of_T(X), b is an element of B such that ab # 0 and p is
any polynomial of B[X]. For a set F C B[X], we write ¢ —F ¢ if and only
if g =5 ¢ for some f € F. A recursive closure of —p is denoted by S, de.
g =p g if and only if g = ¢’ or there exist a sequence of monomial reductions

9g—Fg1—F - —Fg=g.

Theorem 5. When F is finite, —p is noetherian, that is there is no infinite
sequence of polynomials g1, ga, ... such that g; = g;+1 for each i =1,2,....

Theorem 6. Let I be an ideal of a polynomial ring B[X].
A finite subset G of I is a Grébner basis of I if and only if Vh € I h ¢ 0.

Using our monomial reductions, a reduced Grobner basis is similarly defined as
in a polynomial ring over a field. A Grobner basis G is reduced if each polynomial
of G is not reducible by a monomial reduction of any other polynomial of G. In
a polynomial ring over a field, a reduced Grobner basis is uniquely determined.
In our case, however, this property does not hold.

Example 1. Let B = GFy x GFa. In a polynomial ring B[X], {(1,0)X, (0,1)X}
and {(1,1)X} are both reduced Grobner bases of the same ideal.

In order to have a unique Grobner basis, we need one more definition.
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Definition 7. A reduced Grébner basis G is said to be stratified if G does not
contain two polynomials which have the same leading power product.

Theorem 8. If G and G’ are stratified Grobner bases of the same ideal w.r.t.
some term order, then G = G'.

In the above example, {(1,1)X} is the stratified Grébner basis, but the other is
not.

Definition 9. For a polynomial f, LC(f)f is called the Boolean closure of f,
and denoted by be(f). If f = be(f), f is said to be Boolean closed.

Theorem 10. Let G be a Grébner basis of an ideal I, then be(G) \ {0} is also
a Grébner basis of an ideal I.

Theorem 11. Let G be a reduced Grobner basis, then every element is Boolean
closed.

S-polynomial is also defined similarly as in a polynomial ring over a field.

Definition 12. Let f = atr + [/ and g = bsr + g’ be polynomials where a =
LC(f), b= LC(g), tr = LT(f) and sr = LT(g) for some power product t,s,r
such that GCD(t,s) = 1, i.e. t and s do not contain a common variable. The
polynomial bsf + atg = bsf’ + atg’ is called an S-polynomial of f and g and
denoted by S(f,g).

As in a polynomial ring over a field, the following property is crucial for the
construction of Grobner bases.

Theorem 13. Let G be a finite set of polynomials such that each element of G
is Boolean closed. Then, G is a Grébner basis if and only if S(f,g) —g 0 for

any pair f,g of G.

For any given finite set F', using our monomial reductions, we can always con-
struct a Grobner basis of (F') by computing Boolean closures and S-polynomials
using the following algorithms. It is also easy to construct a stratified Grobner
basis from a Grobner basis.

Algorithm BC

Input: F a finite subset of B[X]

Output: F’ a set of Boolean closed polynomials such that (F') = (F)

begin

F'=0

while there exists a polynomial f € F' which is not Boolean closed
F=FU{be(f) = FI\{f}s F'=F U{be(f)}

end.
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Algorithm GBasis

Input: F a finite subset of B[X], > a term order of T'(X)

Output: G a Grobner basis of (F) w.r.t. >

begin

G = BC(F)

while there exists two polynomials p,q € G such that S(p,q) —¢ h
for some non-zero polynomial h which is irreducible by —¢g
G = GUBC({h})

end.

Since any element of a Boolean ring is idempotent, a Boolean polynomial ring
is more natural to work on. We can also define Grébner bases in Boolean poly-
nomial rings. A power product Xil - X! is called a Boolean power product
if each [; is either 0 or 1. The set of all Boolean power products consisting
of variables X is denoted by BT(X). A Boolean polynomial f(X) in B(X) is
uniquely represented by b1ty + - - - + bxtr with elements by,..., b, of B and dis-
tinct Boolean power products t1,...,tx. We call byt + - - - + bitx the canonical
representation of f(X). Since BT(X) is a subset of T(X), a term order > on
T(X) is also defined on BT (X). Given a term order >, we use the same nota-
tions LT (f), LM (f), LC(f) and Rd(f) as before, which are defined by using its
canonical representation. We also use the same notations LT(F) and LM (F)
for a set F' of Boolean polynomials as before.

Definition 14. For an ideal I of a Boolean polynomial ring B(X), a finite subset
G of I is called a Boolean Grobner basis of I if (LM (I)) = (LM(G)) in B(X).

Using canonical representations of Boolean polynomials, we can also define mono-
mial reductions for Boolean polynomials as Definition 4 and have the same prop-
erty of Theorem 6. We can also define a stratified Boolean Grébner basis as in
Definition 7, which is unique w.r.t. a term order. The Boolean closure of a Boolean
polynomial is also similarly defined as Definition 9 and the same properties of
Theorem 10,11 and 13 hold. Construction of a Boolean Grébner basis is very sim-
ple. Given a finite set of Boolean polynomials F' C B(X). Compute a Grobner
basis G of the ideal (F U {X? — X;,..., X2~ X,}) in B[X] w.r.t. the same term
order. Then, G\ {X? — X1,..., X2 — X,,} is a Boolean Grébner basis of (F') in
B(X). If G is stratified, then G \ {X? — X1,..., X2 — X,,} is also stratified.

2.3 Comprehensive Grobner Bases (Previous Algorithm)

In a polynomial ring over a field, construction of a comprehensive Grobner basis
is not so simple in general. In order to get a uniform (with respect to param-
eters) representation of reduced Grobner bases, we need to divide a parameter
space into several partitions according to the conditions that parameters sat-
isfy. (See [T2IBIT3IT4(T6].) In our Boolean polynomial ring, however, we can
always construct a stratified comprehensive Boolean Grobner basis. We do not
even need to divide a parameter space. In this section, we present an important
fact which enables us to have a naive construction method of comprehensive
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Boolean Grobner bases. This method is implemented in [79], although a detailed
description of the fact is recently published in [I2]. We prove it in a more general
form, which plays an important role in this paper.

We use variables A = Ay, ..., A, for parameters and variables )_(_ =X1,..., X,
for main variables. We also assume that some term order on T'(X) is given.

Definition 15. Let I be an ideal in B(A). For a Boolean extension B’ of B, i.e.
a Boolean ring which includes B as a subring, Va/(I) denotes the variety of I in
B, ie. Va/(I)={ac B™Nfel f(a)=0}. Let F ={f1(A, X),..., fi(A, X)}
be a finite subset of B(A, X). A finite subset G = {g1(A, X),...,gr(A, X)} of

B(A, X) is called a comprehensive Boolean Grébner basis of F' on I, if G(a) =
{91(@, X),..., gr(@, X)} \ {0} is a Boolean Grébner basis of the ideal (F(a)) =
(fi(@, X),..., fila, X)) in B'(X) for any Boolean extension B’ of B and a €
Ve (I). When I = {0}, we simply call G a comprehensive Boolean Grébner basis

of F. G is also said to be stratified if G(a) is stratified for any a € Vi (I).

Theorem 16. Let I be an ideal in B(A). Let F be a finite subset of B(A, X).
Considering each f;(A, X) as a member of the Boolean polynomial ring
(B(A)/I)(X) over the coefficient Boolean ring B(A)/I, let G be a (stratified)
Boolean Grobner basis of the ideal (F) in this polynomial ring, then G is a
(stratified) comprehensive Boolean Grébner basis of F on I.

proof. Note first that G is also a (stratified) Boolean Grobner basis of (F) in
(B’(A)/I)(X), here we abuse the same symbol I to denote an ideal of B/(A) gen-
erated from I. Therefore, it suffices to consider only specialization from Vg (I).
Let @ be an arbitrary m-tuple lying on Vg (I). Note that the specialization of
parameters A with @ induces a homomorphism from (B(A)/I)(X) to B(X). We
clearly have (F(a)) = (G(a)) in B(X).
If f(A, X) —y(ax) M(A, X) in (B(A)/I)(X), then f(4,
9(A, X) = q(A)t+g'(4, X) and h(A, X) = (1—q(A))p(

+f(A ,X) for some t, s € T(X) and p(A), q(A) € B(A )/Iad

€ (B(A)/I)(X), where q(A)t is the leading monomial of g(4, X).

In case g(a)p(a) # 0, certainly ¢(a) # 0 and p(a) # 0, so g(a)t is
monomial of (@, X) and p(a)ts is a monomial of f(A, X) and f(a, X) — = g(a,%)
h(a, X). Otherwise, h(a, X) = f(a, X). In either case, we have f(a, X) Lg(&,X)
h(a,X). Therefore, if f(A, X) —qg h(A,X) in (B(A))(X), then we have
fla, X) 4*@( ) h(a, X) in B(X). Any Boolean polynomial in the ideal (F(a))
is equal to f(a@, X) for some Boolean polynomial f(A, X) in the ideal ( ) of
(B(A))(X). Since G is a Boolean Grébner basm of (F), we have f(A4,X) 54 0.
By the above observation, we have f(a, X) HQ(@) 0. This shows that G is a
comprehensive Boolean Grobner basis of F' on [.

Suppose G is stratified, then any element g of G is Boolean closed.

So, if LO(g)(a) = 0, then g(a, X) must be equal to 0. Therefore, unless
g(@, X) = 0, we have LT(g(a, X)) = LT(g(A, X)). Now it is clear that G(a)
is stratified. O

X)
)ts

the leading
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3 Alternative Algorithm

An alternative computation algorithm of Boolean Grébner bases introduced in
[9] is based on the following fact which is essentially a special instance of Theorem
2.3 of [15].

Definition 17. Let B be a Boolean ring and k be a natural number. B* denotes
a direct product, i.e. the set of all k-tuples of elements of B. For an element p
of B*, p; € B denotes the i-th element of p for each i = 1,... k. If we define
p+q and p-q for p,qg € B* by (p+q)i = pi + ¢ and (p-q)i = pi - ¢ for
each i = 1,...,k, B¥ also becomes a Boolean ring. For a polynomial f(X) in
B*[X] fi(i = 1, ..., k) denotes the polynomial in B[X] obtained by replacing each
coefficient p of f by p;. For a Boolean polynomial f(X) in B¥(X), a Boolean
polynomial f; in B(X) is defined similarly.

Theorem 18. In a polynomial ring B¥[X], let G be a finite set of Boolean closed
polynomials. Then, G is a (reduced) Grobner basis of an ideal I if and only if
Gi = {gilg € G} \ {0} is a (reduced) Grébner basis of the ideal I, = {f;|f € I}
in B[X] for eachi=1,... k.

Corollary 19. In a Boolean polynomial ring B¥(X), let G be a finite set of
Boolean closed Boolean polynomials. Then, G is a (reduced) Boolean Grobner
basis of an ideal I if and only if G; = {gilg € G} \ {0} is a (reduced) Grébner
basis of the ideal I, = {f;|f € I} in B(X) for eachi=1,...,k.

Let F be a finite set of polynomials in B[X] for a computable Boolean ring B.
Note that a Boolean subring which is generated from the set of all coefficients of
polynomials in F' is finite. We denote this ring by Br. By Stone’s representation
theorem, B is isomorphic to (GIF‘IQC for some natural number k. Let ¥ be such an
isomorphism. We also extend ) to a polynomlal ring B F[)_( ]. Identifying a poly-
nomial p of B[X] with its image ¢(p) in GFy, F;(i = 1,...,k) denotes a set of
i-th projection of F' in GF3[X], that is F; = {v(p)i|p € F} For eachi=1,... k,
let e; denote an element of (G:IF]QC such that its i-th component is 1 and the other
component is 0. For a polynomial f in GFy[X] and each i = 1,...,k, Ex;(f)
denotes a polynomial in GFy[X]* obtained from f by replacing each monomial
t with e;t. Now, the algorithm is given as follows:

Algorithm AGBasis

Input: F a finite subset of B[X], > a term order of T'(X)

Output: G a Grobner basis of (F) w.r.t. >

begin

for each i =1,...,

Gi = GBasis(F}, >)
- (Bl < &)

G YU G

end.

k
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For a finite set F' of Boolean polynomials, its Boolean Grobner basis is also
computed by the same algorithm with a suitable modification.

Note that GBasis(Fj;,>) compute a usual Grobner basis of (F;) in a poly-
nomial ring GFy[X] over the field GF,. If each G? is a reduced Grobner basis,
obviously U¥_, G; is a reduced Grébner basis and so is G. It is also easy to con-
struct the stratified Grébner basis from a reduced Grébner basis. If we can see k
is small(say less than 100) and 1 is easily computable from the input F a priori,
this algorithm is more practical than the original one as is reported in [9]. When
k is very big, however, this algorithm may be impractical. For the construction
of a comprehensive Boolean Grobner basis by the method described in the pre-
vious section, we have to compute at least 2™-many Grobner bases in GFo[X]
since B(A) is isomorphic to B2", which of course is infeasible unless m is small.

Example 2. The following left constraint with unknown set variables X and
Y is equivalent to the right system of equations of a Boolean polynomial ring
B(X,Y), where B is a Boolean ring that consists of all computable subsets of
S(a set of all strings).

XUY g {51,52} (1+{51,SQ})(XY+X+Y) =0
s1€X {51}X+ {51} =0

s2€Y T Y {2}V + {s2} =0

XNy =90 XY =0

Let F = {(1+{s1, 82 )(XY+X+Y),{s1} X +{s1}, {s2}Y + {52}, XY}. Br is a
finite subring of B that consists of {0,1,{s1},{s2}, {s1,s2}, 1+ {s1},1+{s2},1+
{s1,82}}. It is isomorphic to GF3 with an isomorphism 1 given by ¥({s1}) =
(1,0,0), ¥v({s2}) = (0,1,0) and p(1+{s1, s2}) = (0,0,1). With this isomorphism
F=1{0,X+1,0, XYY}, F» = {0,0,Y+1, XY} and Fy = {XY + X +Y,0,0, XY}.
Reduced Grébner bases of them in a bbolean polynomial ring GFo(X,Y) w.r.t.
a lexicographic term order such that X >Y are G' = {YV, X + 1}, G> = {Y +
L, X} and G® = {X,Y} respectively. So, G1 = {(1,0,0)Y,(1,0,0)(X + 1)},
Go = {(0,1,0)(Y+1),(0,1,0) X} and G5 = {(0,0,1)X,(0,0,1)Y} and we have a
reduced Boolean Grobner basis G = {{s1}Y, {s1}(X+1), {s2}(Y+1),{s2} X, (1+
{s1,82}) X, (1 + {s1,82})Y} of F. Stratified Boolean Grébner basis is obtained
simply adding elements which have the same leading monomial. For this G, its
stratified Boolean Grobner basis is {X +{s1},Y + {s2}}.

4 Main Result

Let F be a finite set of B(A, X). As is described in section 2.3, a (stratified)
Boolean Grébner basis G computed in the Boolean polynomial ring (B(A))(X)
becomes a (stratified) comprehensive Boolean Grobner basis of F. When the X-
eliminate portion (F)NB(A)(call this I) is not a trivial ideal {0}, the size of G
tends to be extremely big. In most applications, we do not need a specialization
by @ which does not vanish on I. What we actually need is a (stratified) com-
prehensive Boolean Grobner basis of F' on I. There are essentially two methods
to compute I. One is computing a stratified Boolean Grébner basis of (F) in

(B(A))(X), although the computation tends to consume much memory space
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as described above. The other is computing a stratified Boolean Grébner basis
of (F) in B(A4,X) w.r.t. a block term order such that X > A. In the latter
method, we have to compute again a (stratified) Boolean Grébner basis of (F')
in a Boolean polynomial ring (B(A)/I)(X) in order to compute a (stratified)
comprehensive Boolean Grobner basis of F' on I. Even if we can decrease con-
sumed memory space, we need more computation time. Fortunately, however, a
Boolean Grobner basis computed with a block term order is already a compre-
hensive Boolean Grébner basis of F' on I. In order to prove this fact, we need
the following well-known facts which are easy in themselves.

Lemma 20. Let R[A, X] be a polynomial ring with variables A and X over
a commutative ring R with an identity. Let I be an ideal of this polynomial
ring. Let > be a term order of T(X) and G be a Grébner basis of I w.r.t. >
regarding R[A, X] as a polynomial ring over the coefficient ring R[A], that is
{LM(g)lg € G}) = {LM(f)|f € I}). Let I5 be I N R[A]. Let v be a natural
homomorphism from R[A] to R[A]/I; induced by I ;. Then (G \ G N R[A]) is
a Grébner basis of the ideal ¥(I) in (R[A]/15)[X].

Lemma 21. Let R[/_L):(] ‘and I be the same as the above lemma. Let > be a
block term order of T(A, X) such that X > A and G be a Grébner basis of I
w.r.t. >. Then G is also a Grobner basis of I w.r.t. > regarding R[A, X] as a

polynomial ring over the coefficient ring R[A], where > g denotes a restriction

of > to T(X).

In the above lemmas, obviously we can replace R by a Boolean ring B, further-
more the lemmas also hold if we replace R[A, X] and R[A] by B(4, X) and B(A)
respectively. By this observation together with Theorem 16, the following our
main theorem directly follows.

Theorem 22. Let G = {g1(A,X),...,gx(A, X)} be a Boolean Gribner basis
of ' = {fi(A,X),..., fil(A, X)} in a Boolean polynomial ring B(A, X) w.r.t.
a block term order > such that X > A. Then G is a comprehensive Boolean

Grébner basis of F w.r.t. >, furthermore G \ GNB(A) is a comprehensive

Boolean Grébner basis of F' on (F)NB(A) w.r.t. >x.

In the above theorem, G = {g1(@, X),...,gr(a, X)} may not be stratified or
reduced even if G = {g1(4,X),...,g9x(A4,X)} is stratified, because G may

not be reduced as a Boolean Grobner basis either in (B(A)/(F)NB(A))(X) or

(B(A))(X). In order to have a stratified comprehensive Boolean Grobner basis,
we need further computation to transform G to be stratified in a Boolean poly-
nomial ring (B(A)/(F)NB(A))(X). If G is stratified in B(A4, X), each coefficient

of members of G has a canonical form as an element of B(A)/(F)NB(A), i.e. a
normal form by a Boolean Grobner basis GNB(A). It is not a heavy computation

to make G stratified using GNB(A) for the computation of the residue class ring

B(A)/(F)NB(A).

Example 3. The following left constraint is same as the previous example ex-
cept that we have an another unknown variable a for an element. Using another
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set variable A to represent a singleton set {a}, it is equivalent to the right system
of equations of a Boolean polynomial ring B(A, X,Y).

XUYg{Sl,SQ} (1+{81782})(XY+X+Y):0
s1€X {Sl}X-‘r{Sl}:O

acyY 7 YAV +4A=0

XNY =90 XY =0

Let F={(14{s1,82 (XY + X +Y), {s1} X + {s1},AY + A, XY}
The stratified Boolean Grébner basis G of F' w.r.t. a lexicographic term order
such that X >Y > A has the following form:

G = {52} XY {52}V A + {52} A, (1 + {52})Y,
{2} XA, (14 {s2}) X + {s1}, (1 + {s2})A}.

This is not stratified or even ruduced as a Boolean Grébner basis in (B(A4))(X,Y)
or (B(A)/{(1+{s2}) AN (X,Y). In fact, if we specialize A by {s2}, G({s2})\ {0}
becomes {{s2} XY, {s2}Y 4+ {s2}, 1+ {s2})Y, {52} X, (1 + {s2}) X + {s1}}, which
is mot stratified or even reduced.

The stratified Boolean Grobner basis of F in (B(A)/{(1 + {s2}) AN (X,Y) has
the following form:

{({82}14 + {SQ})XY7 ({82}14 + 1+ {SQ})X + {81}7
({s2} A+ 14 {s2})Y + {s2} A}.
Whereas the stratified Boolean Grébner basis of F in (B(A))(X,Y) has the fol-
lowing form:

{({s2} A+ {52}) XY, (A+ 1+ {s2}) X + {s1} A + {s1},
(A+14{s2})Y 4+ {s2}A4, (1 + {s2})A}.

In the above example, the last two stratified Grobner bases are not so different.
If we have many parameters and the X-eliminate portion (F)NB(A) is not very

simple, the stratified Grébner basis in (B(A))(X) is much bigger than the strat-

ified Grobner basis in (B(A)/(F)NB(A))(X) in general because we do not use

any simplification by GNB(A).

Let us conclude this section with the following obvious but important fact, which
actually plays an important role in our recent work [I1] of a non-trivial applica-
tion of Boolean Grobner bases.

Corollary 23. Let G = {g1(X),...,gx(X)} be a Boolean Grébner basis of
F = {fi(X),..., fi(X)} in a Boolean polynomial ring B(X)} w.r.t. a purely
lexicographic term order > such that Xn > Xpno1 > - > X1. Then G is a
Boolean comprehensive Grébner basis of F' regarding X, ..., X1 as parameters,
foreachi=1,...,n—1.

5 Implementation

The most important merit of Theorem 22 is that we can construct a compre-
hensive Boolean Grébner basis by computing only usual Grébner bases in a
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polynomial ring over GFy with the algorithm described in section 3 in case we
have an isomorphism Bp ~ (G]FIQC for relatively small k, thereby we can easily
implement computation of comprehensive Boolean Grobner bases in any com-
puter algebra system with a facility to compute Grébner bases in polynomial
rings over GFs. For the case that B is a set of all finite or co-finite subsets of .5,
where S is a set of all strings, we implemented our method decsribed in section
3 and 4 in a computer algebra system Risa/Asir.

For a given 9x9 Sudoku puzzle, if we associate a variable X;; for each
grid at the i-th row and the j-th column, it can be considered as a set con-
straint where each variable should be assigned a singleton set from 9 candidates
{1},{2},...,{9} so that any distinct two variables which lie on a same row,
column or block must be assigned different singleton sets. As initial conditions,
several variables (17 to 25 in mosts high level puzzles) are assigned singleton sets.
This constraint is translated into a system of equations of a Boolean polynomial
ring B(X11, X319, ..., Xg9) with 81 variables as follows:

(1) Initial conditions such as X;; = {4}, X15 = {9}, .. ..

(2) X;jXirj» = 0(=0) for each pair of distinct variables X;;, X;/;» which lie
on a same row, column or block.

(3) X jyea Xij = 1(={1,2,...,9}) where A is a set of indices lying on
a same row, column or block. (There are 27 such A’s.)

We applied our implementation to solve such equations in [IT]. The following
table includes data of our computations of Boolean Grobner bases w.r.t. a purely
lexicographic term order such that Xgg > -+ > Xg¢; > -+ > Xy for solving 12
Sudoku puzzles each of which has 17 initial conditions and ranked as extremly
difficult(thereby we have 64 unknown variables to solve). Each Boolean Grébner
basis can be considered as a simultaneous comprehensive Boolean Grobner basis
by Corollary 23, which is especially important for our application. We used a
linux machine with 2GB memory and CPU Core2Duo 2GHZ. The data contains
computation time(in terms of second) by our implementation (namely Asir) and
old implementation of [9] (namely Klic0). We also include computation time of
comprehensive Boolean Grobner bases with old implementation of [9] which is
based on the method described in section 2.3 in the column Klicl and Klic2,
where X is treated as a parameter in Klicl and X171, X192 in Klic2. The symbol
oo means that the computation did not terminate within 2 hours.
puzzle Asir KlicO Klicl Klic2 puzzle Asir KlicO Klicl Klic2

1 41.7 85.3 134.1 592.3 7 43.6 398.3 643.3 850.6

2 1355 o0 %) 00 8 804 o0 %) %)

3 481 00 0 9 40.11025.31179.4 1089.3

4 839 oo %) 00 10 85.8 oo %) %)

5  44.3 1242.3 2657.2 2309.1 11 926 oo 00 00

6 762 o o0 00 12 48.9 686.5 1233.1 1634.7
computation data 1 computation data 2

From this rather small data, we can see remarkable speedup of our new
implementation.
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Conclusions

Essentially the same assertion of Theorem 22 has been reported in [10]. The proof
we gave there is based on a fact concerning stability of a specialization with a
zero of a zero-dimensional ideal. It is not only complicated but also turned out
to be incomplete. The proof we give in this paper does not employ any tricky
technique but is a simple and natural consequence if we are sufficiently familiar
with structures of Boolean polynomial rings.
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Abstract. Some problems of obtaining, analysis of stability and bifur-
cations of invariant sets of dynamical systems described by Euler equa-
tions in Lie algebras so(4) and so(3,1) are discussed. The considered
systems assume additional polynomial first integrals of the 3rd and 6th
degrees. Invariant sets of these systems can be found from the conditions
of stationarity for the problem first integrals. Methods of computer alge-
bra have been employed in the capacity of the computational methods.
The computer algebra systems (CAS) Mathematica and Maple have been
used.

1 Introduction

In recent years, there appeared a series of publications devoted to finding com-
pletely integrable cases of Euler equations in Lie algebras [I]-[3]. Such equations
often have a rather good mechanical interpretation, for example, the generalized
Kirchhoff equations, the Poincaré—Zhukowsky equations [4], the Euler—Arnold
tops in algebra sl(2, C) as two-particle systems like the Cologero systems [5]. In
the present paper, for the two systems of equations of above type [6], [7], where
additional algebraic homogeneous integrals have the degree of 3 and 6, we have
considered the problem of finding and investigation of invariant sets, on which
the elements of the family of the problem’s first integrals assume a stationary
value. We call such sets the invariant manifolds of steady motions (IMSMs). The
class of such IMSMs is interesting for the fact that Lyapunov’s 2nd method is
more suitable for investigation of their stability. To the end of finding invariant
manifolds we use the family of the problem basic first integrals. It allows one to
obtain the families of IMSMs. We have considered problems of bifurcation and
stability in the sense of Lyapunov for a series of the families of IMSMs obtained.

The problem of obtaining “resonance” invariant manifolds, on which the ba-
sic first integrals are related by some polynomial relationships, has also been
considered.

We used CAS Mathematica and Maple for performing necessary computations.
All the computations have been conducted on a computer having the processor
Intel Core 2 Duo (2.4 GHz) and 2 GB RAM running under Windows XP.

V.P. Gerdt, E:ZW. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 142-{I54] 2009.
(© Springer-Verlag Berlin Heidelberg 2009
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2 Euler Equations on so(4)

2.1 Finding Invariant Manifolds

Consider a dynamical system described by the differential equations:

My = 2Ma(ar My + 203 M3) — (M3y1 — M),

My = 2(ay M3 — agMy) My — 2(ar My + as M3) My + (Mays — Mays),

Mgz = =20, My Ms,

1 = 2(a1 My + azMsz)y2 + (203 My — 1)y3 + kM1 Ms,

J2 = 2(a1 M3 — azMy)y3 — 2(can My + asM3)yy + kMo Mz — v2y3,

g = —2(a1 Mz — agMi)ys — k(M7 + M3) — 2a3Moyi + 77 + 73, (1)

where M;,v; (i = 1,2,3) are the components of the two 3-dimensional vectors,

a1, aq are some constants, k = —a? — a3.

Equations () have the first integrals:

Vo = az(M7 + M3 + M3) — 2M3(cy M1 + azMs) + Miys — Moy = h,
Vi = Miyi+Maya+Msys = c1, Vo = k(M7 +MZ+M3) +7 +73 + 73 = c2,
Vs = {2[as(Miv2 — May1) + aq (Mays — M3vy2)] — k(M3 + M3 + M3)

Vi 42+ 3 M3z = c3 (h,¢; = const). (2)

Here V3 is the additional cubic integral found in [6]. In this paper, one of applica-
tions for the systems similar to () is given. Such systems may also represent the
interest, for example, within the framework of the generalized Kirchhoff model,
which describes motion of a rigid body in fluid, or the Poincaré model, which
describes motion of a rigid body with a cavity filled with ideal rotational fluid
[4.

Let us consider the problem of obtaining invariant manifolds for equations ().
To this end, we shall apply the Routh-Lyapunov method and its modifications
18]-[10]

According to the modified Routh-Lyaponov method, invariant manifolds of
differential equations () may be found by solving the problem of conditional
extremum for the first integrals of the problem. For this purpose, some combi-
nations of the problem first integrals (families of first integrals) are formed. We
restrict our consideration to the linear combinations of first integrals:

K=XVo—\V1 — /\;VQ —A3Vs (\; = const). (3)

Here Ao, A1, A2, A3 are some constants, which may assume also zero values.
Next, while following the technique chosen, write stationary conditions for the
integral K with respect to the variables My, My, M3, v1, 72, 73:

)\0")/2 - /\1'}/1 + (20&3A0 — k)\Q)Ml - 20&1/\0M3 + 2)\3(le — 043’}/2)M3 = 0,
A1+ Arye — (2a3Xo — kA2) Mo 4 2A3[any3 — azyr — kM| M3 = 0,
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A3 + 200 Mo My + (2a3 00 + ko) Mz — A3[k(M} + M3 + 3M3)
—2(a1vs — azy1)Ma — 2(asMy — 20, Ms)y, — (7 + 75 +73)] = 0,
MMy + AoMa 4 Xoy1 — 2XA3(az Mo — 1) M3 = 0,
XMy — A My — Xaya + 2X3[(r M3 — a3 M) — 2] M3 = 0,
A1 Mz + Aays + 2A3(ar Ma + y3) M3 = 0. (4)

In the case under consideration, equations () represent a system of the 2nd
degree algebraic equations. The parameters here are \;, ;.

The solutions of equations (@) allow one to define both the families of sta-
tionary solutions and the families of IMSMs of differential equations (), which
correspond to the family of first integrals K. We take interest in solutions of
system (I), which represent families of IMSMs. To this end, we have to consider
the cases, when equations () are dependent. The conditions of existence of such
degenerations of system () may be found by equating the system Jacobian to
zero. Solutions of equations (@), which have been obtained under the conditions
indicated, are, generally speaking, the desired IMSMs. Computation of the Ja-
cobian of the parametric polynomial system of equations and its analysis may
represent a rather complex problem because of the system dimension and the
bulky character of expressions for the coefficients entering in it, etc. We employed
computer algebra methods for obtaining the solutions of interest for us.

Let us conduct a preliminary qualitative analysis of the solution set of equa-
tions (@), while using the Maple program package “Polynomialldeals”. The pro-
grams of this package allow one, for example, to obtain the answer to the question
whether the system under investigation has finite or infinite number of solutions,
to find the dimension of its solution set, if the number of solutions is infinite, or
to determine the number of solutions for the system having a finite number of
solutions, etc. In particular, we have used the programs “IsZeroDimentional”,
“NumberOfSolutions”, “HilbertDimension” and some other programs.

Analysis for the solution set of equations (@) was conducted over the field
Q(Xo, A1, A2, Az, a1, ) [My, Mo, M3, 1,72, 73). The following results have been
obtained. The system has zero-dimensional sets (stationary solutions) in the
capacity of its solutions, and their number is finite. On the whole, there are 6
solutions. In given case, by computing the Grobner lexicographic basis it is easy
to verify that system () over the indicated field has indeed 6 solutions of above
type (including the zero one).

Equations (@) may have nonzero-dimensional sets in the capacity of their so-
lutions in the phase space, when some part of the parameters, for example, one
of \;, are included into the number of variables. With the aid of the program
Mathematica “GroebnerBasis” we have constructed the lexicographic bases with
respect to the variables 71,72, vs, M1, My, M3, \;. All the bases constructed con-
tain the equation:

M+ (Mo Faszh)?+airi=0. (5)

Equation (B]) may be considered as the condition imposed on the parameters
Ai, o If this condition is satisfied, then system (@) has the solutions of dimension
higher than zero.
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Real solutions for the quadratic equation (&) with respect to Ag are:
’L) )\0 = —ag)\g, )\1 = 07 a1 = 0; ’Ll) )\0 = )\1 = )\2 =0.

Under the above conditions imposed on the parameters \;, a; we have found the
following solutions of the stationary equations:

A
v1 = azMa,v2 = —agMi,v3 =0, M3 = )\2 when A\g = —agAz, A1 = 0,1 = 05
3

7 = agMa,v2 = —agMy,v3 = 0, M3 = 0 when A\g = —a3X2, \1 = 0,01 = 0;

2 2

o] + « (e 71

1 = agMa,yo = — 1a 3My,v3 = —a1 Mo, M3 = - M; when \g = )\
3 3

Y1 = Oé3M27’)/2 = 07’)/3 = —Oé1M27M1 = 0,M3 =0 When )\0 = )\1 = )\2 = 0. (6)

Analysis of solutions (@) has given evidence that these represent families of
IMSMs for the differential equations ().

When solving the stationary equations with respect to some part of the param-
eters \; and the phase variables, for example, Mas,v1, Y2, 73, Ao, A1, it is possible
to obtain also several families of IMSMs. Using the technique of Grobner bases,
we have found the following solutions of the stationary equations with respect
to the indicated variables:

Mz a1 M? z
M= i\/M; oy =2 }\431 — a1 M3 + 2a3Mq], 73 = i\\//Mll’ My =0,
201 Ao (M2 — M2) + X3 (M2 — 2M3Z) M.
)\0 — Oél[ 2( 3 1)+ 3( 3 1) 3] _2013(3)\3M3+2)\2),
M,y M
Myz1(2A3 M3 + A
)\1:¥\/ 121(2A3 M3 + 2); (7)
VM, M3
~ 2)\3[0&1)\3M1 + 043(2A3M3 + )\2)]M2M3 + Ml\/ZQ
1= )
z3
. 2)\3[0&1(}\2]\43 + /\3(M§ - M12)) — 043(2/\3M3 + )\2)M1]M3 + MQ\/ZQ
Y2 = 23 )
- M3[72a1/\3M2()\3M3 + )\2) + \/22]
V3 = 23 )
2)\2M3(Oé1M1 +OZ3M3) 29
)\ = — 3 5 )\ = . 8
’ NaMs + Ao P .

Here z1 = a1(3a1M1 + 20[3M3)M§ - (20&1M1 + 30[3]\43)2]\417

2o = 043(/\2 7)\3M3)[40&1/\3(2/\3M3+/\2)M1M3+Oz§()\3M3*/\2)(2/\3M3+)\2)2]

704%[/\%()\3]\43 + )\2)2 + 4)\§M12M32], zZ3 = (/\3M3 + )\2)(2)\3M3 + /\2)

The first four equations (7l) define the family of IMSMs for the differential
equations () written in different maps. The vector field on the elements of the
given family of IMSMs is described by the equations:

M, =0, Ms=0. (9)
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The latter two equations (7)) for Ag and A\ represent the first integrals of differ-
ential equations ([@). In the given case, these integrals shall obviously be trivial
due to the fact that the equations themselves are trivial.

In (8, the first three equations define the family of IMSMs for the differential
equations (Il), which is also written in different maps. The vector field on the
elements of the given family is written by the equations:

_ 2M2[051)\2M1 + agMs(AsMs + 2)\2)]
AsMs + Ao ’

. 2
M, = . [s(A2(2A3 M3 4 A2) + 23) My M3 + oy (A3 (M7? — M3)

M,

FAA3(BM7P + M3 — 2M3) M3z + N3(M} + M3 — M3)M3)],
Mg = —20(1M2M3. (10)

The latter two equations (8] represent the first integrals of differential equations

(0).
2.2 On Bifurcations of Invariant Manifolds

Consider the problem of branching for above IMSMs. For the purpose of simplic-
ity we restrict our consideration with trivial conditions imposed on the problem’s
parameters.

It can easily be shown that all the families of IMSMs (@) adjunct to the Oth
solution. Indeed, compute the Jacobian of system () for M; =0, v =0 (i =
1,2,3). The expression obtained for the Jacobian writes:

J =2+ (Mo + azd2)? + a2X2)[MN2(A2 — 2a300)2 — 3(a2 + a2)A2)
+(A\1 + (F +a3)A3)%.

Having assumed that J = 0, find the conditions under which the families of
IMSMs, that adjunct to the Oth solution, can be found as the solutions of sta-
tionary equations (). Such conditions, in particular, are:

(’L) )\0 = —Oég)\27)\1 = 0,0(1 = O; (’LZ) )\0 = )\1 = )\2 =0. (11)

When comparing the restrictions imposed on A;, for which the families of IMSMs
([6) have been obtained, with (IIl), we can conclude that these families of IMSMs
adjunct to the Oth solution.

By analogy, we can find the conditions and the families of IMSMs (that cor-
respond to these conditions), which adjunct to families of IMSMs () and (g].
Such conditions for (@) are (a) oy = 0, (b) A3 = 0. In case of (8], such condition
is Ag =0.

It follows from the condition «; = 0 that the first two families of IMSMs
[©) adjunct to the family of IMSMs ([@). In case of A3 = 0, we have found one-
dimensional and two-dimensional families of IMSMs, which adjunct both to the
family of IMSMs () and to (8). One of these families may be obtained, while
assuming A3 = 0 in (7).
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3 Euler Equations on so(3,1)

3.1 Obtaining Invariant Manifolds

Consider a dynamical system described in [7]. Its differential equations write:

My = 2(y1 Ms — v3My) — My(an My + 203 Ms),

My = 2(y3Ma — 2 M3) + [Mi(cn My + asMs) — Ms(ai Ms — azh)],

M = oy MaMs,

Y1 = 2[as(yaMsz — y3 M) — (s M — y1)v3] — (1y2 + 2kM3) My,

Yo = ar(y1 My — v3M3) + 2[az(ys M1 — 1 M) + (az My + v2)v3 — kMaMs),
Y3 = dag(yi Ma — 2 My) + aryaMs + 2[k(M7 + M3) — (v +73)]. (12)

Equations (I2]) have the following first integrals:

2Vo = 2(v2 My — y1 M) — M3(aq My + azMs) + 2a3(M7 + M3 + M3) = 2h,
Vi = i My+y2Ma+y3Ms = &1, Vo = k(M7 +M;+M;3) + 77 +73+73 = G,
Vs = {(043M1 +72)2 M7 + [(asMy — 1) My — (o1 Ma + 73) M3)”
=20 (a3 My + 72) (M7 4+ M3)Ms + [(asMy + v2)72 + (a3y2 — kMy) My
+a%M§]M§}M§ =¢c3 (h,& = const). (13)

Here M;,;, Aj, a, k have the same sense as in section 2.1. V3 is the additional
integral of the 6th degree obtained in paper [7].

Let us consider the problem of obtaining invariant manifolds for equations
([@2)). For this purpose, we introduce the function

K =2XVo — Vi — /\22‘72 - )\23‘73 (\i = const)

and write down the stationary conditions for K with respect to the variables
MlaM23M3771a72773

o (2(az My + 1) — a1 M3) — A\iy1 — Mok My + \s[asz (o Mz — n) M7

—(* + v — (201 + kM3)M3) My + (vp + azMzo) M3]M3 = 0,
2X0(asMy + v) — My2 — Aok My — Az M3 — as My ) (pMs — vMy) M3 = 0,
(2a3 M3 — a1 M) Ao — Miyz — Aok Mz — A3[(n? + v?) M7 + ay (200 M3 — 3n)

X (M2 +M2)Ms + (2(7%+p?) + ay M3(ay M3 —21)) M2 — 3vpM; M3 Ms = 0,
200 My + A\ My + Aoy + A3(pMs — vMy) M M3 = 0,
200 M1 — MMy — Aaya + As[(on Ms — n) M7 + (o — asMy) MFIM; =0,
M M+ y3)\a + A3(pMz — vMy) M = 0, (14)

while using the following denotations n = azMi + Y,v = agMs — y1,p =
arMs + 3,0 = an Mz — 7.
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The stationary equations obtained represent the system of polynomial alge-
braic equations of the 5th degree with the coefficients dependent on the param-
eters \;, ;. Let us conduct analysis of their solution set, while using programs
of the Maple package “Polynomialldeals”.

In order to simplify the problem we have constructed the Grébner basis of
the scrutinized system with respect to the elimination monomial ordering. As a
result, the initial system has decomposed into the two subsystems.

J1(My, M3, A, ) =0, f5(ys, My, Ma, M3, A\;, ;) = 0,
fa(My, Ma, M3, \i, ;) = 0, Je(v2,73, M1, My, M3, A, o) = 0,
f3(v3, M1, My, M3, \i, ;) = 0, Jr(v1,v3, My, Mo, M3, A, o) = 0.
Ja(ys, My, Mo, M3, A, o) = 0, (15)
M; =0, ga(My, M3, Ai, ) = 0, gg(My, Mz, \j, o) = 0,

g1(y1, My, M3, N, a;) =0, g5(My, M3, A, ;) =0, go(My, M3, A, a;) =0,
92(72,M1,M3,)\1',Oéi) = Oa g6(M17M3? Ai7ai) = 07 glO(M17M3’ Ai,Oéi) =0.
93(v3, My, M3, Niy o) =0, g7(My, M3, \i, o) = 0, (16)

It is possible to investigate each of these subsystems separately. Here f;, g; are
some polynomials of M;,y; of degree of 5 to 9.
As a result of the analysis of the subsystems we have the following.
Equations (I3 have two one-dimensional sets in the capacity of their solu-
tions. By direct computation it is possible to obtain the sets. These represent
families of IMSMs of differential equations (IZ). Equations of the 1st family of
IMSMs write:

(aoM3® 4+ a1 My* + agM3? + agM3° + asM§ + as M$ + ag M3 + a7 M3
+a8)M32 + (a9M312 + aloMg + a11M§ + 0,12M§l + algMg + a14)M§712
+(a15M§0 + alGMg + a17M§ + algMgl + algM?? + ag0)Msy1 + a1 =0,

(boM3*+ by M2 + by M3° + by M3 + by M + bs My + bg M3 + by) M3 + (bg M4?
+Fbo M3 + bio M + by My + bia M3 + biz) M35 + (braMy™* + bys Mg?
+b16M3° + b7 M 4 b1gMS + brg M5 + bog M3 + ba1 ) M3a + baa = 0,

(COM§4 + 1 M3? + caM3°% + ez My 4 ey M + C5M§l + cg M2 + c7) M3
+(esM3° + cgM$ + c10M3 + c11 M3 + c12) M35 + (c13M§ + c1a M3
+e1s My + e M2 + c17)Mays + c1g73 = 0,

agM2 + ay My M3 + ag = 0, (bo M3 + by M3 4+ bo M2 + b3) M3 + by = 0. (17)

Here a;,b;, 1, Gy, b, are some expressions depending on o, as, Ag, A1, A2, A3.
The vector field on the elements of the family of IMSMs (7)) is defined by the

equation:

_ V/PoM§ + p1 Mg + pa M3 + ps

M. , h 18
3 20(1)\2\/—)\2)\32 where ( )



On Invariant Manifolds of Dynamical Systems in Lie Algebras 149

po = — (a3 X0/ = XoA3 A3 (N2 +4dashoda—kA2)2), p1 = aZAaA3(8A2 4 6azAohs
—kA2)22, po = anv/—Aads A (BAo (402 + A2) + 2a3(1402 4+ A2y + (402
+1303)0003 — 203kA3)z, ps = —N32%, 2= /403 + A7 + dasdods — k3.

Equations of the 2nd family of IMSMs and the equation, which defines the
vector field on the elements of this family, differ from (7)), (I8) in the signs of
the coefficients.

It is possible to conclude from (I8)) that motion on the elements of the family
of IMSMs (I is described by hyperelliptic functions of time. The latter can be
reduced to elliptic functions when A\g = 0. Equation ([I8) in this case assumes
the form:

- \/20[10[3\/(]€>\% - A%))\Q}\Q,Mg - O[%kAQABMéL - A% + ]C)\%

M3 20[1 \/*)\2 /\3 ’
and the equations of the corresponding family of IMSMs differ structurally from
equations (7)) by the absence of addends, which contain M1® Mi¢ M$ in the
1st, 3rd and 5th equations, respectively.

Equations (6] have a finite number of solutions (zero-dimensional sets), and,
as the Maple program “NumberOfSolutions” shows, there shall be 33 such so-
lutions. The sets of nonzero dimension in this case may be obtained if we solve
the scrutinized equations with respect, for example, to the parameters A;, As
and the phase variables My, y1,v2,7v3. Using the Grobner bases technique, we
have found a series of solutions for equations ([8) with respect to the variables
indicated. Some of these are given below:

2 2
M= i\/g}\glz,’m = al(]\?]\/& M) azMy,ys = i;fz\ljl, My =0,
M= Vaiz [2Xo My £ Ag(ME + M3 ) (o M3 — as M) M3]
VM (e (M} — M2) + 2a3M; M3) ’
Ny — [AXo M1 + cn A3 (M?Z + M2)? M| M3 (19)

Oél(M32 - M12) — 20[3M1M3

Here z = —(2a3 M3 + oy My (ME + 3M32)).

Analysis of the solutions has shown that the first four equations define the
family of IMSMs of differential equations (I2) written in different maps. The
vector field on the elements of this family of IMSMs is described by the equations:

M, =0, M3 =0. (20)
The latter two equations in ([[9) for A; and Ay represent the first integrals of

differential equations ([20). The integrals here are trivial because the equations
themselves are trivial.
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3.2 On Bifurcations of Invariant Manifolds

Consider the problem of branching for the obtained families of IMSMs, while
restricting the consideration — likewise above — with trivial conditions imposed
on the problem parameters.

While following the technique of section 2.2, find the conditions, under which
the families of IMSMs, which adjunct to ([[9), can be found as the solutions of
stationarity equations (I4)). To this end, compute the Jacobian of system (I4)
on the solution under consideration and, by equating the expression obtained to
zero, find the desired conditions. Such conditions, in particular, are (a) a3 = 0,
(b) A3 =0.

In the case, when a; = 0, we have found several 3-dimensional IMSMs. One of
these IMSMs has a rather simple form: v1 = asMs, 72 = —asMi,v3 =0, Ao =
—a3A2/2,A1 = 0,1 = 0, and, as obvious from the analysis, adjuncts to the Oth
solution.

In the case when A3 = 0, we have found one-dimensional and two-dimensional
families of IMSMs, which adjunct to the family of IMSMs (). One of these
families may be obtained when putting A3 = 0 in ([I9).

As far as the family of IMSMs (7)) is concerned, we have not managed to
conduct analysis for the Jacobian expression computed on the given solution
because the obtained expression is rather bulky.

4 On “Resonance” Invariant Manifolds

Consider the problem of obtaining “resonance” invariant manifolds for the sys-
tems of differential equations (), (I2)). To this end, we employ the following
procedure.

Let the system of differential equations &; = X;(z1,...,x,) assume the two
first integrals: V(z) = ¢1, W(z) = ca.

Consider some smooth manifold defined by the equations:

pi(xi,...,zn) =0 (j=1,...,k). (21)

Using the equations ¢; = p;(z1,...,2,), exclude k variables z; (i = 1,...,k)
from the first integrals and equations of motion. As a result, the first integrals as-

sume the following form: V =V (¢1,..., 0k, Tkt1,-- -, Tn), W =W(p1,..., 0k,

Lh41s- -+ azn)'
Let there exist some polynomial relation, for example,

VPO,...,0,Zk11,- s 2n) = WI0,...,0,Tp11, ..., Tn), (22)

on the manifold (ZI)) between the integrals V and W, where p # 0, q # 0 are
some integer numbers.

Consider the linear bundle of the first integrals K = V(¢1, ..., 0k, That,-- -,
Tn) — UW(P1, .- @y Thit, -+, Tn). The following theorem is valid.
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Theorem. If for some values of ;1 = const the system of equations
oK oV oW
= 1
dp;  Op; " Oyp;
is satisfied for any zxy1,...,2, on the manifold ¢; =0 (j = 1,...,k), and

relation ([22)) is valid, then the differential equations have the family of invariant
manifolds

(w1, .. xn) =0 (G=1,...,k), V(0,...,0,Zk41,...,2n) = ( ~ )r-a,

on which function K assumes a stationary value.
Let us use this theorem for obtaining IMSMs in our case. Consider the follow-
ing relation between the first integrals of equations (d): V& = AV (A = const).
The latter equality turns into an identity when v = v3 = M; = My = 0,7, =
a1Ms and A = 7043—1_ Stationary conditions for the integral K = Vy — uVs (u =
const) with respect to variables 1,3, My, Ma2,y = y2 — a1 M3 hold for a; = 0.
So, conditions of above theorem are satisfied here, and equations (Il) have the
family of IMSMs

Vi =72=793=M =M, =0, 3asMs = —2;""
under the condition, when a7 = 0.

Now consider the relation between the first integrals of equations ([I2):
V3 = AV3. The latter equality turns into an identity when M; = My = v =
v3 = 0,72 = a1 M3/2 and A = —27a%/16. Stationary conditions for the integral
K = Vi — uV3 with respect to the variables v1,73, My, Mo,y = Yo — a3 M3/2
hold for a3 = 0.

Hence equations (I2) have the family of of IMSM

1 -
OélMg, Mgl = —U !

MleQZ’}/l:"YS:O’ ’}/2:2

under the condition when as = 0.

5 On Stability of Invariant Manifolds

Let us represent some results of investigation of stability for a series of above
IMSMs. For the purpose of investigation, we used the Routh—Lyapunov method.
This method allows one to obtain sufficient stability conditions.

Investigate the stability of one of the families of IMSMs (@), for example:
1 = azMy, vo = —azMyi,y3 =0, Mz = Aa/Xs.

In accordance with the indicated method, we introduce deviations (; = v1 —
agMs, (o = v + asM, (3 = 73,0 = M3 — Aa/ A3 and write the 2nd variation of
integral K (@) in the neighbourhood of manifold under consideration.

The second variation of integral K in terms of deviations has the form:

PK =20 + G+ G + a3 (23)
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Obviously, the quadratic form (23)) is signdefinite for all Ay # 0 and a3 # 0.
Consequently, due to Zubov’s theorem [I1], the elements of the scrutinized family
of IMSMs is stable under the condition indicated.

Next, let us investigate stability of the family of IMSMs ([):

VM z oy M? z
M= M; sy =2 }\431 — a1 Mz +2a3Mi], 3 = \/\j\ﬁ, Mz =0,
2 = o1 (3aq My + 203 M3) M3 — (2ce; My + 3a3 M3)? M. (24)

The vector field on the elements of this family is described by the equations:
M; =0, Ms =0, (25)

which are obtained from equations ([Il) with the use of expressions (24]).

From the geometric viewpoint, elements of the family of IMSMs (24]) represent
some surfaces in R%, at each point of which a solution (M; = MY = const, M3 =
MY = const) of equations (25 is defined.

Consider the problem of stability investigation of solutions, which belong to
the elements of the family of IMSMs (24]) and correspond to parameters MY, MY.
Likewise in the previous case, this problem is reduced to the investigation of
signdefiniteness of the 2nd variation of integral K (@), which has been obtained
in the neighbourhood of the solution under investigation.

The second variation of integral K in the neighbourhood of the solution cor-
responding to MY, MY, in terms of deviations

V/ MO20 ay MY
— = 2
M30 ) 52 Y2 + [ Mg

§a= My, & =My — MY, & = Mz — My,
2% = 01 (301 MO + 205 MO)MO® — (200 M? + 303 M9)2 MY,

S =m — g MY + 2a3MY], &5 =73

_ V20
VMY

writes:

K = a167 + ag&iés + azéi€s + as€i&e + as€3 + askals + arbals + ag€ale
+ag&3 + a10€38s + a11€3€6 + a12€7 + a13€a€s + a14€2 + a15€s€e + ar6ép.

Now let us investigate signdefiniteness 62K on the linear manifold:

0Vo = b1&a + b2&s + b3&s + bas = 0,
0Va = bs&1 + beés + br&a + bgés + bo&s = 0,
Vi = b1o&1 + b11&2 + b12&s + b13&s + b14&s = 0. (26)

Here a;,b; are some expressions of Ao, A1, A2, Az, a1, a3, MY, Mg.
Having excluded the variables &1, & from 2K with the use of equations (26])
(among which there are only two independent ones), we obtain a quadratic form
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of the variables &3,&4, &5, &6. The conditions of its signdefiniteness are sufficient
conditions of stability of solutions under consideration. When written in the
form of the Sylvester inequalities with the use of the denotations a; = M{JQ —
MY ay = 3MO? —2M9? ag = 11MO% —3M9? ay = AMO® —3MQ* a5 = 3MO° —
MY? ag = 27MP? — 5MQ?, these write:

MO% 4 MO*)(2A3 M + Xo)
2M9*

223 M3 + o

(
A =— et

>0, Ay = [9a3 (223 MY

+A2)M10M302 + Oé%((lgAgMg + a4/\2)M? + Oéloég(ag/\gMg + 4(15)\2)M3?] > 0,

20[1A2

Ay =— 02 0
MY (223 M3 + X2)

[043(2/\3M?? + /\2)(/\3M3? + 2/\2)M10M?? + 041((11 ()\%

2
203 MY+ Xo) A
(At A2 | i oars - ong?)
MO?MOA,

x MY + 1803 MO* VMO + ayas (200 (1207 — 11MY°) MO MO — g (MO
F15MO%MO* — 36Mf4)} > 0. (27)

FAZME®) Fasdods MO > 0, Ay = —

To solve the system of inequalities ([27) we have used the Mathematica program
“Reduce”. We cannot represent the program result in its complete form because
it is rather bulky. Below you can see only some of the obtained compatibility
conditions of inequalities (27)):

ay AOAMY #£0
As MO
/\[(a?,:O/\(al ST LA <0 (A3 > 0A MY + MY =0)
a2

V(xs <0n M = M5))))

043(2/\3M?? +5/\2)M?M9? + Oél(al/\gM?? +112)\2)
V(s #£0n ( a1 + Sas MOMY <0
2 2 0
NS V‘Zyl TOsIMEL s <0)
1
o _ (as— ol +ad)M) _
V(Mg = . =0 >0))))].

So, stable in the sense of Lyapunov shall be only those considered solutions,
which belong to the elements of the family of IMSMs ([24]), for which the param-
eters MY, MY satisfy the obtained conditions.

A similar stability investigation has also been conducted for the family of
IMSMs (I9). Here, sufficient stability conditions have been obtained for the
solutions, which belong to the elements of the given family of IMSMs.
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On the Complexity of Reliable Root Approximation
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Abstract. This work addresses the problem of computing a certified e-approx-
imation of all real roots of a square-free integer polynomial. We proof an up-
per bound for its bit complexity, by analyzing an algorithm that first computes
isolating intervals for the roots, and subsequently refines them using Abbott’s
Quadratic Interval Refinement method. We exploit the eventual quadratic con-
vergence of the method. The threshold for an interval width with guaranteed
quadratic convergence speed is bounded by relating it to well-known algebraic
quantities.

1 Introduction

Computing the roots of a univariate polynomial is one of the most prominent problems
in Computer Algebra. For the case that only real roots are of interest, several subdivision
approaches, based on Descartes’ rule of sign or on Sturm’s Theorem have been intro-
duced [6l14]. Their output consists of a set of disjoint intervals, each containing exactly
one root of the polynomial, and vice versa, each root is contained in one of the intervals;
they are also called isolating intervals. These subdivision solvers constitute a popular
method for root finding, primarily as they return a certified output (no root is lost, no
interval contains several roots). Also, they are relatively easy to implement, and have
shown good practical performance. Real root solving is a cornerstone, for instance, for
the computation of Cylindrical Algebraic Decomposition [4], for related problems such
as topology computation [11l8] and arrangement computation [[10], and many more.

In this work, we will investigate the cost of computing isolating intervals, and sub-
sequently refining them until their width falls below e. An equivalent description is to
approximate all roots to a precision of e. It should not be surprising that this problem
frequently appears in concrete applications — for instance, when comparing the roots of
two polynomials, or when evaluating the sign of an algebraic expression that depends
on a root of a polynomial.

While the (worst-case) complexity of the root isolation process has been studied
extensively for various isolation methods [9412/16]], similar results seem not to be avail-
able yet for the subsequent refinement process. Our work will provide a complexity
analysis with the following main result. Let f := >""_ a;2" € Z[z| be a polynomial of
degree p, with simple roots and |a;| < 27 for each coefficient a;. For € > 0, computing
isolating intervals of width at most € for all roots requires in the worst-case

O(p*o® +p’loge™), e))
bit operations, where O means that logarithmic factors in p and o are neglected.

V.P. Gerdt, E.-W. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 15541671 2009.
© Springer-Verlag Berlin Heidelberg 2009
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We achieve our bound by analyzing the Quadratic Interval Refinement (gir) method
to refine isolating intervals, introduced by Abbott [[L]. This method can be considered
as a hybrid of bisection and (an interval version of) the secant method. We will discuss
the algorithm in detail in Section 31 As Abbott has already pointed out, the method
initially behaves like naive bisection (linear convergence), but once the interval falls
below a certain width, the number of newly obtained bits is doubled in every step (which
basically means quadratic convergence). In our analysis, we split the sequence of qir
steps into an initial sequence where we assume bisections, and a quadratic sequence
where the root is rapidly approximated. We will show that the sum of the cost of all
initial sequences is bounded by the first summand of () (which also bounds the cost of
the root isolation), and that the second summand is caused by the cost of the quadratic
sequence. It is remarkable that our analysis profits from considering all (real) roots of f;
when restricting to a single root of f, we are able to decrease only the second summand
by a factor of p, even if the root is already given by an isolating interval.

The reader might wonder at this point why not using a more prominent algorithm
like the famous Newton iteration instead of the qir method. A problem in Newton’s
method lies in the choice of a starting value — an unfortunate one leads to a diverging
sequence. A solution is to perform bisections initially to produce an interval where
convergence of Newton’s method is guaranteed, and then to switch to Newton iteration
manually. However, this manual switch depends on theoretical worst-case bounds for
valid starting values of Newton’s method, thus more bisections than actually necessary
are performed in the average case. The qir method, in contrast, switches adaptively as
soon as possible, independently of the worst-case bounds that are introduced only for
the analysis.

Dekker [7] presented a method which, similarly to the qir, combines bisections and
the secant method. Brent [3] combines Dekker’s method with inverse quadratic inter-
polation. Superlinear convergence can also be guaranteed for this method. However, a
problem in Dekker’s approach is the growth in the bitsize of the iteration values — it
appears unclear to the author how to choose a suitable working precision in each sub-
step to avoid a too big coefficient swell-up while still guaranteeing fast convergence.
The same holds true for Brent’s method, and additionally, an analysis seems to be even
more involved as it even adds more ingredients to Dekker’s method. The qir method
guarantees a minimal growth in the bitsizes, since all intervals are of the form [, “;;1]
(with a, £ € Z), thus the bitsize of the boundaries is proportional to the interval width,
what is the best one can hope for.

The simpleness of the qir method also make this approach attractive for concrete
implementation. It is used both in the COCOA libraryﬂ [L] and the (experimental) alge-
braic kernel of the CGAL libraryﬁ (used, for instance, in [11J10]). Its application is also
attested in [§]]. In this work, however, we focus on the complexity analysis, and do not
address its practical performance.

This paper is structured as follows: In Section2] we give a rough overview about real
root isolation algorithms, and their complexity. Section [3| revises the qir method. Our
complexity bound (T is proved in Section 4l We conclude in Section

'Mttp: //http://cocoa.dima.unige.it/
2 http://www.cgal.org
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Notation

It will be convenient to fix some notation. Throughout this article, let f = Zf:o a; T’
be a square-free polynomial (i.e., without multiple roots) of degree p, with integer co-
efficients a; of bitsize o, that means, |a;| < 27. The complex roots of f are denoted by
o, ..., 0, and we assume exactly the first s roots aq, . . ., as to be real.

Also, let 0 < ¢ < 1 be fixed, and set L := log . We write M (n) for the cost of
multiplying two integers of bitsize n, and assume that M (n) = O(nlognloglogn),
according to the fast multiplication algorithm by Schonhage and Strassen [[15]. To keep
the complexity bound handleable, we will often neglect logarithmic factors in p and o
and denote such complexity bounds by O(-). As an example, M (n) = O(n). Finally,
for I = (¢, d), we denote by w(I) := d — c its width.

2 Root Isolation

Several approaches have been investigated for the root isolation problem. They all ac-
cept the square-free polynomial f as input, and produce a list of s isolating intervals for
ai,...,as. A considerable body of literature has appeared about this problem (a small
subset is [516414116]); it is not the scope of this work to discuss them in detail — still,
their worst-case bound is of importance.

Theorem 1. Computing isolating intervals for the real roots of f requires at most
O(n*a?) bit operations in the worst-case (using fast arithmetic). Moreover, each iso-

lating interval is of the form (§,, “%.*) with a, ¢ € Z andlog | 5, | = O(0).

The complexity bounds have been proved for root isolation based on Sturm sequences
[9], and based on Descartes’ rule of signs [[12]. The special form of the isolating in-
tervals is a consequence of the subdivision that is initially started with an interval
[—20(2) 20(9)] that covers all real roots of f (compare [2} §10.1]).

We remark that the Continued fraction algorithm (introduced in [5]]) usually per-
form best in practice among the available modern root solvers, although the best known
bound in the literature seems to be O(n572) [L6]. See [13] for a recent experimental
comparison on various modern root solvers.

3 Abbott’s Quadratic Interval Refinement

Everybody knows about the most naive method for refining isolating intervals — the
bisection method. Given an isolating interval (c, d), evaluate f at the midpoint m =
C'gd. If f(m) = 0, the root is found exactly. Otherwise, either (¢, m) or (m, d) is chosen
as refined isolating interval, depending on where the sign change takes place. Clearly,
the isolating interval is halved in every step which means that one bit of precision is
added per bisection.

The analysis of the complexity for the bisection is also straight-forward. The cru-
cial operation is to evaluate f at m, the number of arithmetic operations is linear.
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Algorithm 1. Quadratic interval refinement

1: procedure QIR(f,I = (¢,d),N) > Returns a pair (J, Npew), with J the refined interval
2: if N = 2, return (BISECTION(f,1),4).

3 W — ch

4: m/’ Hc+r0und(Nf(c)<C}(d)) >Dm=c+ f(c)(}(d)(d c)
5: s« sgn(f(m'))

6: if s =0, return ([m’, m’], 00)

7 if s = sgn(f(c)) and sgn(f(m’ + w)) = sgn(f(d)), return ((m’, m’ + w), N?)

8: if s = sgn(f(d)) and sgn(f(m’ — w)) = sgn(f(c)), return ((m’ — w,m’), N?)

9: Otherwise, return (1,v/N).

10: end procedure

If 7 denotes the bitsize of ¢ and d, then the bisection has to deal with bitsizes up to
O(o + p7) during the evaluation, and thus the number of bit operations is bounded by

O(pM (o + p7)).

What if we did bisection until the interval gets smaller then €? We would have to
perform up to o + L bisection steps (the initial o bisections to make its width smaller
than one), and the interval boundaries would grow to bitsize o + L. Thus, one would
arrive at a total complexity of O(p(o + L)M (p(o + L))) = O(p*(c + L)?), with an
additional factor of p when doing this for each root. Not surprisingly, this is inferior to
(@ since L appears quadratically.

A more efficient way of refining the isolating interval has been presented with Ab-
bott’s Quadratic Interval Refinement method [1]; we call it gir from now. Consider an
isolating interval I = (c,d) for a root «, and let ¢ be the secant through the points
(¢, f(c)) and (d, f(d)) € R?.If I is small enough, f should almost look like the line £
over I, and thus, the intersection point m of ¢ with the x-axis should be close to .

This idea leads to the following algorithm: Hav-
ing an additional integer N as input, subdivide
(conceptually) by N + 1 equidistant grid points
(with distance w := w](VI )). Then, compute m/,
the closest grid point to m, and evaluate f(m’).
Depending on its sign, evaluate the sign of either
the left or right neighboring grid point. If the sign
changes from m’ to m’ 4+ w, choose it as new iso-
lating interval (this refines by a factor of V) and set
N to N? for the next gir call. Otherwise, keep I as
isolating interval and set N to v/ for the next call. If N = 2, perform one bisection
step. See also Algorithm [Tl for a pseudo-code description.

We assume that N is initially set to 4 for an isolating interval returned by a root
isolation algorithm, and that the method QIR is always called with the parameter /V that
has been returned in the previous call for the given interval.

Different from Abbott’s original formulation, a call of QIR does not necessarily
refine the isolating interval. However, in this case, IV is decreased as a side effect, and
at the latest when N = 2, the method will refine the interval eventually.

E
il

Successful gir instance for N = 4
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Algorithm 2. Root isolation with refinement

1: procedure ISOLATE AND REFINE(f, €)

2 Ii,...,Is < ISOLATE(f) > see Section 2]
3 fork € {1,...,s}do

4. N — 4

5: while width(I;) > edo (I;, N) «— QIR(f, I;, N)

6 end for

7 return /q,..., [

8: end procedure

Definition 1. A gir call (J, No) «—QIR(f,I,N1) succeeds, if J C I, and it fails, if
J = 1. Equivalently, the qir calls succeeds, if and only if No > Nj.

For one qir call (successful or not), one has to perform only O(p) arithmetic operations
to evaluate f at m’ and m’ &+ w, and perform another constant number of arithmetic
operations. The bitsize of m’ and m’ & w is bounded by O(log N + 7) where 7 is the
maximal bitsize of ¢ and d.

It is easy to see that log N € O(r), assuming that the qir is initially started with
N = 4:ifaqircall with N > 4 subintervals is started, there must have been a successful
qir call for V/N. Thus, the width of the interval is at most » , and the bitsize of either

VN
c or d must be at least log VN = ; log N.
After all, the cost of one qir call is thus bounded by

O(pM (o + pT)),

which is equal to the cost of one bisection step. We remark that one successful qir step
yields exactly the same result as log N bisections, so that the isolating interval remains
of the form (g, , “%;") if the initial interval was of this type.

4 Analysis of Root Refinement

We prove the bound given in (@). For that, we analyze the complexity of this straight-
forward algorithm: Apply QIR to each isolating interval until its width falls below e
(Algorithm2).

Definition 2. Let o be a root of f for which Steplof Algorithm2 returned the isolating
interval Iy. The qir sequence (S, . . ., Sn) for a, is defined as

s0 := (Lo, 4) si = (I, Ny) == QIR(f, I;_1,N;—1) fori>1

. . IR R
where I, is the first index such that w(I,) < €. We say that s;_1 Q—> s; succeeds if

IR . .
QIR(f,I;—1, N;_1) succeeds, and that s;_, (L s; fails otherwise.

The qir sequence for « is split into two subsequences, according to the value M, defined
in the next lemma. M, will turn out to be an upper bound for the width of the isolating
interval of « that ensures quadratic convergence. We will prove this in Section4.2] but
we already show two simple properties of M,,.
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Lemma 1. Let o € C be a root o of f. We define

- (@)
T 2ep329 max{|al, 1}r—1

with e = 2.718. It holds that

LO0<My<
2. Let u € C be such that |o — p| < M. Then
|/ (a)]
M, < :
2[f" ()]

Proof. We bound | f'(«)| from above by the following

P p—1
[F(@)] =1 iaa’ ™! < p2° Y max{|al, 1}’ < p27pmax{|al, 1}P
i=1 i=0

which proves the first claim. For the second, we bound | f”/ ()| from above:

p p—2
()] = 1D i = Va2 < p*27 Y max{|pl, 1}
=0

=2

p—2

<p*27 ) ((1+ My) max{|al, 1})’
=0

1
<p*27(1 4+ M,)P 2 max{|a|,1}P72 < p*27 (1 + )P max{|al, 1}P~*
p

N o~ 7
<e

This shows that

|f () |f/ ()] B
2|f”(’u,)| > 2e.p320' maX{|a|,1}P—1 = Ma

Definition 3. Ler (so, ..., S,) be the gir sequence for . Let k be the minimal index

such that s, = (I, Ni) AR Sk41 succeeds, and w(I) < M,. We call the sequence

(80, - - -, Sk) the initial sequence, and (s, - . ., S ) the quadratic sequence.

In other words, the quadratic sequence is the maximal qir sequence that only contains
intervals of size at most M, and starts with a successful qir step. In the next two
subsections, we will bound the cost of the initial sequence and the quadratic sequence
separately.
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4.1 Cost of the Initial Sequence

Lemma 2. Let I be an isolating interval for a. The cost of the initial sequence of « is
bounded by

O(p*(o +1 2
(p*(o +log - )%)
Proof. Let ny be the number of qir calls until I is refined such that w(I) < M,.

Likewise, let n; be the number of bisections that would be needed to refine I to size
M. Note that ny = O(o +log ,; ).

A successful gir call for some N = 22" yields the same accuracy as 2° bisections,
and can only cause up to 7 + 1 subsequent failing qir calls before the next successful
qir call. With that argument, it follows that n;, < 2n;, so the number of qir calls is in
O(o +1og 51 ).

To bound the bitsizes, let N, be the value of N in the last successful qir call of
the initial sequence. It holds that log N. < 2n,, since otherwise, the preceding qir
call would have yielded as much accuracy as log /N, > ny, bisections, and the initial
sequence would have stopped earlier. Hence, the width of the final interval is at least

%“ , and the interval boundaries have bit complexity

N, 1 1
log M., < 2ny + log M, O(o + log Ma)

Therefore, the bitsizes of the gir calls are bounded by O(p(o +log ,; )), which proves
the claim.

It remains to bound the quantity log IV} . We do this simultaneously for all real roots of
the polynomial, according to the following theorem.

Theorem 2. Let vy, ..., ay be the real roots of f. Then,
ilo ! = O(p(o + logp))
2 g M., = Up gp))-

Proof. Recall that 0 < M, < 1 for each (complex) root «, so log IV} > (, and we can
bound:

b 2e- p*2° max{|ay|,1}P71

1 P 1
< log =log "7
BBV T £

P P
= plog(2¢) + 3plogp +po + (p — 1) log | [ max{lail, 1} — log | ] f'(cv)]

i=1 i=1

For both occurring products, we can apply well-known bounds from Algebra. For the
first one, note that

p
Mea(f) = |a,| [ | max{lai], 1}
=1
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is the Mahler measure of f, and it holds that ([[17, Lemma 4.14], [2| Prop.10.9])
Mea(f) < [Ifll2 < vVP+1-[1fllo <Vp+1-27.

So, log [T5_, max{|a;|,1} = log <|a1 ‘Mea(f)) <logMea(f) = O(logp + o)
The second product is related to the resultant of f and f” by the following identity [2,
Thm.4.16], [17, Thm.6.15]

P

res(f, ') = ab ' [ £/(ci).

i=1

In particular, the right hand side yields an integer. It follows

log|Hf ;)| = log|ah™ 4 flog|res(f, 2| < (p—1)log|a,| = O(po).

=1 >1

Finally, we can estimate

s 1 P P
lo < O(p(o +1lo +(p—1lo max{|a;|,1} —lo "oy
; &, S (p( gp)) +(»—1) giljl {laal, 1} g|i1i[1f( )l
- - - ~ N\ :/ -
=O(log p+o0) =0(po)

= O(p(o + logp)).

Corollary 1. The total computation cost for all initial sequences is O(p402).

Proof. Combining Lemma[]and Theorem 2] we get total costs of
PR 1 -
O _p(o+log ,  )*)=00’0" +p° Zlog M )?) = O(po®)
i—1 g

Corollary [[lshows that refining all isolating intervals to width M,, does not increase
the complexity bound to the initial root isolation.

4.2 Cost of the Quadratic Sequence

In the initial sequence, we have assumed that the qir sequence behaves roughly as the
bisection method. As soon as the isolating interval becomes smaller than M, we can
prove that IV is squared in (almost) every step, which leads to quadratic convergence of
the interval width. We start with a simple criterion that guarantees a successful qir call.

Lemma 3. Let I = (c,d) be an isolating interval of o, with w(I) = 6, and consider
the gir call QIR( f,I,N ) for some N. Let m := c+ f(c)( }(d) (d— c) be defined as in the

qir method (Algorithm[l). If |m — o] < 2N, the qir call succeeds.
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Proof. Recall that I is conceptually subdivided into [V subintervals of same width, and
that m/ is chosen as the grid point closest to m. Let J be the subinterval that contains
a, and J' be the subinterval that contains m. If J = J’, then one of the endpoints of
J’ is chosen as m/, so the qir call succeeds. If J # J’, they must be adjacent, since
otherwise, [m —a| > 3. W.lo.g., assume that m < «, then m must be in the right half
of .J, because otherwise |m — | > ;. Thus, m’ is chosen as the right endpoint of .J/
which is the left endpoint of J. Therefore the qir call succeeds.

We need to investigate the distance between the interpolation point m and the root a.
The next theorem shows that this distance depends quadratically on the width of the
isolating interval, once it is smaller than M. This is basically analogous to Newton’s
iteration, for which a similar theorem is shown.

Theorem 3. Let (c, d) be an isolating interval for o of width § < M,,. Then |m —a/ <
52

2Mey "

Proof. We consider the Taylor expansion of f at «. For a given z € [c, d], we have

F(#) = F@)w o) + (@) ~ o)’

with some & € [z, a] or [, x]. Thus, we can simplify

o] _ | T =) = Fo)d =)
£(d) — 1(e)
A @D~ )2 (e~ a) — £"(@2)(e — a)*(d - )
£(d) — £(0)

Lo oo 17 @ld = o) + [ (@2)l(a — o)
= gld-elle=al ) - £

Lo "~ "o~ (d—a)+ (a— )
<y maxr@l @ o

_ 0 max{|f"(a1)], |f"(a2)[}
2[f' ()l

for some v € (c, d). The Taylor expansion of f’ yields f'(v) = f'(a) + f"(7)(v — @)
with o € (¢, d). Since § < M,,, it follows with Lemmal[l
_ 1
@) =)l < |f" (7)Mo <, |f()]
Therefore | f/(v)| > ;|f'(c)], and it follows again with Lemma ] that
52 "=~ "(x 52 52
m — ol < max{|f|f(lo(f;))||a |f"(&2)]} _ e < AL
2 2 max{] £ (a) .17 (82) ) “

We apply this theorem on the quadratic sequence.
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Corollary 2. Let I; be an isolating interval for o of width §; < ]\1] M,,. Then, each
J

call of the qir sequence (I;, N;) QR (Lj+1,Nj41) AR . succeeds.

Proof. We do induction on 7. Assume (for ¢z > 0) that the first ¢ calls succeeded. Then,

.. . L _ Njd; M, . .
it is easily shown that 0,1, := w(ljy;) = N;+Ji < N5 (by another induction, and
exploiting that N JQ i = Njyit1). Using Theorem[3] we have that
1 M, 1 1 044
|m Oé| < < 5j+i « _ J+i

i 2M,, Njvi2My 2 Njyi

By Proposition[3] this is enough to guarantee success for the gir method.

Corollary 3. In the quadratic sequence, there is at most one failing qir call.

Proof. Let (I;, N;) AR (Ii+1, Ni+1) be the first failing gir call in the quadratic se-

quence. Since the quadratic sequence starts with a successful qir call, the predecessor

(li—1,Ni—1) QR (I;, N;) is also part of quadratic sequence, and succeeds. Thus we

have the sequence

Sucess Fail
IR IR IR
(Iiz1,Ni—1) R (I;, Ny) Rl (Zit1, Nig1) AR .

One observes that w(l;41) = w(l;) = wj(\{ifll) < gl and Ny = N =

\/ * | = N,_1. By Corollary[2] all further qir calls succeed.

If the quadratic sequence starts with a bisection (i.e., N = 2 initially), no failing qir call
occurs. Otherwise, the single failing step is due to the fact that the quadratic sequence
might start with a too big value of IV, just because the algorithm was “too lucky” during

the initial sequence.
Let (I;_1,N;—1) = (I;, N;) be the failing qir call in the quadratic sequence. Since
_ Nzw(lz

forany k > 0, w(IHk) Nioy it follows that

QIR

w(lizrs1) = Nk(h;l(c;k)

That means, the interval width decreases quadratically in each step (up to the constant
Ny -w(Ix)) which ultimately justifies the term “quadratic” in the Quadratic Interval Re-
finement method (the idea of our exposition was already sketched in Abbott’s original
work [[1]).

Lemma 4. The number of bit operations in the quadratic sequence of a root o is
bounded by

~ 1
O(p*log L(o + log M )+ p*L).

[e3
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Proof. By Corollary B the quadratic sequence consists of at most log L + 1 qir calls,
since NN is doubled in each step, except the possible failing step. The bitsize in the first
qir call of the sequence is O(p(c + log Nl[a ), and increases by at most 2° after the i-th
iteration. Therefore, the complexity of the quadratic sequence is given by

log L+1 1 log L+1 1
) v — A2 i
O< Z D M(p(0+logM +2))) O<p ; o—i—logMa—&-Q)

i=1 @

log L+1
~ 1 - ~ 1
_ 2 2 i _ A2 2
—O(p log L(o + log a)er E 2)>—O(p logL(a+logM )+p°L)

i=1 @

Corollary 4. The total cost of all quadratic sequences for the real roots oy, . . ., as of
f is bounded by 5
O(pclog L+ p°L).

Proof. We combine Lemma 4] and Theorem ] to obtain
s 1 _ s
Z O(p*log L(o + log M ) +p*L) = O(pPolog L + p*log L Z log +p3L)
« i=1

M
i=1 a

- ~ -
=O0(p(o+logp))

Combining the cost for root isolation (Theorem/[I)) with the cost of the initial sequences
(Corollary M) and the cost of the quadratic sequences (Corollary M) proves the main
result:

Theorem 4. Isolating the real roots of f, and computing an isolating interval of width
at most € for each root using Algorithm|2 requires

O(p*o? + p*(L+ologL)) = O(p*c? + p°L)
bit operations.

Proof. We only have to argue why the summand p3c log L can never dominate the other
two. If p*o? was dominated by p3c log L, log L would dominated po, and in particular
L would dominate 2°. If also p3 L was dominated by p3c log L, then log 1, 18 dominated

by o, so L is dominated by o'+ for any v > 0. Contradiction.

If only one isolating interval is refined, our method shows a complexity of O(p402 +
p?L), and thus only a partial improvement (even without considering the initial root
isolation step). The reason is that we are not aware of an improved bound for the initial
sequence of a single oz compared to what we prove in Theorem[2]

From a theoretical point of view, we do not expect significant improvements when
using any other quadratic convergent method than gir: the first summand p*c? of The-
orem [ appears due to root isolation, and the summand p>L seems to be unavoidable as
well, since for each root, one has to perform at least one evaluation of f for a rational
number of bitsize O(L), which leads to O(n) arithmetic operations with integers of
bitsize up to O(nL).
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5 Conclusions and Further Work

Theorem [ shows that refining all real roots of a polynomial to width € is as com-
plex as just isolating the roots, provided that loge™! = O(pa2). We believe this re-
sult to be of general interest for algorithm dealing with real algebraic numbers. For
instance, the usage of qir instead of naive bisection removes the asymptotic bottle-
neck in the topology computation algorithm presented in [L1]; this is currently work in
progress.

On the practical side, we have argued that qir has a more adaptive behavior than a
combination of bisection and Newton’s method, since the switch from linear to quadratic
convergence happens without a “manual” control from outside. Abbott’s work [1] has
already shown that qir is competitive to Newton’s method in a different context. How-
ever, a comparison to other hybrid approaches like Brent’s method is still missing.

Acknowledgements. The author would like to thank Tobias Girtner, Kurt Mehlhorn,
Michael Sagraloff and Vikram Sharma for valuable discussions.
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Abstract. The algebraic Riccati equation, which we denote by "ARE’
in the rest of the paper, is one of the most important equations of the
post modern control theory. It plays important role for solving Hs and
Ho optimal control problems.

Although a well-known numerical algorithm can compute the solution
of ARE efficiently ([1],[2]), the algorithm can not be applied when a given
system contains an unknown parameter.

This paper presents an algorithm to compute the defining polynomial
of an ARE with unknown parameter k. Such algorithm is also discussed in
[3], where an algorithm with numerical approach is presented. The new
algorithm in this paper uses algebraic approaches based on Groebner
basis and resultant. Numerical experiments show the new algorithm is
more efficient than that of [3] in most cases.

1 Introduction

Recently, Computer Algebra has received an increasing attention from engineers
and scientists, because its capability to handle parameters can lead to a wide
variety of applications. In the field of control theory, various techniques of Com-
puter Algebra are proved to be quite effective for a design and analysis of control
systems. For example, QE (Quantifier Elimination), which is a comparatively
new technique in Computer Algebra, is applied the design of a control system
in the references [4]-[7]. Another application of Computer Algebra to the control
theory can be found in references [§] and [9], where the author of this paper
described an algorithm to compute H,, norm of a given system that contains a
parameter.

In this paper, we treat the 'parametric’ algebraic Riccati equation, which is
the algebraic Riccati equation containing an unknown parameter. The algebraic
Riccati equation, which we denote by "ARE’ in the rest of the paper, is the
equation in the form of

PA+ATP - PWP+Q=0, (1)

where we are given n x n matrices A, W, Q (Q being positive semi definite and W
being symmetric) and find the n x n solution matrix P. It is used for solving Ho

V.P. Gerdt, E:ZW. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 168-{I79] 2009.
(© Springer-Verlag Berlin Heidelberg 2009
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and H., optimal control problems, and is one of the most important equations
in control theory. Typically, the solution P of the equation is computed by
the numerical algorithm, which utilizes the eigenvalues and eigenvectors of the

matrix H defined by
| A =W
Hd_f[_Q_AT] (2)

However, when matrices A, W, Q) contain unknown parameters, the numerical
algorithm can not be applied.

Letting each entry of the solution matrix be unknown variables, ARE can be
viewed as m simultaneous algebraic equations with m variables and a parameter
k, where m is the number of entries of the unknown matrix P. Hence, com-
puting Groebner basis of the algebraic equations with lexicographic ordering,
we obtain the polynomial whose roots are the solution of ARE, which is the
defining polynomial of ARE.

However, in practice, the procedure is effective only for quite small size prob-
lems because of its numerical complexities. Reference [3] presents a practical
algorithm to compute the defining polynomial of the solution P. The algorithm
uses polynomial interpolations and the numerical solutions of ARE (the algo-
rithm to compute numerical solutions is already known in control theory). In this
paper, we present another algorithm which uses Groebner basis and resultant.
Numerical experiments show that the new algorithm is more efficient than that
of [3] in most cases. In the rest of the paper, we use the following notations:

R : The set of real numbers.

C : The set of complex numbers.

Z : The set of integers.

F, : Finite field with characteristic p.

K"™" : The set of matrices with entries in K.

K][z] : The set of polynomials with coefficients in K.

Resz(r1(x), r2(x)) : Resultant of polynomials 71 (z) and ro(x) with respect to .
GCDy(r1(x), -+ ,rn(z)) : Polynomial GCD of 1 (z),- - -, (x) with respect to x.
Hlk:ko : H with k = kg.

Det(M) : Determinant of matrix M.

2  Original Algorithm

2.1 Problem Formulations

Let A € Z[k]™™, W € Z[k]™", Q € Z[k]™™ be polynomial matrices in k, where
W is symmetric and @ is semi definite for any value of k. Let p; ; be (7, j)th
entry of a symmetric solution P of ({l). We will compute the defining polynomial
of p; ;. For the symmetric solutions, we have the following theorem:

Theorem 1. Let p; ; be (i,7)th entry of a symmetric solution P of (), and
suppose that there exists real number ko such that

(C1) All eigenvalues of H|p=k, are distinct,
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(C2) A\i+Xj=0 (i#7j)= P\, -, \) is not symmetric, where \;, \; are
eigenvalues of H =k, -

Then there ezists a polynomial fi(k) € Z[k] (I = 0,---,2™) which satisfies the
conditions

GCODy(fo(k),- -+, fan(k)) =1, (3)
for ()pZs + -+ + fi(K)pij + fo(k) = 0. (4)

In this paper, we assume the above conditions (C1) and (C2), and present an
algorithm to compute the polynomial ({@]).

2.2 Algorithm with Numerical Approach

In this subsection, we explain the algorithm in [3] briefly, which computes the
defining polynomial numerically. For details, see [3].

Let H be the matrix defined by (@], and compute vector v(y) with the follow-
ing algorithm:

Algorithm 1. Computation of v(\)

(1) Let x be z = [:cl e xzn}T and compose 2n linear equations (H — AE)z =0
(each entry of (H — AE)z = 0 compose a linear equation), where X is an
indeterminate.

(2) Select (2n — 1) linear equations from 2n ones in (1) and solve the (2n — 1)
linear equations as equations in variables x1,- - -,22,—1.

(3) Substitute the solution of x1,---, 22,1 into z and multiply an adequate
polynomial so that each entry of x is a polynomial in .

(4) Let v(A) «— x/x2y and output v(\).

From Theorem [I] we see that there exists 2" symmetric solutions of ARE when
k = ko, provided that fon (ko) # 0. For the 2" symmetric solutions, we have the
following theorem:

Theorem 2. Let +)\1,---,+\, be the eigenvalues of H in (). Then, (i,5)th
entry of the 2™ symmetric solutions are given by

Det (I:'i7j(81)\1, HRN Sn)\n))

- :tl l: 1 e
Det (I (s1A1,+ -+, 80An)) (51 ) s n), (5)

where Ty (y1, -+, yn) and i ;(y1,- -+, yn) are matrices defined by (v;(y) denotes
i-th entry of vector v(y) computed by Algorithm [2])

vi(y1) - v1(yn)
Dy, €] 00 0 ; (6)

Un(yl) U (Yn)
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vi(y1) - vi(yn)

_ dﬁf vi—1(y1) - vj—1(Yn)
Fi,j (y1, e 7yn) = 'Un+i(y1) T 'Un+i(yn) . (7)
vit1(y1) - vj1(Yn)

L Un(yl) T Un(yn) i

From the definitions (€) and (), we see that polynomials Det (I (y1, -, yn)) and
Det (Fi,j (y1,--- 7yn)) are alternative polynomials. Thus, there exist symmetric

polynomials g1 (y1, -, ¥n) and g; j(y1,- -+, yn) such that
Det (Ty(y1, -+ yn)) = g1y, ) [ [ (0s — w0), (8)

s<t

Det (L (Y1, > yn)) = Fig (Wrs > un) [ [ (0s = w0)- (9)

s<t

Therefore, the above theorem implies that (4, j)th entry p; ; of the 2" symmetric
solutions are given by

Gi,i(851A1, -, SnAn)

ss==x1,1=1,---,n), 10

g1(81A1,7 ;80 An) ( ) (10)

and the defining polynomial of p; ; divides

IT {o(sidas - sadn)piy = Gig(s1ha,- s sudn)} - (11)
Sl::tl
This implies that head coefficient fon (k) of {@) divides
o(k) = [T gr(sira,--- o), (12)
=+1

and there exists polynomial f(k) € Z[k] such that ¢(k) = fan(k)f(k). Then,
we can compute the polynomial in [l as follows: Let k, be an integer and let
ai(k.) (I =1,---,2™) denote 2" roots of @) when k = k, (ay(k,) can be com-
puted by numerical algorithms in [I]). Since oy(k,) are (,7)th entries of 2"
symmetric solutions of (IJ), we can compute them numerically with a conven-
tional numerical method by substituting k& = k... Hence, if we have ¢(k) in (2],
then we can compute

Eq. () with k = k,

= (k) {(pij —r(kr)) - (pij — azn(kr))}

= fan(kp) f(kr) {(pij — a1 (ky)) -~ (pij — czn (k7))}

= Flky) { for (k)2 + -+ fi (ko )pig + folky) |

=Y fk) filkr)ph; (€ Zlpig)). (13)
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Looking at the coefficients of (I3), we obtain f(k,)fi(k,) € Z for any k,, which
implies that we can compute a polynomial f(k)fi(k) € Z[k], using polynomial
interpolation. With f(k)fi(k) obtained, we compute fi(k) (I = 0,---,2") by

factoring 21220 f(k)fl(k)pé,j as

> T fukphy = F) {fon 002 + -+ Frpi + fo(R) . (14)
=0

from which we obtain polynomial ({). Thus, we obtain the following algorithm
to compute ({@).

Algorithm 2 ([3]). Computation of ()

(1) Fork=k,. €Z (r=1,---,m) do the following:
Let £Aq,- -+, £, € C be the eigenvalues of H|;—, and compute

d(k) = J] gr(s1Ma,++ snhn) (€ Z). (15)

Sl::tl

(2) Compute ¢(k) (€ Z[k]) by polynomial interpolations.
(3) Fork=k, € Z (r=1,---,m) do the following:
Let aq(ky), -+, aon(k,) € C the (i, )th entry of the solution of ARE, and

compute f(k;)fi(k,) € Z in ([I3).
(4) Compute f(k)fi(k) € Z[k] by polynomial interpolations. Then compute f;(k)
by factorization (4.

3 Algebraic Algorithm

3.1 Setting

Let ¢1(y1,---,yn) and G; ;j(y1,---,yn) be polynomials defined by (8) and (@).
The previous section tells us that the defining polynomial can be computed
from (Id)), provided that () can be computed as a univariate polynomial in
pi,; for k = k, (€ Z). Thus, first, we present algorithms to compute (1)) with
k =k, (¢ Z) as a univariate polynomial in p; ;. Then, the polynomial in (I4)
can be computed by polynomial interpolations with respect to k.

3.2 Preliminaries

Let o, (r =1,---,n) denote r-th elementary symmetric polynomials of Ay, - -+, Ay,
i.e.
0'1:/\1+"'+)\na"'70n:>\1"')\n7 (]‘6)

where +\q, -+, £\, are the eigenvalues of H in (2)). The characteristic polyno-
mial of H can be expressed as

Det(zE — H) = (22 — \3) -+ (2% — \2)
= ho(k) +oF h2(n71)(k)x2(n71) + x?n’ (17)
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where hg, (k) (r =0,---,2(n — 1)) are polynomial in k satisfying
(—1)"ho(k) = A3+ A2, -+, (=Dhogo1y(k) = AT+ -+ A2 (18)

Obviously, right-hand sides of ([I8) are symmetric polynomials in Ay, -, Ay,
and can be written as polynomials in o1, --,0,, i.e. there exist polynomials
¢r(o1, - +y0n) (r=0,---,n—1) such that

(=1)"ho(k) = Co(o1,- -+ 00), -, (=Dhap-1)(k) = Gu-1(01,- -, 0n).  (19)
When £ is fixed to an integer kg € Z,
(=1)"ho(ko) = Co(o1,- -+, 0n), -+, (=1)ham-1)(ko) = Cu—1(01, -+, 00).  (20)
is a system of polynomials in oy, - - -, 0,, whose solution is given by
FL =M+ F A, 00 =M Ans (21)

where £)1, - - -, £\, (€ C) are eigenvalues of H |, Since there are only finitely
many eigenvalues of H|g—r,, there are only finitely many solutions (71, - +,0,)

of 20).
Let 7() (¢ = 1,---,2™) be a function which maps A, (r = 1,---,n) to
$rAr (8, = £1). For example, when n =2, 7:() (¢t =1,---,4) can be defined by
T1(h(A1,A2)) = h(A1, A2), T2(R(A1, A2)) = h(=A1, A2),
Tg(h(/\l, )\2)) = h(/\l, */\2), T4(h()\1, /\2)) = h(*/\l, *)\2).

Similarly, we define 7() as a function which maps X\, to s\, (s, = +1). If
(01, +,0n) = (61, -+,0n) is a solution of (20)), then

(017 e 7Un) = (Tt(&l)a Ty Tt(5n)) (t = 17 Ty 271)
are also solutions of (20]), since they satisfy

(7(G1), - 7e(@n)) = A - AL = (=1)"ho ko),

Cno1(Te(T1), -+, 7e(0n)) = AT+ -+ + A2 = (=1)hg(n—1) (ko).

Thus, we have the following lemma:

Lemma 1. There are only finitely many solutions of o1,-+-,0p, of (24). More
concretely, there are 2™ solutions of o1, - -+, 0, with multiplicities counted.

Let 0 be defined by
0 =z101+ 2,00, (22)

and consider a system of polynomial equations

0 =z101+ 200, Co(o1,--,04) = (—1)"ho(ko),
Ty Cn—1(017 T Un) = _h2(n71)(k0)7 (23)
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where 21, -, z,, are some integers. If (o1,--+,0,) = (71, -+, G5) is a solution of

0D, then

0= 217_'t(5'1) + - 'ant(a'n)
are solutions of (23]) with respect to 6. Hence, the defining polynomial of 6 is
given by

H{o —(a17%(31) + -+ 27 (G0))} - (24)

Since there are only finitely many solutions of (I9) with k = ko (ko € Z), so are
the solutions of ([23]). Therefore, there are integers z1, - - -, z,, such that Groebner
basis of

{1014+ + 2000 — 0,C0(01, -+, 00) — (—1)"ho(ko),

o Cner(on, - om) + hano1) (ko) } (25)
with lexicographic ordering o1,---,0, > 6 is in the form of in shape basis
{wo(0),w1(0,01)," -, wn(0,0,)}, where wy(8) and w, (6, 0,) are polynomials in

the form of
wo(0) = 02" + woon_10% "1+ wp,
w,(0,0,) = Wyonoy + wron 1602 4+ w10+ weg (r=1,---,n)(26)
with w4, wpon € Z (r=1,---,n, t =0,---,2" — 1) (we note that wy(f) is
monic, since we have wo(f) = ([24)). In fact, for almost all integers z1,-- -, 2z,

and ko, Groebner basis of (23] is in the form of shape basis.

Since ¢g1(y1,- -+, yn) and G ;(y1, -+, yn) in @ ),(@) are symmetric polynomials
in y1,---,Yn, there exist polynomials wi(o1,---,0,) and @; (o1, -, 0,) such
that

ur(on, o, 0n) = g1(M, o An)s Bg(on, o 0m) = gii(A, s An). (27)
From the definition of 7;(), we have an integer ¢ (1 < ¢ < 2") such that

T (ur (o1, -, 0n)piyj — Wij(01,- -, 00))
=7 (1M, )iy — Gig (A1, o5 An))
= g1(s1A1, ;80 An)Piyj — Gij(S1A1, 7+, SnAn) (28)

for any s;(= +1) (I =1,---,n). Hence, we have

[T {orlsihn, - sndndpiy = Gig (5120, sndn)} =
—i1

2'77
H Tt (ul(gla Ty O'n)pi,j - ﬁivj(gla Ty UTL)) . (29)
t=1

Let &:(0) (€ QJf]) be defined by

&-(0) def (wr,Qn_192n_1 ot we 0+ wT;O) ;

’U_)T’Qn
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where wy an, w,; are integers given by (28]). From (28], we see that

n__
Wyon_160% "1+ w10+ weg

Opr = — ’ ' = 57“(9)3 (31)

Wy 2n

which implies that

T (wi(on, -, 0n)pi; — Uij(o1,- -+, 00)) =

Tt (u1(§1 (9)7 e 75”(6‘))pi7j - ﬁi7j(€l (9), T agn(e))) : (32)

The following algorithm is the key of our algorithm.

Theorem 3. Let ko, 21, -+, 2, be integers such that Groebner basis of (23) is in
the form of shape basis (28). Then, we have

H {g1(s1A1, - snAa)pij — Gij(51A1, -+, Snhn) }

= Resg(wo(0), P(8,pi;)), (33)

where A1, -+, £\, € C are the eigenvalues of Hlx—r,, P(0,pi;) (€ QlO,pi])
is a polynomial defined by

¢(9ﬂpi7j) = u1(§1 (9)7 T 7§n(9))pi,j - ﬁi7j(€l (9), T agn(e))7 (34)
and & (0)(r = 1,---,n), ui(o1,--+,0n), Ui, (01, -+, 00) are polynomials defined
by (30),(27).

Proof
Let 6 (€ C) be defined by
0 =261+ + 2,00, (35)
where 71, -+, 5, are given by (2I)). Since

(01, T ,Un) = (%t(61)7 T 77it(6n)) (1 <t< 2n)
is a solution of (28],
7(0) = 217 (61) + 207 (5n) (E=1,---,2") (36)

are the roots of wg(6) in (20). Hence, from the property of the resultant, we see

Resg(wo(6), P(0,p;.5)) H@ (7¢(0),pi5)- (37)

Therefore, we obtain

H {gl (515\15 Ty San)p'L,j - g’h] (515\15 Ty S’nj\n)}
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=17 @, o0)piy — (61, u)piy) (- @D)

=17 (& @), . &@)pi; — w6 0), () (- G)

t=1

which proves the theorem. (]

3.3 Algorithm Description

From Theorem [3] we obtain the following algorithm to compute the value of
(@
Algorithm 3. Computation of (1)) for k = kg

Input: ko(€ Z) and ARE in (1)) with parameter k.
Output: ([[I) where £Aq,- -, £\, are eigenvalues of H|j=g,-

(1) Compute ui(o1,- -+, 0n), U (01, -, 0n) in @7T).
(2) Let Co(o1, - y0n), - ,Cu-1(01, " +,0,) be polynomial in oy,---,0, such
that

CO(O-I;"'7O'77,):)\%"')\7217 Y <n—1(017"'70n):)‘%+"'+)‘721a

where o1, - - -, 0, are defined by (L6).

(3) Let z1,- -+, 2, be some integers.

(4) Compute Groebner basis of (25)).

(5) If Groebner basis computed in step (4) is not in the form of shape basis (26]),
then change integers 21, - - -, 2z, and go back to step (4).

(6) Compute @(0,p; ;) in ([B4).

(7) Compute Resg(wo(8), P(6,p:;)) (€ Z[p; ;]), and output the polynomial.

Step (1) of Algorithm B]can be performed the algorithm in [12], where an effi-
cient algorithm to compute the determinant of generalized Vandermonde Matrix

EREEE T iey) € 2lny)

is presented.
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Step (2) of Algorithm [B] can be performed by computing Groebner basis of
{ufgr(/\fv...v)\i)v)\l+...+)\nfgl’...v)\l...)\nfgn},

with lexicographic ordering A1, -+, A\, = 01, +,0n, p, where £2,(A\3,--- A2) is
the r-th symmetric polynomial of A?.--- A2, Thus, this step is independent of
given input, and its computation can be performed beforehand.

Step (3)-(5) of Algorithm [3] requires a computation of Groebner basis of
[5) whose variety is zero dimensional, and can be performed efficiently.

Step (6) requires only substitution and can be performed efficiently, and Step
(7) requires one resultant computation.

Thus, Algorithm [3] requires the following computations:

— Computation of ui(o1,---,0,) and ; (o1, -, 0,) of [27) in step (1) (the
algorithm in [T2] can be used for this computation).

— Groebner basis of ([23)) in step (3).

— Resultant Resg(wo(6), P(0, p; ;) in step (7).

Based on Algorithm [3] we present the following algorithm to compute the
defining polynomial ({):
Algorithm 4. Computation of (d])
(1) For k =k. € Z (r = 1,---,m) do the following: Compute (1)) for k = &,
with Algorithm [Bl Then, compute f(k,)fi(k,) € Z in (I3).
(2) Compute f(k)fi(k) € Z[k] by polynomial interpolations. Then compute f;(k)
by factorization (I4).

4 Experiments

4.1 Setting
Let A € Z[k]™", B € Z"™ be the following matrices:
A= kE + Qn,n; B = Ql,Tm (39)

where matrix (2, , € Z™" is a randomly generated n x n matrix whose entries
are integers between —5 and 5, and E is a matrix whose (¢, j)-th entry €, ; is
defined by

_ [ 7, when (i,j) = (1,1) _ .
€ij = {07 otherwise , 7 =random integer (# 0) between —5 and 5.

For example, when n = 2, an example of A, B in (B9) is

2k—3 3 0
AT
Numerical experiments are performed as follows: Matrices () and R are set to
the identity matrices, and we generate 5 sets of A, B for each n = 2,3,4. Then

the defining polynomial [ of symmetric solutions of ARE () is computed by
the following two methods:
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Table 1. Computation time (in seconds)

n 2 3 4

M1 1.406 20.61 445.9
M2 1.703 13.57 326.2

(M1) The method in [3] ( Algorithm [] and [2]).
(M2) The method in this paper (Algorithm [ B] and M]).

The experiments are performed with Maple 11 on the machine equipped with
Pentium M 2.0GHz and 1.5GByte memory.

4.2 Results

Table 1 shows the average of 5 computation times in seconds. From the table,
we see that our new algorithm (Algorithm M) is more efficient than that of [3]
except for n = 2. Looking at the computation time closely, we find that almost all
computation time is spent on step (7) (resultant computation). Hence, efficient
resultant computation is the key to obtain further improvements of the efficiency
of the algorithm.

5 Applications

The application of the algorithm in this paper is not limited to the computation
of the defining polynomial of ARE. One of the application is [10], where it is
shown that the minimum of cost function fooo (xTQ:c + uTRu) dt is a root of

H {pa(s1As, -+, $nAn)q = Pu(s1A1, -+ SnAn)}, (40)
Sl::l:l
where pg(y1,--,yn) and pn(y1,---,yn) are certain polynomials symmetric in

Y1, - Yn, and £A1,---, £\, are eigenvalues of H in @) with W = BR™'BT.
Obviously, given polynomials pg(y1, -, Yn), Pn(y1,- -, Yn) and matrix H, our
algorithm can compute (@0) as a polynomial in g. Another application is given in
[11], where the optimal H,, norm achievable using a static feedback controller
is expressed as a root of a polynomial. In the algorithm of [I1], we need to
compute [[, _ 1, m(s1A1, -+, 8pAn), where 1(y1, -+ -, yn) is a certain polynomial
symmetric in yi,- -+, yn, and £A;, -+, £\, are eigenvalues of H in (@) with
W = ByBT — ,32 B1BY, Q = CTC (By, By, C are certain matrices).

6 Conclusion

We present a new algorithm (Algorithm []) to compute the defining polynomial
of ARE, which produces the same results as the one in [3]. From the numerical
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experiments, we see that the new algorithm is more efficient than that of [3] in
most cases.

Applications of the algorithm in the paper is not limited to the computation of
the defining polynomial of ARE. It can be used to the algorithm which computes
(1) the minimum of the cost function [;° (27 Qz + u” Ru) dt, (2) the optimal
H ., norm achievable using a static feedback controller, as a root of a polynomial.

Our current targets are twofold: One is further improvement the efficiency of
the algorithm in the paper, and the other is further extensions of its applica-
tions. Close examination of the numerical experiments reveals that the efficient
resultant computation is the key for the further improvements of the efficiency
of the algorithm.
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Abstract. Gauge invariance in discrete dynamical systems and its con-
nection with quantization are considered. For a complete description of
gauge symmetries of a system we construct explicitly a class of groups
unifying in a natural way the space and internal symmetries. We de-
scribe the main features of the gauge principle relevant to the discrete
and finite background. Assuming that continuous phenomena are ap-
proximations of more fundamental discrete processes, we discuss — with
the help of a simple illustration — relations between such processes and
their continuous approximations. We propose an approach to introduce
quantum structures in discrete systems based on finite gauge groups. In
this approach quantization can be interpreted as introduction of gauge
connection of a special kind. We illustrate our approach to quantization
by a simple model and suggest generalization of this model. One of the
main tools for our study is a program written in C.

1 Introduction

In 1918 Hermann Weyl — guided by the concept that the scale of length is
arbitrary: if there is no fundamental length in Nature it does not matter what
unit of length is used in measurements — conjectured that the scale can be taken
in the form e°®)_ i.e., it may vary from point to point in time and space. This idea
failed in application to physics but gave rise to the concept of gauge invariance.

Later —in 1929, after advent of Quantum Mechanics — Weyl (and also Vladimir
Fock and Fritz London) replaced scale transformations e3(®) by rotations (phase
transformations) ¢**(*) and derived electromagnetism from the gauge principle.

In 1954 C.N. Yang and R. Mills extended the gauge principle to non-Abelian
symmetries. Now the gauge principle is recognized as one of the central principles
in contemporary physics — in fact, all fundamental physical theories are gauge
theories (for historical review see [1]).

The lattice gauge theory was introduced by K.G. Wilson in 1974 as a practical
approach to the problems of strong interactions for which the standard pertur-
bative methods are inapplicable. This technique — based on approximation of
space, or space-time, by some (usually hypercubic) lattice — was considered as an
auxiliary computational method rather than a fundamental construction. The

V.P. Gerdt, E:ZW. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 180-{I94] 2009.
(© Springer-Verlag Berlin Heidelberg 2009
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later mathematical generalizations established relations between lattice gauge
theories and such topics as topological quantum field theory (TQFT), invariants
of 3- and 4-manifolds, monoidal categories, Hopf algebras and quantum groups,
quantum gravity etc., [2].

In view of their origin and applications, the above mentioned lattice gauge
theories are not entirely discrete constructions. They involve continuous ingre-
dients: gauge groups are Lie groups, Lagrangians and observables are real or
complex functions. Furthermore, the gauge groups of these theories are groups
of internal symmetries and do not involve the lattice symmetries. It seems de-
sirable to include the space symmetries into construction of gauge group, since:
(a) the quantum statistics of particles is characterized by the rules describing
their behavior under permutations of the points of space; (b) there exist gauge
theories that deduce gravity by interpreting the space or space-time symmetries
as gauge groups.

In this paper we consider more radical version of discrete gauge invariance.
All our manipulations including quantization remain within the framework of
exact discrete mathematics requiring no more than the ring of algebraic integers
(and sometimes the quotient field of this ring). Our study was carried out with
the help of a program in C we are developing now.

2 Discrete Dynamics

We consider evolution in the discrete time t € Z ={...,—-1,0,1,...}.

Let the space X be a finite set of points: X = {x1,...,2ny }. This — primor-
dially amorphous — set may possess some structure: some points may be “closer”
to each other than others. A mathematical abstraction of such a structure is an
abstract simplicial complex — a collection of subsets of X (simplices) such that
any subset of a simplex is also simplex. One-dimensional complexes, i.e., graphs
(or lattices), are sufficient to formulate a gauge theory. The symmetry group of
the space X is the graph automorphism group G = Aut (X).

Table [0 shows some lattices with their symmetries. We use these lattices in
our computer experiments. In the table, Nx and Ng are numbers of points
and vertices in space X; the trivial, symmetric, cyclic, dihedral and alternating
groups are denoted by 1, Sym (n), Z,, Da,, and Alt(n), respectively; the signs x
and x denote direct and semidirect products, respectively. Note that the lattice
denoted as Toric square n x n in the table has three times larger symmetry group
at n = 4 than the general case formula predictsﬂ.

Let each point € X take values in some finite set of local states X =
{o1,...,0N } possessing some symmetry group I < Sym (X'). Such groups are
analogs of the “groups of internal symmetries” responsible for interactions in
physical gauge theories. The state of a system as a whole is a function o(x) € XX,

! N. Vavilov pointed out to the author that this extra symmetry can be explained by

Zs symmetry of the Dynkin diagram D4 = >—< associated with the case n = 4.



182 V.V. Kornyak

Table 1. Examples of discrete spaces
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1
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- 1
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60

nm
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2nm

Ng G
0 1
1 Sym (2) >~ 7o
3 Sym (3) = Dg
n Dan
6 Sym (4)
12 Zs x Sym (4)
12 Zs x Sym (4)
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32 ((((Zz X Dg) Dl Zz) X Zg) Dl Zz) Dl Zg 384
30 Zs x Alt(5)
30 Za x Alt(5)
90 Zs x Alt(5)
snm D, x Do,
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Dynamics of the system is determined by some evolution rule connecting the
current state of the system oy () with its prehistory o;—1(x), or—a(z),...
A typical form of evolution rule is evolution relation:

R(os (x); op_1(x), 0po(x),..) C ¥ x XX x ... | (1)

Most commonly used in applications and convenient for study are determinis-
tic (or causal) dynamical systems. The current state of deterministic system is
uniquely determined by its prehistory, i.e., relations like () are functional and
can be written in the form

gt (33) =F (Ut—l (33) ,Ot—2 (33) g )
There are two important special types of non-deterministic dynamical systems:

— lattice models in statistical mechanics — special instances of Markov chains;
— discrete quantum systems obtained from classical systems by identification
of their states with basis elements of complex Hilbert spaces.

For these systems, transition from one state to any other is possible with some
probability controlled by additional structures: real (for Markov chains) or com-
plex (for quantum systems) weights assigned to state transitions. In this paper
we restrict our attention to the case of discrete quantum systems.

3 Unification of Space and Internal Symmetries

Having the groups G and I" acting on X and X, respectively, we can combine
them into a single group W which acts on the states XX of the whole system.
The group W can be identified, as a set, with the Cartesian product I'* @ G,
where I'’X is the set of I'-valued functions on X. That is, every element u € W
can be represented in the form u = (a(z), a), where a(z) € I'Y and a € G.

In physics, it is usually assumed that the space and internal symmetries are
independent, i.e., W is the direct product I'* x G with action] on XX and
multiplication rule:

o(z)(a(z), a)
(a(z), a) (8 (x), b)

Another standard construction is the wreath product I' 1x G having a structure
of the semidirect product I'* x G with action and multiplication

o(z)a(x) action
a(z)B(x), ab)  multiplication . (2)

o(z)(a(z), a) =0 (zva™ ") o (za™") |
(a(x), a) (B (z), b) = (a(z) B (za), ab) . 3)
2 We write group actions on the right. This, more intuitive, convention is adopted

in both GAP and MAGMA — the most widespread computer algebra systems with
advanced facilities for computational group theory.
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These examples are generalized by the following Statement:

There are equivalence classes of split group extensions 1 — I'* — W — G — 1
determined by antihomomorphisms p: G — G. The equivalence is described by
arbitrary function x : G — G. The explicit formulas for main group operations
— action on XX, multiplication and inversion — are

o(z) (a(z), a) = o (zu(a) a(zk(a)) (4)
(a(z), a)* (B(x), b ( (zn(ab) (b)/@(a))ﬂ(zn(ab)_lﬁ(b)), ab) , (5)

(a(z), a)”' = <a (zn (ail)_l u(a)fln(a))_l, al) . (6)

)=
) =

This statement follows from the general description of the structure of split
extensions of a group G by a group Gg: all such extensions are determined by
the homomorphisms from G; to Aut (Gy) (see, e.g., [3], p. 18). Specializing this
description to the case when Gy is the set of I'-valued function on X and G;
acts on arguments of these functions we obtain our statement. The equivalence
of extensions with the same antihomomorfism g but with different functions s
is expressed by the commutative diagram

1 > X > W > G |
K : (7)
1 > X s W >y G > 1

where the mapping K takes the form K : (a(z), a) — (a(zk(a)), a) .

Note that the standard direct (2] and wreath @] products are obtained from
this general construction by choosing (p(a) =1,k(a) =1) and (u(a) =a™*,
k(a) = a_l), respectively.

In our C program the group W is specified by two groups G and I" and two
functions p(a) and x(a) implemented as arrays. It is convenient in computations

to use the following specialization: u(a) = a~™ and k(a) = a*. For such a choice,
formulas ([@H0) take the form

S
/—\
Z
—~
5/
=)

) =0 (za m) ! (xak) , (8)
(a(2), a)* (B (x), b) = (a(z(ad) *"™a"™) B (x(ab)*b*), ab) , (9)
(oz(:z:)7 a)” ! (a (:1:@2]““”)_17 ail) . (10)

Here k is arbitrary integer, m = 0 (direct product) or m = 1 (wreath product).

4 Discrete Gauge Principle

In fact, the gauge principle expresses the very general idea that any observable
data can be presented in different “frames” at different points of space and
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time, and there should be some way to compare these data. At the set-theoretic
level, i.e., in the form suitable for both discrete and continuous cases, the main
concepts of the gauge principle can be reduced to the following elements

— a set X, space or space-time;

— a set X, local states;

— the set X of X-valued functions on X, the set of states of dynamical system;

— a group W < Sym (EX) acting on XX, symmetries of the system;

— identification of data describing dynamical system with states from XX
makes sense only modulo symmetries from W

— having no a priori connection between data from X% at different points x
and y in time and space we impose this connection (or parallel transport)
explicitly as W-valued functions on edges of abstract graph:

P(x,y) € W, <(y) = o(z)P(x,y) ;

1.

)

connection P(x,y) has obvious property P(y,x) = P(x,y)~
— connection P(x,y) is called trivial if it can be expressed in terms of a function
on vertices of the graph: P(z,y) = p(z)"'p(y), p(z),p(y) € W;
— invariance with respect to gauge symmetries depending on time or space
u(z),u(y) € W leads to transformation rule for connection

P(x,y) — u(z) " P(z,y)u(y); (11)

— the curvature of connection P(x,y) is defined as the conjugacy class of the
holonomy along a cycle of a graph:

P(x1,xa,...,x;) = P(x1,22)P(x2,23) - - - P(2k, 21)

(the conjugacy means P’(z1,...,z;) ~ w1 P(x1,...,2x)u for any u € W);
the curvature of trivial connection is obviously trivial: ﬁ(xh e Tk) = 1

— the gauge principle does not tell us anything about the evolution of the con-
nection itself, so gauge invariant relation describing dynamics of connection

(gauge field) should be added.

Let us give two illustrations of how these concepts work in continuous case.

Electrodynamics. Abelian prototype of all gauge theories. Here the
set X is 4-dimensional Minkowski space with points = (z*) and the set of
states is Hilbert space of complex scalar (Schrodinger equation) or spinor (Dirac
equation) fields ¢ (z). The symmetry group of the Lagrangians and physical
observables is W = U(1). The elements of U(1) can be represented as e~‘“.

Let us make these elements dependent on space-time and consider the parallel
transport for two closely situated space-time points:

P(z,z 4 Az) = e~ Pl@etaz)
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Specializing transformation rule (1) to this particular case
P'(z,x + Az) = @ P(z, 2 + Az)e i *@+an)
substituting approximations
P(z,x + Az) = e7P@2+A2) o 1 _jA(z) Az |

P'(z,0 4+ Az) = e P@THAD) 1 A (2) Az
emiawtAT) o omial®) (1 _ iVa(z)Ax)

7

and taking into account commutativity of W = U(1) we obtain

da(x)

o+ (12)

A'(x) = A(z) + Va(x) or, in components, A (z) = A,(z) +
The 1-form A taking values in the Lie algebra of U(1) and its differential F' =
(Fuv) = dA are identified with the electromagnetic vector potential and field
strength, respectively. To provide the gauge invariance of the equations for field
¥(x) we should replace partial by covariant derivatives

0, — Dy =0, — iA,()

in those equations.
Finally, evolution equations for the gauge field A(z) should be added. In the
case of electromagnetics these are Maxwell’s equations:

dFF =0 first pair (13)
dxF =0 second pair. (14)

Here * is the Hodge conjugation (Hodge star operator). Note that equation (I4)
corresponds to vacuum Mazwell’s equations. In the presence of the current J
the second pair takes the form xdx F = J. Note also that the first pair is
essentially a priori statement, it reflects simply the fact that F', by definition, is
the differential of an exterior form.

Non-Abelian gauge theories in continuous space-time. Only minor mod-
ifications are needed for the case of non-Abelian Lie group W. Again expansion
of the W-valued parallel transport for two close space-time points x and = + Ax
with taking into account that P(z,z) = 1 leads to introducing of a Lie algebra
valued 1-form A = (4,) :

P(x,x + Az) = 1+ A, (x)Az" .

Infinitesimal manipulations with formula (1))

u(z) " P(z, 24+ Av)u(r+Az) — u(z) ™ (1 + A, (z)Axt) (u(x) + du(z) Ax“)

oz
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lead to the following transformation rule

ou(x) .

A, (@) = u(@) " Ap(@pula) +u(@)

The curvature 2-form
F=dA+[ANA]

is interpreted as physical strength field. In particular, the ¢rivial connection

Aufa) = () 50l

is flat, i.e., its curvature F' = 0.

There are different approaches to construct dynamical equations for gauge
fields [2]. The most important example is Yang-Mills theory based on the La-
grangian

Ly :TI‘[F/\*F]

The Yang-Mills equations of motion read

dF +[ANF] =0, (16)
d*xF+[AAxF]=0 . (17)

Here again equation (L6]) is a priori statement called Bianci identity. Note that
Maxwell’s equations are a special case of Yang-Mills equations.

It is instructive to see what the Yang-Mills Lagrangian looks like in the discrete
approximation. Replacing the Minkowski space X by a hypercubic lattice one
can see that the discrete version of Ly s is proportional to > Xy (7vf), where the
summation is over all faces of a hypercubic constituent of the lattice;

o=2dimU - (xv + xut);

xu and xyi are characters of the fundamental representation U of the gauge
group and its dual representation, respectively; vy is the gauge group holonomy
around the face f.

The Yang-Mills theory uses Hodge operation converting k-forms to (n — k)-
forms in n-dimensional space with metric g,,. In topological applications so-
called BF theory plays an important role since it does not involve a metric.
In this theory, an additional dynamical field B is introduced. The Lie algebra
valued (n — 2)-form B and the 2-form F are combined into the Lagrangian
Lprp ="Tr [B AN F]

5 Quantization Based on Finite Group

Quantization is a procedure for recovering a more fundamental quantum theory
from its classical approximation. Both Lagrangian and Hamiltonian formulations
of classical mechanics are based on the principle of least action which looks a
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bit mysterious: a particle moving from one point to another “knows” in advance
where it is going to arrive. Feynman’s path integral quantization [4] eliminates
this apparent teleology in a quite natural way: classical trajectories correspond
to the dominating (in the path integral) part of all possible trajectories.

Of course, recovering a theory from its approximation can not be performed
uniquely. Moreover, discrepancies between a theory and its approximation may
be essential. To illustrate, let us compare a simple discrete process with its
approximation by continuous physical law.

5.1 Heat Equation from Bernoulli Trials

Let us consider a sequence of Bernoulli trials. The probability of a separate
sequence is described by the binomial distribution

(n-+n)! n n
ntngt P JOR (18)

P(n_,ny)=
Here {—, +} are possible outcomes of a single trial; p_, p; are probabilities
(p— +p+ =1) and n_, ny are numbers of the outcomes.
Applying Stirling’s approximation to (I8) and introducing new variables
rT=ny —n_,t=n_+ny, v=p_—py — let us call them “space”, “time”
and “velocity”, respectively — we obtain

P(2,t) ~ P(z,t) = \/11_1}2\/2 xp{—;t(\fl_”;f} . (19)

This is the fundamental solution of the heat (also known as diffusion or Fokker-
Planck) equation:

AP (x,t) N OP (z,t)  (1—2?) 9P (1)

ot Yoar T 2 o2 (20)

Note that expression ([[J) contains “relativistic” fragment xl_ vt2 due to the

velocity limits —1 < v < 1 in our model. Note also that at |v| = 1 equation (20)
reduces to the wave equation

OP (x, t, OP (x,1) _
ot ox

Now let us set a problem as is typical in mechanics: find extremal trajectories

connecting two fixed points (0,0) and (X, 7). We adopt here the search of tra-

jectories with maximum probability as a version of the “least action principle”.

The probability of trajectory passing through some intermediate point (x,t) is
the following conditional probability

P P, t)P(X —2,T —t)
(0,0)H(I,t)H(X,T) - P(X T)

AT = (75)! ()
= (tgm)!(t+z)](T2t_X;z)!(T2t+X;z)!T! . (22)

(21)
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The conditional probability computed for approximation ([9) takes the form

- T (Xt —2T)?
Plo.oyo(ety(x1) = - (23
O=@O=XD =y 2y — ) { 2(1 — v2)T(T — 1) } (23)

One can see essential differences between ([22)) and (23):

— exact probabilities ([22]) do not depend on the velocity v (or on the probabil-
ities p_, py of a single trial), whereas (23]) contains artificial dependence,

— it is easy to check that expression ([22]) allows many trajectories with the
same mazximum probability, whereas extremals of 23] are deterministic tra-
jectories, namely, straight lines = = )zft.

These artifacts show that an important guiding principle of quantization —
correspondence with classical limit — may not be quite reliable.

5.2 Gauge Connection and Quantization

The Aharonov—Bohm effect (Fig. [I]) is one of the most striking illustrations of
interplay between quantum behavior and gauge connection. Charged particles
moving through the region containing perfectly shielded thin solenoid produce
different interference patterns on a screen depending on whether the solenoid is
turned on or off. There is no electromagnetic force acting on the particles, but
working solenoid produces U(1)-connection adding or subtracting phases of the
particles and, thus, changing the interference pattern.

\3 Interference
‘pattern
Electrons @ Solenoid |
Double-slit barrier Screen

Fig. 1. Aharonov—-Bohm effect. Magnetic flux is confined within the perfectly shielded
solenoid; interference pattern is shifted in spite of absence of electromagnetic forces
acting on the particles.

In the discrete time Feynman’s path amplitude decomposes into the product
of elements of the group U(1) (or, more precisely, elements of the fundamental
representation of U(1)):
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@ = exp (iS) = exp (i/Ldt) —etlon | eili-re | gilr-1r (24)

By the notation L;_;; we emphasize that the Lagrangian is in fact a function
defined on pairs of points (graph edges) — this is compatible with physics where
the typical Lagrangians are determined by the first order derivatives. Thus, the
expression P(t — 1,t) = etli-1t ¢ U(1) can be interpreted as U(1)-parallel
transport.

We can introduce quantum mechanical description of a discrete system in-
terpreting states o € X as basis elements of a Hilbert space ¥. This allows to
describe statistics of observations of ¢’s in terms of the inner product in ¥.

Now let us replace expression (24)) for Feynman’s path amplitude by the fol-
lowing parallel transport along the path

P=p(ag1)...p(ae—14)...p(ar—17)

Here a1, are elements of a finite group I" — we shall call I' quantizing group —
and p is an unitary representation of I" on the space V.
Let us recall main properties of linear representations of finite groups [5].

— First of all, any linear representation of finite group is equivalent to unitary.

— Any unitary representation p is determined uniquely (up to isomorphism)
by its character defined as x,(a) = Trp(a), a € I

— All values of x, and eigenvalues of p are elements of the ring A of algebraic
integers, moreover the eigenvalues are roots of unity. Recall that the ring A
consists of the roots of monic polynomials with integer coefficients [3].

— If all different irreducible representations of I" are py,---,pi, -+ ,pn and
d; = dim p;, M = |I'| then

h
> d} =M andany d; divides M: d;| M.

i—1

— Any function ¢(«) depending only on conjugacy classes of I, i.e.,
© (,6’*1@,8) = ¢ (@), is linear combination of characters X,,,- -, Xp,-
Such functions are called central or class functions.

If the group I' consists of M elements 7g,...,vp—1 and ng is the number of

paths with the “phase” & = p () at the point of observation (z,t), then the
M—1

amplitude at this point is A = > ngp (%) 1, where 1) € ¥. The square of the
k=0

amplitude (i.e., probability after ;ppropriate normalization) can be written as

M-—1
(AplAv) = > nf [P+ Y mane (o (3 ) + ot (v )| ¥) L (25)
k=0 Vi€

i<k
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or, after collecting like terms, as

M-—1
(Ap|AY) == > Ni(no, -+ ,na-1) (¥ |p(y) + o ()| ¥) . (26)
k=0

where Ny, (ng, - -+ ,na—1) are quadratic polynomials with integer coefficients and
arguments. Thus, algebraic integers are sufficient for all our computations except
for normalization of probabilities requiring the quotient field of the ring A.

5.3 Simple Model Inspired by Free Particle

In quantum mechanics — as is clear from the never vanishing expression exp (%S’ )
for the path amplitude — transitions from one to any other state are possible in
principle. However, we shall consider computationally more tractable models
with restricted sets of possible transitions.

Let us consider quantization of a free particle moving in one dimension. Such
a particle is described by the Lagrangian L = m2xQ . Keeping only transitions to

the closest points in the discretized space we come to the following rule for the
one-time-step transition amplitudes

, +1)—z)2 .
z+1 e%m{(ﬂﬂ 2) & :312";7,
w
1 i m(z—x)?
z x eh 2 =1
w i m{(z—1)—z}? -m

r—1 eh 2 = el 2h .
That is, we have evolution rule as an U(1)-valued function R defined on pairs of
points (graph edges). Symbolically:

Rzx—2z)=1 € UQ1),
R(m—>x—1):R(m—>x+1):w:ei27% e UQ1) . (27)

Now let us assume that w in (27) is an element of some representation of a
finite group: w =p(a), « € I' ={vy =1,...,vm—1}. Rearranging multinomial
coefficients — trinomial in this concrete case — it is not difficult to write the
sum amplitude over all paths of the form (0,0) — (x,t)

t
' 7! t! -
A= 2 gy e @)
Note that x must lie in the limits determined by t: = € [—t,1].

One of the most expressive peculiarities of quantum-mechanical behavior is
the destructive interference — cancellation of non-zero amplitudes attached to
different paths converging to the same point. By construction, the sum of am-
plitudes in our model is a function A(w) depending on distribution of sources
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of the particles, their initial phases, gauge fields acting along the paths, re-
strictions — like, e.g., “slits” — imposed on possible paths, etc. In the case of
one-dimensional representation, the function A(w) is a polynomial with alge-
braic integer coeflicients, and w is a root of unity. Thus, the condition for
destructive interference can be expressed by the system of polynomial equa-
tions: A(w) = 0 and w? = 1. For concreteness let us consider the cyclic group
I' =Zy = {v, " ,%, - ,Ym-1}. Any of its M irreducible representations
takes the form p(y.) = w”, where w is one of the Mth roots of unity. For
simplicity let w be the primitive root: w = e*™/M  Fig. @ shows all possible
transitions from the point = in three time steps with their amplitudes.

r+3
r+2
r+1
x x
T
T
T
7 6 3 1

Number of paths
Amplitude AP =1+6w? A3 =3w+3uw® A, = 3uw? A, =w?

Fig. 2. Amplitudes for all possible paths in three time steps

We see that here only the conditions A3; = 3w + 3w® = 0 and wM =1
with M = 4 can provide the destructive interference. Thus, for the model under
consideration the natural quantizing group is Z4. It is difficult to analyse more
complicated combinations of paths in general, but computational experiments
with the help of our C program support the assumption that the group Z, is the
only cyclic group providing quantum-mechanical behavior in this model.

Fig. Bl shows interference patterns — normalized squared amplitudes (“prob-
abilities”) — from two sources placed in the positions * = —4 and = = 4 for 20
time steps. The upper and lower graph show interference pattern when sources
are in the same (A¢ = 0) and in the opposite (A¢ = ) phases, respectively.

5.4 Generalization: Local Quantum Model on Regular Graph

The above model — with quantum transitions allowed only within the neigh-
borhood of a vertex of a 1-dimensional lattice — can easily be generalized to
arbitrary regular graph. Our definition of local quantum model on k-valent graph
includes the following:

1. Space X ={x1, -+ ,xn} is a k—valent graph.

2. Set of local transitions E; = {eq, €14, , ek} is the set of k adjacent to the
vertex x; edges €, ; = (¥; — T,;) completed by the edge eg; = (x; — ;).

3. We assume that the space symmetry group G = Aut (X) acts transitively
on the set {F1,--- ,En}.

4. G; = Stabg (z;) < G is the stabilizer of x; (g € G; means x;9 = x;).

5. 02, ={wo,i,wi,is - ,wh,i} is the set of orbits of G; on E;.
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Fig. 3. Group Z4. Interference from two sources. Number of time steps 7' = 20. Source
positions are -4 and 4. Phase differences A¢ = ¢4 — ¢_4 between sources are 0 and 7.

6. Quantizing group I is a finite group: I' = {y0,- -, Yamr—1}-

7. Ewvolution rule R is a function on E; with values in some representation p (I").
The rule R prescribes p (I')-weights to the one-time-step transitions from x;
to elements of the neighborhood of x;. From the symmetry considerations,
R must be a function on orbits from (2, i.e., R (€ g) = R (em;) for g € G;.

To illustrate these constructions, let us consider the local quantum model on the
graph of buckyball. The incarnations of this 3-valent graph include, in particular:
— the Caley graph of the icosahedral group Alt(5) (in mathematics);
— the molecule Cgp (in carbon chemistry).
P
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Here the space X = {z1,---,260} has the shape Y04 and its symmetry
30 %
wo gt

group is G = Aut (X) = Za x Alt(5). The set of local transitions takes the form
E; ={eo, €1, ez, €3}, where eq; = (2, — xi), €1 = (zi — 214),

es; = (xr; — ®2,), e3; = (x; — x3,;) in accordance with @ .

ey )
The stabilizer of z; is G; = Stabg (2;) = Zs. The set of orbits of G; on E; con-
tains 3 orbits: £2; = {wo; = {0} w1, = {e1,i,€2,i}, w2, = {es:}}, i.e., the sta-
bilizer does not move the edges (x; — ;) and (z; — x3,) and swaps (x; — x1)
and (z; — x2,). This asymmetry results from different roles the edges play in
the structure of the buckyball: (z; — z1,) and (x; — z2,;) are edges of a pen-
tagon adjacent to x; , whereas (x; — 3,;) separates two hexagons; in the carbon
molecule Cgp the edge (x; — x3,;) corresponds to the double bond, whereas oth-
ers are the single bonds.
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The evolution rule takes the form:

R(x; — ;) = p(a0),
R(z; — x1,;) = R(z; — x2,) = p(aq),
R(z; — w3,;) = p(a2),

where ag, a1, as € I'. If we take a one-dimensional representation and move «g
— using gauge invariance — to the identity element of I', we see that the rule R
depends on v = p(ay) and w = p(agz). Thus, the amplitudes in the quantum
model on the buckyball take the form A(v,w) depending on two roots of unity.

6 Conclusion

Extraordinary success of gauge theories in fundamental physics suggests that
the gauge principle may be useful in theory and applications of discrete dynam-
ical systems also. Furthermore, discrete and finite background allowing compre-
hensive study — especially with the help of computer algebra and methods of
computational group theory — may lead to a deeper understanding of the gauge
principle itself and its connection with the quantum behavior. To study more
complicated models we are developing the C program.
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Abstract. We consider Presburger arithmetic extended by infinity. For
this we give an effective quantifier elimination and decision procedure
which implies also the completeness of our extension. The asymptotic
worst-case complexity of our procedure is bounded by a function that
is triply exponential in the input word length, which is known to be
a tight bound for regular Presburger arithmetic. Possible application
areas include quantifier elimination and decision procedures for Boolean
algebras with cardinality constraints, which have recently moved into the
focus of computer science research for software verification, and deductive
database queries.

1 Introduction

The systematic investigation of the additive theory of integers with congruences
started in 1929 with the pioneering work of Presburger [I]. The title of Pres-
burger’s original work is an understatement. It only mentions the completeness
of Presburger arithmetic. For his proof Presburger gave a decision procedure
proving every sentence equivalent to either “true” or “false.” That is, the result
is much more algorithmic than can be expected from complete theories in gen-
eral. Even more important, from a modern point of view Presburger even gave a
quantifier elimination procedure for a slightly extended language containing con-
gruences. This on the one hand has considerable model theoretic consequences
besides completeness, viz. substructure completeness, and on the other hand it
considerably extends the power of a pure decision procedure with respect to
possible practical applications.

For a long time already, Presburger arithmetic has been in the focus of math-
ematical as well as computer science research [2I3/4U5I6I7I8]. Quite recently the
authors of the present note have extended quantifier elimination for Presburger
arithmetic to parametric multiplicative constants [9] and furthermore to certain
nonlinear input formulas [10].

Applications quite naturally arise in many areas of science and engineering.
This might explain also the remarkable historical fact that already in 1954 Davis
had implemented Presburger’s original algorithm on a digital computer [11]. In

V.P. Gerdt, E.ZW. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 195-212] 2009.
(© Springer-Verlag Berlin Heidelberg 2009
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computer science many array subscript calculations fall within the region of prob-
lems decidable by Presburger arithmetic. This observation plays a prominent
role in several proof of correctness systems for computer programs, beginning
with the Stanford Pascal Verifier [12] and recently including Microsoft’s Spec#.
Further recent applications include elimination procedures for Boolean algebras
with cardinality constraints in the context of deductive database queries [13].

Our present work extends classical Presburger arithmetic PA to PAI by adding
a single infinite number with trivial arithmetic. This is inspired by the idea to in-
clude statements on the infinity of certain sets in deductive database queries [13].
Independently, Boolean algebras in combination with Presburger arithmetic have
recently been considered for software verification. Within that framework there
has even been considered our idea of including infinity. This was, however, real-
ized in the Boolean algebra sort in contrast to the Presburger sort [T4J15/16].

Some additional mathematical applications of our work might arise from the
fact that in elimination procedures for valued fields, field quantifiers are often
eliminated in favour of quantifiers over the value group [I7]. Such procedures can
possibly be simplified by not treating 0, which has value oo, specially. Notice that
the value group of the important class of p-adic valuations is in fact the ordered
additive group of the integers such that the set of possible values ranges over
Z U {o0}.

The outline of our paper is as follows: In Section Blwe make precise our exten-
sion of Presburger arithmetic by infinity and its relation to Presburger’s original
work. In Section [ we introduce essential equivalence transformations on and
normal forms of formulas in our extended framework, which are fundamental
on the one hand for our elimination procedure and on the other hand for any
serious attempt of an implementation. Section Ml states our main result, which
is an effective quantifier elimination procedure for PAI and the model theoretic
consequences of this. Section [ gives asymptotic upper bounds on the worst-case
complexity of our procedure. These bounds are known to be tight for PA. Sec-
tion [6] give some examples for quantifier elimination in PAT in order to illustrate
the procedure, to give an intuition of the semantics, and to point at possible
applications. In Section [[] we finally summarize our results and indicate future
research directions.

2 Presburger Arithmetic with Infinity

From a precise model-theoretic point of view, Presburger arithmetic is the model
class of the axioms originally given by Presburger [I]. Presburger had considered
congruences a =, b as abbreviations for first-order sentences Jz(a ® z + a =
b), which he—besides atomic formulas—referred to as “ground formulas.” This
allowed him on the one hand to use the finite and apparently more natural
language (0, 1,4, <) of additive ordered groups and on the other hand not to
emphasize too much the role of congruences in his procedures as they were
considered only intermediate objects for his decision procedure. It is noteworthy
that Presburger’s presentation does not explicitly treat the ordering “<” at all.
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There is only a remark in the appendix that the procedure can be generalized
accordingly. This generalization has been made explicit e.g. in a textbook by
Monk [18].

From a modern quantifier elimination point of view it is exactly the formal
manifestation of congruences in an extended language

L= (071,+,—,§,E)

that straightforwardly exhibits that Presburger’s decision procedure is actually
even a quantifier elimination procedure over L. Notice that for convenience we
have also added a function “—” for the additive inverse. We are now going to list
Presburger’s set of axioms with some slight modifications: We drop six axioms
referring to the semantics of logical connectives and equality as their semantics
is usually fixed on the meta-mathematical level in modern algebraic model the-
ory. We use congruences in contrast to their existentially quantified equivalents
described above. We add one axiom for our additional function symbol “—.”
Concerning notation, we use the symbol “®©” to emphasize that any “multiplica-
tion” a® a occurring here is in fact an abbreviated notation for a corresponding
addition a + - - - 4+ a (« times). Furthermore, we use modern logical symbols and
infix notation, and we save parentheses by following common conventions that
the precedence of our logical operators decreases in the order “<)” “=7 “=7
((/\77’ “\/’77 ((—>77’ ((<_):77

aQa=a®b—a=bfora=2,3, ...

Note that in (75)—(7g) we have countably infinite subsets of axioms and, con-
sequently, the entire set of axioms is countably infinite. For reasons discussed
above this system does not include any axioms for the ordering. Since for our
work here it is not necessary to refer to explicit axioms at all, we pragmatically
switch to the countably infinite set IT = { ¢ | ¢ is L-formula and Z = ¢ }, which
obviously comprises 71, ..., mg. We define PA to denote the model class of II:

PA =Mod(IT) = { A | A L-structure and A = IT }.

We obviously have Z € PA, and thus II is consistent. The main result stated
by Presburger was the fact that I is even complete. That is, every L-sentence
is either valid or invalid in all L-structures in PA simultaneously. In the former
case, one writes PA |= ¢ or—since PA is completely determined by IT—shortly
IT = . Since IT is first-order and recursively enumerable, it follows from this
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completeness that PA is decidable. That is, there is an algorithm with input a
first-order L-formula ¢ and output either T or L, which always terminates and
which returns T if and only if PA | .

We would like to remind the reader at this point that there is no simple cor-
respondence between completeness and decidability in the sense defined above.
For instance, the theory of algebraically closed fields is decidable but not com-
plete while the theory axiomatized by all first-order (0, s)-sentences valid in N
is complete but not decidable.

From a modern point of view, Presburger has even shown that PA is sub-
structure complete. That is, for any two L-structures A and B in PA that have a
common substructure one may add to L constants for all elements of this com-
mon substructure yielding L’. When then viewing A and B as L’-structures in
a natural way even all L’-formulas will be either valid or invalid in both A and
B simultaneously. Substructure completeness is equivalent to the existence of a
quantifier elimination procedure, which Presburger has implicitly given for PA.

Since variable-free atomic formulas are decidable in PA, any quantifier elim-
ination procedure yields a decision procedure via successive elimination of all
variables. In fact, it does even more: Since every formula algorithmically turns
out to be equivalent to either “true” or “false,” a return value L for input ¢
of such a decision procedure may be interpreted not only as the existence of
Ay € PA with Ag £ ¢ but it even follows that for all A € PA we have A }£ ¢.
In other words, this exhibits also the completeness of PA.

To get a more precise picture of PA, recall the famous upward Lowenheim—
Skolem Theorem [T9120121]: From the existence of the infinite model Z € PA it
follows that PA contains models of arbitrary infinite cardinality. In particular,
PA is a proper class in contrast to a set.

We are now going to modify and extend Presburger’s axioms I to describe
the integers with infinity in an extended language

LOO = (07 1u o0, +a ) Su E)

We obtain (11) by restricting the axioms in IT to finite numbers, and we add
(12)—(tg) to axiomatize oo. Let V(7) denote the finite set of variables occurring
freely in an L-formula m:

(1)

(12) a+ 00 =00

(13) co4+a =00

(t4) —00 =00

(t5) a <00

(t) "a=00 — 0 <a
(t7) a=q 00 fora=2,3, ...
(1g) co=qafora=2,3,...

We refer to this new countably infinite set of axioms as I and to its model class
as PAL
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It is not hard to see that ZU{oo} with trivial arithmetic on infinity as defined
in (12)—(t4) and relations as defined in (t5)—(ts) is in PAI and thus I is consistent:
Since (11) collects assertions about Z U {oo} explicitly excluding oo the validity
of these assertions for Z U {oo} follows from the validity of IT for Z. Axioms
(12)—(1q) straightforwardly complement the definitions of binary “+” and unary
“—7 at points involving infinity. Axioms (t5) and (ig) define the binary relation
“<” at points involving infinity. They cannot contradict each other since the
former refers to infinite right hand sides while the latter excludes this. Axioms
(17) and (ug) straightforwardly give a trivial definition of the congruence relation
at points involving infinity. Observe that there are no axioms combining “+,”
“—" involving infinity on the one hand with “<” or “=” involving infinity on
the other hand.

In analogy to PA our new model class PAT is a proper class containing models
of arbitrarily large cardinality. In the next section we are going to devise a quan-
tifier elimination procedure for PAI. This exhibits the substructure completeness
of PAI. Since our axioms (12)—(tg) obviously admit to decide variable-free atomic
formulas involving infinity, it will follow that PAI is furthermore complete and
decidable and our quantifier elimination procedure yields a corresponding deci-
sion procedure.

3 Normal Forms

As a preparation for our quantifier elimination procedure for PAI we are going
to discuss in this section normal forms for L..-formulas, the contained atomic
formulas, and the terms in these atomic formulas.

3.1 Formulas

Our first goal is to isolate all occurrences of the L.,-constant co. We call an
Lyo-formula in normal form if co occurs there exclusively in equations z = oo,
where x is a variable. The following lemma guarantees that such normal forms
generally exist:

Lemma 1 (Normalization of L.-formulas). Let ¢ be an atomic Leo-
formula containing the Loo-constant oco. Then ¢ can be equivalently transformed
into “true” or into an L-formula

Vr=s
zeX

where X is a subset of the variables occurring in .
Proof. To start with, observe that for L-terms u with variables z1, ..., x, we

have

PAI':u:oo<—>\/xi:oo.

i=1
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Our atomic Lo-formula ¢ is of the form s g ¢, where s, t are Lo-terms and p is
one of =, <, =,. From our observation above it follows that s or ¢ can be equiv-
alently replaced by co when containing the L..-constant co. Next, congruences
containing oo, atomic formulas s < oo, and equations co = oo can be equiva-
lently replaced by “true.” Atomic formulas co < ¢ can be equivalently replaced
by t = co. So unless we have already evaluated to “true” we finally arrive at an
equation of the form u = oo where u is an L-term, and we can once more apply
our above observation. a

It is interesting to observe that the use of the L,-constant oo can in fact be
avoided entirely: According to Lemmal[Il we may assume w.l.0.g. that co occurs
exclusively in equations x = oo, where «x is a variable.

Lemma 2. Lett be an L-term. Then PAI =t =00 «— —t —t=0. ad

Furthermore, our language admits to bring quantifier-free L, formulas into pos-
itive normal form, i.e., the only logical operators occurring are “A” and “v.” All
Boolean connectives can be equivalently expressed by means of “A,” “V,” and
“=.” Using de Morgan’s laws and involution, all “=” can be moved inside until
they cancel or directly precede some atomic formula. Then we have:

Lemma 3 (Positive normal form). Let s, t be Loo-terms. Then the following
holds:

(i) PAI|:ﬂszat<—>\/g;iszat—&—ﬁ/\s—s:O/\t—tzo
(ii)) PATE s <t+«—t+1<sAt—t=0
(iii) PAlE—ns=t«— (t+1<sAt—t=0)V(s+1<tAs—s=0). O

In particular from Lemma [2] and Lemma Bliii) we obtain
t=c0+«—t—t=0+—1<t—t.

Finally, notice that our Lemmas [[H3] are compatible in the following sense: for
quantifier-free Lo.-formulas one can obtain positive normal forms not containing
the Lo,-constant co.

3.2 Terms

Recall from Lemma [ that we can bring all L-formulas into a normal form
where the L..-constant oo occurs exclusively in equations of the form x = oo
where x is a variable, and all other atomic formulas are L-formulas. So for the
discussion of normal forms of our terms it is sufficient to consider L-terms.

Notice that even for L-terms common transformations fail. At the first place,
—” does not generally yield an additive inverse in PAI since oo + (—o0) =
00 + 0o = oo. Consequently, simplifications of terms like replacing « + (—z) by
0 are not sound.

The following lemma lists some relevant axioms in II which remain valid in
PAI and mentions some further arithmetic rules valid for PAI, which we are
going to use in the sequel. When referring to elements o € Z occurring in some
term, we consider o an abbreviated notation for the corresponding term of the
form +(1+---41) or 0.

“
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Lemma 4 (Arithmetic in PAI). Presburger’s azioms (wa)—(m4), (mwe)—(ms) re-
main valid in PAL. This includes the laws of commutativity and associativity and
the neutrality of O for addition and the involutivity of “—.” Furthermore the fol-
lowing arithmetic rules hold:

(1)) PAl=Ea®0=0 fora €N

(1)) PALE -0=0

(iii) PAl = —(—a) =a

(iv) PAlTE —aGa=a0® (—a) fora € N

(v) PAlEaGa+ (—f0a)=(a—pF)0a fora, eN, a>[

(vi) PATEa®Ga+ (—a®a)=a—a fora €N

(vii) PAlTEa+a=b+a—a=0bforacZ
(viti) PATE a®(a+b)=a®a+a®b for a € Z. O

When using n-ary addition in the sequel, we tacitly assume that “+” is right-
associative. Due to Lemma [l(75) this assumption is only of syntactic relevance.
Furthermore, we are going to use s — ¢ as a short notation for terms s + (—t).

Lemma 5 (Normal form of L-terms). Let ¢t be an L-term with variables x1,
.., Tn. Then there exist a1, ..., apn, B1, ..., Bn € N and o € Z such that

i=1

=1

”

Proof. Use Lemma [d(iv,viii) to move all occurrences of “—” inside until all such
occurrences are nested occurrences in front of constants or variables. Use Lemma
[M(iii) to reduce each such nested occurrence to at most one. Use Lemma [HI(ii)
and Lemma[{(74) to eliminate all occurrences of 0. Use Lemma[{(3) to obtain a
right-associative n-ary sum of variables and the constant 1 possibly preceded by
“—." Use Lemma (75, 73) to reorder this n-ary sum as required by our normal
form. Finally use (t9) and Lemma (73, 73, iv) to rewrite the initial sequence
+1+---+1 in this n-ary sum as £(1+--- + 1). O

Lemma 6 (Unique normal form of L-terms). Consider an L-term t with
variables x1, ..., x,, which we assume to be ordered x1 < x2 < --- < x,. Then
there is an enumeration yi, ..., Yk, ---, Yn of {x1,...,xn} with y1 < -+ < yi
and Yg4+1 < -+ < Yn, there is a € Z, and there are o, ..., ag € Z such that

k n n
PAIlzt:oz—&-Zaiyi—&- Z Yi — Z Ui
i=1

i=k+1 i=k+1

Furthermore, there is only one such choice Y1, ..., Yk, -+ Yn, @, Q1, ..., Q.
O

Notice that the normal form in the previous lemma depends on the considered
set {z1,...,z,} of variables. A unique normal form that does not depend on
1, ..., Tn is obtained by deleting summands «a;y; where a; = 0. In addition,
we agree to delete a if a = 0.
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3.3 Atomic Formulas

Notice that even for the atomic L-formulas in our normal form according to
Lemma[Iland even when subtracting terms “carefully” in the sense of the previ-
ous section, some familiar equivalence transformations are not valid in PAI. For
instance, x = x+y is not equivalent to y = 0 as the interpretation x = oo admits
arbitrary interpretations of y in the former equation. Normalization of right-hand
sides to 0 in atomic L-formulas can, however, be achieved when making on the
syntactic level case distinctions similar to those in the proof of Lemma [II

Lemma 7 (Normal form of atomic L-formulas). Let s, t be L-terms. De-
note by V(s) and V() the finite sets of variables occurring in s and t, respec-
tively. Then

(i) PAlEs=,t——s—t=,0
(it) PAll s <te—s—t <0V V, cypz =00

) PAIIzs:t<—>s—t:0\/(\/Iev(s)m:oo/\\/xev(t)x:oo).

Proof. Fix an interpretation of all variables so that s, t € Z U {oo}. Recall from
the proof of Lemma [I] that s, t = co if and only if at least one variable in s, t,
resp., is interpreted as infinity.

(i) If one of s = 0o or t = 0o, then s — ¢ = 0o and both s =, t and s —t =, 0
are true. Otherwise s, t € Z, where our transformation is known to be
correct.

(ii) If ¢ = oo, then both sides of our equivalence are true. Assume now that
t # co. If s = 0o then both sides of our equivalence are false. Otherwise s,
t € Z, where subtraction on both sides of the atomic formula is known to
be correct, and our big disjunction is false.

(iii) If s =t = oo, then both sides of our equivalence are true. If w.l.o.g. s = 0o
and t # oo, then both sides of our equivalence are false. Otherwise s, t € Z,
where subtraction on both sides of the equation is known to be correct, and
our big disjunctions are both false. a

This normal form for atomic formulas is very convenient for practical purposes.
Recall that the practical applicability of quantifier elimination by virtual substi-
tution crucially depends on powerful methods for simplification of intermediate
results, and these methods in turn are typically based on atomic formulas with
right-hand sides normalized to 0 [22].

For Presburger quantifier elimination, one temporarily renormalizes to sz = ¢
where x is the variable currently considered for elimination. The following lemma
describes a corresponding normal form for PAI:

Lemma 8 (Normal form of atomic L-formulas w.r.t. a variable). Let
t 00 be an atomic L-formula in normal form according to Lemma[7, let t be in
unique normal form, and let © be a variable occurring in t. That is

k n n
t=a+zaiyi+ Z Yi — Z Yis
i=1

i=k+1 i=k+1
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and y; = x for one and only one j € {1,...,n}. Then
PATEt o0 «—n,

where 1 is a quantifier-free Loo-formula, where x occurs in n exclusively in atomic
L-formulas s o u with

. k n n
ajr for j<k
i#j i i#j
Proof. To start with, it is easy to see that PAT =t 900 «— s —u 0 0. We are
now going to distinguish cases on p:

PATEs—u=,0+—s=,u
PATEs—u<0«—s<uAz—z=0Au—u=0
PAlTEs—u=0«—s=uA(z—2=0Vu—u=0).

Recall that PATE7r —r =0 «— —r = o0. O

3.4 Relevant Combinations of Normal Forms

Consider a quantifier-free Lo-formula ¢. To put ¢ into general normal form,
we apply Lemma [I] to isolate all occurrences of the L.-constant co, then apply
Lemma [7] to normalize all right hand sides of contained atomic L-formulas to
0, and finally bring the left hand side terms of the contained atomic L-formulas
into unique normal form.

Recall from Section [B.I] that we can bring our ¢ into positive normal form.
Since none of the transformations leading to the general normal form defined
above introduces any Boolean connectives except “A” and “V,” we can obtain
positive general normal forms by computing positive normal forms and subse-
quently computing general normal forms.

An elimination normal form with respect to some variable x is obtained from
a general normal form of ¢ by applying Lemma [ to equivalently replace all
contained atomic L-formulas containing x. Notice that this preserves positivity
as well. Hence we can obtain a positive elimination normal form with respect to
x from a positive general normal form.

4 Quantifier Elimination

We are going to reuse here an essential part of our existing quantifier elimi-
nation procedure for regular Presburger arithmetic [9]. At least for complex-
ity considerations it is going to be essential that this is a wirtual substitution
method [23[242526/2709IT0]. Let us recall some basic facts on virtual substitu-
tion: The key idea for the elimination of a quantifier 3x from Jzy is to compute
a finite elimination set E such that

3z — \/ plt/al,
teE
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i.e., there are finitely many terms substituted for = into ¢, where F is constructed
such that for any choice of parameters the following holds: If there exists some
satisfying choice for = at all, then at least one ¢t € E evaluates to a satisfying
choice for x. The notion wvirtual refers to the following generalization:

1. The elimination set E need not exclusively contain regular terms but possi-
bly also some pseudo-terms. A typical example are pseudo-terms containing
division with real quantifier elimination [24]. Since elimination sets can com-
prise both regular terms and pseudo-terms, one often refers to their elements
as test points.

2. Instead of regular substitution one uses a modified substitution, which does
not map terms to terms but more generally atomic formulas to quantifier-free
formulas. This happens in such a way that the substitution result, in contrast
to the substituted test point ¢, generally does not contain any symbols not
in the considered language.

3. The generalized test points are paired with guards, which ascertain their
validity. For instance, for a test point containing division we would add the
guard that the denominator is not zero. The guards are added conjunctively
when substituting.

Altogether our substitution idea given above generalizes as follows:

Jrp —  \/ yAolt)a].
(v,t)EE

Our elimination procedure is going to make use of our main technical Lemma for
uniform Presburger arithmetic [9, Lemma 8]. This lemma uses a more general
form of virtual substitution introducing bounded quantifiers. For the special
case of classical Presburger arithmetic it can be adapted to the classical virtual
substitution framework discussed above [9, Lemma 2(ii)]. We explicitly formulate
this adapted result:

Lemma 9 (Regular Presburger elimination set). Consider an L-formula
Jxp where ¢ is quantifier-free and in positive normal form. Let the set of all
atomic formulas of ¢ that contain x be

A:{aimgiriﬁeh UIQ}

We have a; € Z\ {0}, and the r; do not contain the variable x. For i € Iy,
we have g; € {=,<}. For i € I, we have that g; is a congruence =,,. Define
m =lem{ |my;| : i € Iz } wherelem® :=1. Then

E = U U {(vi,ti)} U U {(true, )},

i€l —|a;m<k<|a;|m 0<k<m

i+ k. o
where v; = (r; + k =|q, 0) and t; = i , s an elimination set for xp. a
i
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For our purposes here it is important to know that the elimination set F is
computed essentially from the set of atomic formulas contained in ¢ in such a
way that the following holds:

Remark 10. Fix an interpretation v of all variables into Z for all variables, and
consider the subset AT = {1 € A | (PA,v) = ¢} of all atomic formulas that
hold with respect to this interpretation. Then there is (,t) € E such that the
following holds:

(i) (PA,v) =~ and (PA,v) = 1[t//x] for all b € AT.
(ii) All variables in (v,t) occur also in AT. O

So with respect to any interpretation of variables where z = z, the relevant test
term satisfies at least those atomic formulas that are satisfied by z—possibly
more. This is the reason behind working with positive formulas when devising
elimination sets.

Weispfenning originally had used Skolem sets, which exactly simulated the
truth values of all atomic formulas [23]. He switched to positive formulas in the
subsequent work on the reals [24]. In the context of valued fields, the second au-
thor introduced CS-sets, which further generalize the positive formula approach
used here [26]. There has been also some research on taking into account the
Boolean structure of ¢ for computing smaller elimination sets [24128].

Remark [T0(ii) is a quite natural property, which in fact holds for elimination
sets for numerous theories. Nevertheless, it is not generally true but closely re-
lated to the question whether or not there are several atomic formulas combined
to obtain some test point. This happened for example in the first elimination
sets for the reals, where there were arithmetic means of interval boundaries com-
puted in order to hit open intervals [23]. In elimination sets for discretely valued
fields there are even up to three atomic formulas combined [26].

Lemma 11. Consider an atomic L-formula s o t in normal form with respect
to x:

k n n
se{fx,x —z} and tza—i-Zaiyi-i- Z Yi — Z Yi-
i=1 i=k+1 i=k+1

Fiz an interpretation v : {y1,...,yn} — Z U {oc}. If oo € v[{y1,...,yn}], then
one and only one of the following two assertions is true:

(PALvU{x=z2})Esot iff z= o0, (PALv) E s ot.

That is, with respect to v either x = oo is the only satisfying choice for s ot or
any choice from Z U {oo} will do.

Proof. With respect to v we obtain s = 0o, s < 0o, or s =, 0o depending on .
In the first case, x = oo is the only solution. In the other cases any choice for x
is valid. a
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Lemma 12 (Elimination of one existential quantifier). Let ¢ be a
quantifier-free Loo-formula in positive elimination normal form with respect to
x. Compute the set A of all those atomic L-formulas containing x, where the
left hand side is not x — x. Compute an elimination set E for A according to
Lemmal9 Then E' := EU{(true,0), (true,00)} is an elimination set for Jxep.

Proof. Fix an interpretation into Z U {oco} for all parameters, i.e. all variables
except x. Assume that there is a satisfying interpretation z € Z U {oo} for z.
Since ¢ is positive it suffices to substitute some test point for x such that at
least those atomic formulas AT become true that contain z and hold for the
choice = = z. Notice that in general A% is neither a subset nor a superset of A.
If z = oo, then (true, co) € E’ is a suitable choice.

Assume now that z # oo and note that then z = oo ¢ A™. Let A’ be the subset
of all atomic formulas in A not containing any parameter that is interpreted as
oo. If AN AT # (@, then according to Remark [IQ(i) the regular Presburger
elimination set £ provides a test point ¢ rendering true all atomic formulas in
AN A*. Using Remark [I0(ii) it follows that ¢ € Z with respect to our fixed
interpretation. If, in contrast, A’ N AT = (), then we may consider ¢t = 0 as we
have explicitly added (true,0) to E’. In either case for all atomic L-formulas in
AT\ A, i.e., where the left hand side is # — z, the satisfying value z is exactly
simulated by ¢ yielding 0 in both cases. By Lemma [I1] all atomic formulas in
(A\ A')N AT are satisfied by any choice for  since they are satisfied by z # oco.

O

Theorem 13. PAI admits effective quantifier elimination.

Proof. Let ¢ = Q171 ...Qnznp be an Lo-formula, which is w.l.o.g. in prenex
normal form, i.e., ¢ is quantifier-free. We proceed by induction on the number
n of quantifiers in ¢. If n = 0, then ¢ is already quantifier-free. So there is
nothing to do. Consider now the case n > 0. We then either have Q,z, = Vx,
or Qnxy, = Jz,. The former case can be reduced to the latter one by means of
the equivalence Vz, ¢ «— —3z,—p. In the latter case we equivalently transform
0 into elimination normal form @ with respect to x,,. By Lemma[I2] there exists
an elimination set E for 3z, @. That is

PAT = 3zpp «— Jznp —  \/ Atz — \/ vAQlt)zn].
(v.t)EE (v,t)€E

We obtain ¢* from ¢ by equivalently replacing 3z, with the last disjunction
above, and we can eliminate the remaining quantifiers from ¢* by our induction
hypothesis. a

Corollary 14. PAI is substructure-complete, complete, and decidable.

Proof. Admitting quantifier elimination is known to be equivalent to substruc-
ture completeness. For deciding an L..-sentence in PAI we eliminate all quanti-
fiers according to Theorem [I3] then decide all atomic formulas in Z U {oc}, and
finally obtain an equivalent truth value via propositional calculus. This exhibits
also the completeness. a
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5 Complexity

All complexity bounds discussed in the sequel are based on the assumption
that the integers in the input formulas are binary coded. Notice that our formal
language Lo, would actually require to code them unary as sums of L,-constants
1 possibly preceded by the unary function symbol “—.” Taking this into account,
however, might improve the bounds by one exponential step but would not
appropriately describe practical computations.

Notice that from a complexity point of view it is absolutely essential to have
ternary predicates symbols for the congruences. When considering, in contrast,
countably infinitely many binary ones—one for each modulus—our procedure is
not elementary recursive as by increasing moduli the number of test points can
by arbitrarily increased without increasing the input length. Again, our choice
of ternary predicate symbols, where the (logarithm of the) size of the modulus
contributes to the input length, establishes an appropriate model for practical
computations.

Our write-up of our elimination procedure in the previous two sections is
driven by the idea to use a small and natural language L., and to separate
mathematical foundations from implementation issues. Turning to complexity
we have to discuss and revise one detail of this procedure: The application of
Lemma[B(i) for making positive logically negated congruences introduces a num-
ber of atomic formulas, which is linear in the modulus. Since that modulus is
represented in binary, this causes an exponential blow-up, which can however
be easily avoided: one simply leaves negated congruences, which are directly
preceded by logical negation, unchanged. One could call this a weakly positive
formula. This is correct due to the following observation: The role of congruences
in the elimination set computation in Lemma [@is only that their modulus con-
tributes to some least common multiple computation, and applying Lemma [B}i)
would introduce several new congruences but no new moduli.

Since the size of our elimination set in Lemma[l2is essentially that of the part
obtained via Lemma[d for the regular Presburger case, we obtain the asymptotic
upper bounds given by Weispfenning for a similar procedure [§]. That is, the
procedure is triply exponential in the input word length. More precisely, it is
triply exponential in the number of quantifiers. This bound is known to be tight
for regular Presburger arithmetic [4].

Weispfenning observed, however, that this result still can be improved in sev-
eral ways [23|8]. First, consider the elimination of several consecutive existential
quantifiers in the proof of Theorem [[3t When proceeding like

Yen13enp e Iwas \/ yA@lf e\ Foao (v A pltfaa)
(v,t)erE (v.t)EE

and independently eliminating dz,_; from several smaller subproblems, one
achieves that test points originating from a certain subproblem are not sub-
stituted within other subproblems. An analogue observation holds with consecu-
tive universal quantifiers. This way, the quantifier elimination procedure is triply
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exponential in the number of quantifier alternations but only doubly exponential
in the number of quantifiers for a bounded number of alternations.

Second, one can gain one exponential step by introducing big disjunction sym-
bols “\/” as an abbreviated notation for regular disjunctions following common
mathematical practice. These big disjunctions can be used for substituting the
big unions of elimination terms ranging over k£ in Lemma[@ The crucial observa-
tion is that this is compatible with the elimination procedure in the sense that
these big disjunctions need not be expanded for the elimination of subsequent
quantifiers. Our original main technical Lemma for uniform Presburger arith-
metic [9, Lemma 8], is in fact a formalization of this approach, since for regular
Presburger arithmetic the bounded quantifiers considered there represent such
big disjunctions, and this approach is compatible with our extension considered
here.

6 Elimination Examples

We start with two examples for quantifier elimination in PAT in order to illustrate
the procedure and to give an intuition of the semantics. Then we turn to a more
complex example pointing at one possible application of our work.

Ezample 15 (There is a mazimum). Consider the sentence Ja2Vy(y < z), which
in regular Presburger arithmetic is equivalent to “false.” We start with the
elimination of the inner quantifier Vy using the equivalence Vy(y < z) «—
—Jy(—y < x). We bring -y < z into positive elimination normal form with
respect to y by applying Lemma [3(ii), Lemma [7(ii), and Lemma [&
y<zrze—arz+1<yAx—ax=0

— (z—y+1<0Vy=o00)Az—z=0

— (~y<—2—-1Ay—y=0Az—2=0)Vy=00) Az —z =0.
Applying Lemma[[2 we compute A = {—y < —z— 1} and obtain from Lemma[dl
the following elimination set with respect to y:

E = {(true,z), (true,z + 1), (true, z + 2)}.

To simplify our discussion here, we observe that all guarded points except for
(true,z 4+ 1) can be dropped from E without violating Remark [T0l This yields

E' = {(true,z + 1), (true, 0), (true, 00) }.
The application of this E’ yields

Vy(y < a) «— -Jy(~y < x)

— - \/ YA ((z—y+1<0Vy=o00)Az—z=0)[t)y]
(v,t)eE’
— a(r—2x=0Ver+1<0Vz—2z=0)

— x—zx=0.



Effective Quantifier Elimination for Presburger Arithmetic with Infinity 209

Now =z —x = 0 is equivalent to x = oo so that for the elimination of the outer
quantifier 3z we obtain “true” via (true, oo), which is generally contained in our
elimination sets. ad

Ezample 16 (There is a minimum,). Consider the sentence JzVy(z < y), which is
dual to our previous example. Again we construct a positive elimination normal
form with respect to y of =z < y to eliminate the inner quantifier:

ﬁz§y<—>y§z—1/\y7y:0.

For A = {y < x — 1} Lemma [0 essentially yields {(true,z — 1)}, and according
to Lemma, we obtain the elimination set

E’' = {(true, z — 1), (true, 0), (true, 00)}.
The application of E’ yields
Vyly <z) «— =(z—2=0Vv0 <z —1Vfalse) «— false,
and it follows that JaVy(y < x) «— false. O

Recently, computer science research has focussed on decidable fragments of
Boolean algebras of power sets with cardinality constaints where the interpre-
tation of the 1 is a finite or countably infinite set [I4UI5]. This resulted in a
theory called BAPA combining Boolean algebra and Presburger arithmetic in a
two-sorted approach. The decision procedure for BAPA is based on quantifier
elimination. It reduces an input BAPA formula to an L-formula in our sense.
This method still yields a decision procedure when combined with any decidable
extension of Presburger arithmetic. In particular the results in [I4I15] are com-
patible with our extension PAI. We are now going to demonstrate by means of
an example how PAI can be combined with Boolean algebras.

Ezample 17 (Boolean algebra with cardinality). Consider the following problem:
We are looking for a non-empty set which is a subset of every infinite element of
the powerset of some countable ground set. In the language of Boolean algebras
with cardinality constraints a first-order formulation is given by

Al > 0AVX(|X]| =00 — AN X = A).

Notice that we have | X| = oo as a constraint, which in BAPA is only first-order
definable, e.g. 3k(|A| = k). Notice furthermore that we do not have a decision
problem but a quantifier elimination problem here.

We are going to transform the quantified part of the given formula into an
Loo-formula. To start with,

VX(|X|=00 — ANX =A) — -3X(|X| =00 ANAUX #1).

We can equivalently repace AU X # 1 by AN X # (). The latter can be trans-
formed into a cardinality constraint |A N X| > 0. Analogously |X| = oo can be
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expressed by | X NA|+|X NA| = co. We additionally introduce two tautological
constraints

[Al— X NA|—|XNA =0 and |A|—|XNA-|XNA =0.
We replace each cardinality by a variable ranging over Z U {oo} as follows:
Al =2z, |[XNAl=a, | XNA=b |XNA=¢ |XNA =d
This finally yields

—3aFb3cId(x > 0Na>0Ab>0Ac>0Ad>0A
r—a—-b=0ANz—c—d=0Aa+c=00Ac>0).

Eliminating the quantified variables a, b, ¢, d we would obtain the formula x = 0.
The solution set with respect to x describes the cardinality of all sets A which
satisfy our condition. In our case the result * = 0 contradicts the condition
|A| > 0 outside the scope of the quantifier in the original problem. Consequently
there is no such set A. a

7 Conclusions and Further Work

We have given a quantifier elimination procedure and a corresponding deci-
sion procedure for Presburger arithmetic with infinity. The asymptotic worst-
case complexity is not worse than that of corresponding procedures for regular
Presburger arithmetic, which are widely accepted as an important and useful
tool. The next reasonable step is to implement our procedure in the computer
logic system REDLOG [29], which already features an implementation of quan-
tifier elimination for regular Presburger Arithmetic [910], the essential part of
which can be reused as a subroutine. One can then address quantifier elimina-
tion for Boolean algebras with cardinality constraints and examine the practical
applicability of our approach to problems from deductive databases or software
verification [I3IT4I15]. For Boolean algebras with cardinality constraints it is a
promising idea to adopt for PAI the concept of positive quantifier elimination
restricting to variables that describe positive or non-negative numbers including
infinity. For applications of real quantifier elimination to problems in algebraic
biology this brought a considerable progress [30]. Finally note that our approach
can be expected to admit also extended quantifier elimination, where one ob-
tains satisfying sample values for existentially quantified variables if such values
exist [31].
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An Algorithm for Symbolic Solving of
Differential Equations and Estimation of
Accuracy

Natasha Malaschonok

Tambov State University,
Internatsionalnaya 33, 392622 Tambov, Russia

Abstract. An algorithm for solving systems of differential equations
based on Laplace transform method is presented. There are considered
ordinary linear differential equations with constant coefficients, nonzero
initial conditions and right-hand sides as composite functions reducible
to sums of exponents with polynomial coefficients.

An algorithm to compute an error of calculations sufficient to obtain
a preassigned accuracy of solution of linear differential equations system
is included.

Present-day computer systems provide an ample equipment for solving differen-
tial equations. For numerical methods, there are many algorithms to estimate an
error of obtained approximate solutions. If it concerns symbolic algorithms one
can hardly find such estimations as it is customary to presume an exact charac-
ter of analytic solving. But nearly each symbolic algorithm of solving contains
numerical components or is based on approximation of involved functions or
other mathematical structures by series, products, sequences, etc. It is necessary
to guarantee an adequate accuracy in this case as well.

An algorithm, which is presented in this article, is based on the application
of the Laplace transform method for solving the systems of differential equa-
tions. This method provides a symbolic character of computations. However,
there exists a fragment of numerical calculations. It concerns the computing of
polynomial roots. This is the operation that requires an estimation of accuracy
for calculations. An algorithm for such estimation is presented in this paper.

The Laplace transform has been very useful in various problems of differential
equations theory (see, for example, [BurgHall05], [DahSN99], [MY97], [Pod97]).

In this article, we consider systems of ordinary linear differential equations
with constant coefficients, nonzero initial conditions, and right-hand sides as
composite functions reducible to the sums of exponents with polynomial co-
efficients. A case of continuous right-hand sides was discussed in [NMalO5al,
INMal05b]. Here we consider a general case of composite functions and obtain
estimates in a general case and of higher accuracy. Such systems are very impor-
tant because of their application for many problems in electronics, electrical or
radio engineering, economics, etc. Moreover such systems provide a transparent
application of Laplace method.

V.P. Gerdt, E.ZW. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 213-225] 2009.
(© Springer-Verlag Berlin Heidelberg 2009
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In the first section of the paper, an algorithm for solving systems of differ-
ential equations is presented. At first a preparation of data functions for the
formal Laplace transform is performed. It is achieved with application of Heavi-
side function and moving the obtained functions into the bounds of smoothness
intervals. The next step is solving the algebraic system with polynomial coeffi-
cients and the right-hand side obtained after the Laplace transform of the data
system. There are algorithms that are efficient for solving this type of equations,
and are different for various types of such systems. Then the obtained solution
of algebraic system is prepared to the inverse Laplace transform. It is reduced
to the sum of partial fractions with exponential coefficients. Just at this stage
it is necessary to calculate an error of the denominator roots sufficient for the
required accuracy of differential equations solutions.

The second section is devoted to an estimation of an error of calculations
sufficient to obtain a preassigned accuracy of solution of a system of differential
equations. We must underscore that it is not necessary to obtain the exact
solution of the system of differential equations in order to obtain the value of an
error sufficient for the required accuracy of an approximate solution.

The complexity of computations is discussed in the third section.

In the last section, an example is considered.

1 An Algorithm for Laplace Transform Method of
Solving Systems of Differential Equations

Consider [NMal06] the system

n N
ZZQLJJCEIC) fi, 1=1,...,n, afcj € R, (1)
j=1 k=0

of n differential equations of order N with initial conditions xgk) (0) = zlgj,

k=0,...,N —1 and right-hand functions f; reduced to the form
A0) = fi@), ti<t<tT i=1,... Lt =0, = oo, (2)
where

L .
=Y PL(t)et, i=1,.... 0, 1=1,...,n,

and Py (1) = Yoy i im.

m=0C sm
We denote by zj,j = 1,...,n the unknown functions of argument ¢,¢ > 0,

and by :I:( ) the order k derivative of the function zj, k=0,...,N.
An algorithm suggested here will be disposed in three stages.

Stage 1. The Laplace transform of the input system
Denote the Laplace images of the functions z,(¢) and fi(t) by X;(p) and Fi(p),
respectively.
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Step 1.1. The Laplace transform of the left-hand side of system (1) with respect
to the initial conditions is performed by formal writing the expression

n N n N-1
DO ak X)) =YY di()ag;,
7j=1 k=0 j=1 k=0
where
N—1
dé‘k(P) = Z aé+1,jpz_k- (3)
i=k

Step 1.2. The preparation of right-hand functions f;(¢) to the Laplace transform
is reduced to the application of Heaviside function 7(¢). Represent fi(t) as a sum

@) = ot — ) zwlsm it ),

Here ¢ (t — tf) = P (t) and 2 (t — tF) = 32750 A7k (t — tf)7. Coefficients ;¢
are calculated by the formula

Mf,—j

k Ik m+r\
’Yl?:gj = Z Cs,m+7‘< r >(tl )T'

r=0
Finally the function f;(¢) is reduced to the form

I;—1
ity =Y 161t — thn(t — t}) — $i(t — ;7 yn(t — ;D] + 9 (¢ = tr)(t — tr).
i=1

*

Step 1.3. Since the Laplace image of (t — t*)"e®*—#)p(t — t*) is (pfzinﬂ et
the Laplace transform of f;(t) is the following;:

I—1
)= Y [#170) - 7 ()] + 9" (), 0
i=1
For each I = 1,...,n we reduce (4) to the common denominator. The common

denominator is left factorized. At that the numerator is the sum of exponents
with polynomial coefficients.

Stage 2. The solution of the linear algebraic system with polynomial
coefficients

Consider the linear algebraic system of the order n with polynomial coeflicients
relative to X;,7=1,...,n

n N n N-—

Z afcjkaj(p):ZZdék( )zOJJrFl( ), I=1,...,n. (5)

j=1 k=0 j=1 k=0

—
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Step 2.1. With notation

n N
>0 > alip" X;) = 5ip) + Fip), 1= 1.0, (6)

For each [ = 1,...,n the expressions on the right-hand side of (5) are reduced
to the common denominator.

Step 2.2. System (6) may be solved by any possible classical method, for ex-
ample, Cramer’s method. But now there are developed new effective procedures,
for example, p-adic method [Mal03], modula methods, and methods based on
determinant identities [Mal97], [Mal00].

Stage 3. The inverse Laplace transform

Step 3.1. The solution of (6), i.e., each desired function X,(p), j = 1,...,n,
is represented as a fraction with polynomial denominator. This denominator is
partially factored — it contains the multipliers of Fj(p) denominators and the
determinant D(p) of system (6). The numerator is the sum of exponents with
polynomial coefficients. We reduce the function X,(p), 7 =1,...,n, to the sum
of exponents with fractional coefficients. Numerators and denominators of these
coeflicients are polynomials.

The main step is the decomposition of each fraction in the X;(p) expansion
into the sum of partial fractions A/(p — p*)?, p* € C. The roots of D(p) must
be determined.

Step 3.2. The determination of the D(p) roots may be performed in various
ways, for example by reducing to the system of two equations on R with respect
to p1 = Rep, p2 = Imp.

This step includes an algorithm of calculation of accuracy. This algorithm will
be described further in Section 2.

Step 3.3. Preparation for inverse Laplace transform is the decomposition of

rational fractions or fractional coefficients of exponents into the sums of partial

fractions A/(p — p*)?, p* € C. A standard method, for example, is the method

of indefinite coefficients. It is based on solving the system of algebraic equations

over C.It may be solved as it was mentioned already by modula or p-adic method.
Each X;(p) is finally represented as a sum

Z Z e~ ¥mP, (7)

(p— Pkﬁmk
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Step 3.4. The Laplace originals of functions X;(p) are obtained formally — by
writing the expressions

ZZ - _1 7am)ﬁWLk*lepik(t*am)n(tfO[m)7j = 17._'77’)/

Remark. In general, the functions Z;(¢) are complex valued. We take the real
part of Z;(t) for each I = 1,...,n. The functions Re Z;(t) may be taken as the
solution of system (1), i.e., the required functions z;(t). It is easy to show that
the error would not exceed the established precision assured by the calculated
accuracy of roots of D(p).

2 Estimation of Accuracy

At Step 3.2 of Laplace method, it is necessary to calculate the roots of D(p).
The problem is to compute an error of roots sufficient to the desired accuracy dif-
ferential equations solutions. In this section, the algorithm for this computation
is constructed.

We shall consider all functions and make calculations on the segment [0, T7,
where T > tlI’ for all [ = 1,...n, and is sufficiently high for the input prob-
lem. Denote by Z;(t) an approximate solution of (1) constructed by means of
approximate roots of D(p). We require the following accuracy for solutions on
the segment [0, T):

maxycio, 7|2 (t) — Ti(t)| <e, [=1,...,n. (8)

We must determine an error A of the D(p) roots sufficient for the required
accuracy ¢ for x;(t). For the case when the right-hand sides of (1) are continuous
see ([NMal05a] — [NMal05b].

Here we consider a general case of composite right-hand sides.

Denote by T!(p) the i, minor of the matrix of system (6). The solution X;(p)
of system (6) may be expressed in the following way:

Di(p
X =
where .
Z p) + Si(p)] T} (p).-
i=1
Denote by p, roots, and by p,r = 1,...,n, approximate roots of the polynomial

D(p). If the error of a root is less than A, then |p, — pZ| < A.

Theorem. For every € there exists such A that if |p, — pl| < A, then (8) is
true.
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Proof. Let us consider the polynomial D(p + Ae'®), a € [0, 27]. Denote
> Di(p)
X = o
®)= pip + Acia)
We must find A which produces (8).
For (8) and (9) we must estimate the original of
Di(p) Di(p)
D(p)  D(p+ Aet)

According to the linearity of Laplace and inverse Laplace transforms we estimate
separately the Laplace originals of

n l n .
2211015 20y e w
and )
ZSZ ZI’) ZSl p+A)em) (11)
Write expression (10) in the form:
Y Tip)  THp)
;Fl(p) (D(p) D(p+Aem)>~ (12)

Both functions Fj(p) and the difference in the brackets have the Laplace originals.
The original ¥;(t) of (10) is calculated as a sum of convolutions of f;(t) and the
original £2/(t) of

1 1
D(p)  D(p+ Ae™)
Let us present (13) as follows
Ti(p) Ti(p+Ae™)  Tip+ Ae™)—T}(p) (14)

D(p)  D(p+ Ae™) D(p + Aei®)
i T .. Tll Tll Aete
Denote by Qj(t) and Qj(t) the originals of D((zf)) and ((5)) D((;fj:Aem))’ corre-
spondingly. Then according to the properties of Laplace transform we have:

Qi(t) = (1-¢2T) Qi(v). (15)

Now let us estimate Q(t). The function Q!(¢) may be written in the form

R Hr tHr—H
—Z(ZB )>wa (16)

r=1

where p,. are the roots of D(p) of order p,, R is the amount of various roots.
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Coefficients Biu may be calculated as the Taylor coefficients of the functions

1
(p — pr )P %((5 )) at the point p,.. They may be estimated using the Cauchy in-

equality for the Tailor coefficients in the §-neighborhood of the point p,.. Let be
d <1/2min|p, —ps|,7,s=1,...R, 6 < 1. We wish to obtain A < ¢. If it would
be not so, we shall take A = 4.

According to Cauchy evaluations we have:

l
|Bi,u| < (maprT_(;(p —pr) ng;;) /5”.

Consider the polynomial D(p) = > ¢, p”. As

‘(p — po)H Tz‘l(p) ‘ _ |Til(p)|
D(p) |Cmn| Hf:l,sygr |p — pr |t

we need to estimate |7} (p)| in the d-neighborhood of p,.. Denote by p the radius
of the circle containing all the roots of D(p). For such p we may take the number

p = max {1' ET;O lev }
I |Cmn | 9
it may be chosen such that

max|,—p, | =s|T} (p)| < max|p|—,|T} (p)|-

Each element of the matrix, whose determinant is denoted by T'(p), is a polyno-
mial v, A (p), where X is a number of its row, A # [,  is a number of its column,
n # i. Denote my, x = max|p|—,|vy,1(p)|. According to Hadamard inequality

n n
max|p|=,|T} (p)] < H Z mp -

n=1,n7#i A=1,A#1

Denote

My=| I > m2, (17)

n=1,nFi A=1,A#l
As |p — ps| > 6, taking into account that p < |mu,, we get:

M;
gmn '

1Br,| <

- |Cmn|
As a result, we obtain the estimate for Q}(t) on the segment [0,77:

mn

i) <
COTE.

L Mer” (18)
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Consider the last item of (14). Due to the mean value theorem

T/ (p) — T} (p + Ae™™) = Ae™ ! / Tll(g) dg. (19)
’ ’ 21 Jje_pj=s (€ —p — Ae*®)(§ — p)
From (19) we obtain the inequality:
l l e’ A
i) - T+ e < 2 g (20)
As previously for the original Q/}\(/t) of TP 5(?52)6;? () \e obtain the following
estimate:
ai0| < ;2 i) (21)
From (15), (18), (20), and (21) we estimate {2} (¢):
; A mn
i) < (4 -1 2 ) M (22)

The original f;(t) of F;(p) is composite. Each component of f;(t) is a sum of
exponents with polynomial coefficients. It is estimated with respect to maximums
of coefficients at the corresponding segments and values of exponents at the
right-hand ends of the segments. Denote

maxyco,7)|fi(t)| = M fi. (23)

Evaluating the convolution of originals for (12) we obtain the estimate for ¥;(¢):

mnT 2
maxye(o,7]|%(t)] < (27 — 67 2 ZMfz My ™.
Denote
mnT - T
/1 |5mn Z Mfz il e’ (24)

Consider (11). The polynomial S;(p) has no original. Denote

S Si(p)THp) = Ki(p), Iz{)l((pp)) = Ni(p). Then (11) may be written as

Kip) K _ Kp)  Kp+Ae)
D(p)  D(p+Ae)  D(p) D(p+ Ae')
i 1 Nl(p)
A o /|g s (€~ p — Ace)(g —p) ™ (25)

For the original R;(t) of N;(p) the representation like (16) is possible. Evaluations
analogues to previous reduce to the estimations:

mnT -
> max <, |Si(p)| M e (26)

maXt€0T|Rl( )|— | |5mn
1=1
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From (5) it is evident that

m—1

max|p| <,|Si(p)| < Z |af/+1,j|pyik|x§j

Denote

mnT

1 epfamn Z max|y <y Si(p)| Mt e

Similarly to previous evaluations we obtain for the original ©;(t) of (11):

A

< (AT _
O] < (AT -1+ 7

) L.

Finally, from (22) and (29) we obtain the following estimation for z;(t):
- AT A
maxe(o, )| (t) — T (t)] < (e —1+ 5 A (A + L)

We shall suppose that +1

maX¢e[o,T] |.Tl(t) — fl(t)| < (SAT -1+ k) (Al —+ Ll) .
Starting from (9) and (31) we require
(GAT71+,I€) (A1+Ll) <e

From (32) we find the estimation for A for each [, denote it by A;:
1 —1
Al<T1n(5(Al+Ll) +1—k).

We shall take

k < ming (A; + Ly)~"

Note that calculations in [NMal05a], [NMal05b] implied k& = 0.
Finally, we choose A = min;4;.
The theorem is proved.
According to the theorem construct an algorithm for estimation.

d < A<,k >0. Then inequality (30) looks like

221

(30)

(31)
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Stage 4. Algorithm for estimation of accuracy

Step 4.1. Consider the matrix of system (6), calculate its submatrices and their
elements the polynomials v, x(p). Calculate m, x = max,—,|v, ()| and Mjy
(see (17)).

Step 4.2. Calculate M f; (see (23)).

Step 4.3. Calculate A; (see (24)) according to values of § and p as it was
considered.

Step 4.4. Calculate L; (see (28)), evaluating the polynomials S;(p) as in (27).

Step 4.5. The final result A; and A = min;4A; according to (33) and (34).

3 On the Complexity of the Algorithm

The complexity of the algorithm depends upon the complexity of three main
operations: solving the system with polynomial coefficients at step 2.2, solving
the system with constant coefficients for a representation in partial fractions at
step 3.3, determination of the polynomial roots at step 3.2.

The right-hand side of system (6) at step 2.2 is the linear combination of
exponents, the coefficients of which are the rational fractions. So step 2.2 is
reduced mainly to the following operations: calculation of inverse polynomial
matrix, multiplying polynomial matrices by polynomial vectors. The complexity
for various algorithms of these calculations so as for solving systems at step 3.3
is estimated in [Mal91]. The fastest method for solving such systems is p-adic
method ([Mal03]). The best for parallel machine is the modula method based on
Chinese Remainder Theorem.

The complexity for step 3.2 may be found, for example, in [Akr89).

4 Example

Data system

{ xlln —xll — 211 —x;” +xzo=f1
3, +x; — 22y + x5 +x2 = fo.
Functions f; and f> and numbers ¢}:
flct, fogen -0, fo1
fi=tet, fi=¢€2 ti=0, ti=1.
Initial conditions:
xgl =5, x(ln =10, z%l = 30, x82 =4, x(lm =14, CC%Q = 20.
Step 1.1.
— 2X; — pX; + p°Xs + X — p®Xy — (10 — 4p — 4p>+5(—1 + p?));

—2pX; + p?Xy + 3p®X; + Xo + p®Xo — (110 + 14p + 4p? + 10(1 + 3p)+
5(—2+p + 3p?)).
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Step 1.

= (f £1)UnitStep[(t — t7)] + £]UnitStep[t];

:= (£f2 — £3)UnitStep[(t — t3)] + £5UnitStep|t].
Step 1.3.

_ 1 T 2 1 e p
Fi=_ip~ Sipp (“atpe 3 F2= Zopp F Ciipp T (Crapp
Step 2.1.

—2X1 — pX1+ p3X1 + X2 — p3X2: , ,
1-p ~P(p?—2p+2
10—4p—4p?+5(—1+p?)+ [ — &0+ B2,

*2PX1 + P2X1+3PSX1 + X2 + P3X2:
110 + 14p + 4p® + 10(1 + 3p) + 5(—2 + p + 3p?)+

2P + 1 el~Pp
—2+4p  (=14+p)?  (=14+p)*°

Step 2.2.

Xi(p) =

e P(8e + 2e? — 4dep — 4e?p + 2ep? + 2e?p? + 9ep® — 6e?p — 19ep?+
12e?p* + 11ep® — 8e’p® — 2ep® + 2ep®)/((—2+p)*(~1 +p)(—2 +p—
p? — 4p® — 3p* +p° +4p°))+

(—856 + 1692p — 982p2 + 1061p> — 1991p* + 1398p° — 412p® + 160p” —
95p°® +20p°) /((—=2+p)*(=1 +p)(~=2+p — p* — 4p° — 3p* + p° + 4p°));

X2(p)=
“P(—8e? — 32ep + 24e?p + 64ep? — 28e?p? — 32ep® + 17e?p® — 24ep? — Be?pt+
34ep® — 3e?p® — 14ep® + 5e?p® + 2ep” — 2e?p”)/((—2 +p)3(—1 +p)?(—2+
p —p® — 4p° — 3p* + p° +4p°)+
(1776 — 4576p + 3568p? — 1404p> + 2465p* — 2751p® + 841p® + 133p"+
2p° — 68p° + 16p'0)/((~2 +p)*(~1 + p)*(~2+p—p’—4p°—3p*+p°+4p°)).

Step 3.1. D(p) = —2+p — p? — 4p® — 3p* + p® + 4p°.

To be short we produce the final results on the error of the roots. For arbitrary
T:

Step 4.3. Ay = (6240T2 4 20160T?)e®T, Ay = (6240T2 + 6720T?)e"”

Step 4.4.

L; = 9438240e*T; L, = 3874080e*".

We shall take two variants of k.

Let k = %minl (A + Ll)_l. The following table demonstrates the values of A
according to € and 71"

T\e =01 =001 =0.001
T=28.06-10"28.06-10"17.99.10715
T=36.22-10"6.66-10"167.14-10717
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Let k = 110 min; (A; + Ll)_l. Then we obtain the corresponding table:

T\e =01 =001 =0.001
T=2145-10"'21.45-10"131.44-10"14
T=3112-10"*1.11-107151.48.10716

We shall take A = 1071% and calculate approximate roots of D(p).
p; = —1.00000000000000, p5 = —0.594937842169665 — 10.830713582043548,
p5 = —0.594937842169665+ 10.830713582043548, p; = 0.3565937297682321 —
10.513128324882554, p; = 0.355937297682321 + 10.513128324882554, p; =
1.22800108897469.

The decomposition into the sum of partial fractions is rather bulky, so we
omit some steps and produce the final result — the solution of the system of
differential equations .

x1(t) =tt10.031249¢ " — 1.25¢! + 5.538602¢!-2280017 -
2e0-355937%(_3 735568C0s0.513128t + 15.5297958in0.513128t)+
27 0-594937%(_ 0. 924357C0s0.830713t + 0.0611935in0.830713t);

x2(t) 10.03125¢7¢ + 0.5¢! — 8.948223¢!-228001t 1 () 5ett+
2e0-355937t(_0.493116C0s0.513128t + 33.95927551n0.513128t)+
2 0-594938%(1 701602C0s50.830713t + 0.929609Sin0.830713t).

5 Conclusion

Let us adduce advantages of the algorithm presented in the paper.

1. The Laplace transform is a way for symbolic solving of differential equations
as it reduces the solution process to algebraic manipulations.

2. Representation of righthand side functions by sums of exponents with poly-
nomial coefficients (in a case when it is possible) makes the Laplace transform
completely symbolic.

3. The algebraic system obtained after the Laplace transform may be solved
by methods most convenient and efficient for each specific case.

4. Decomposition of algebraic equations into a sum of partial fractions with
exponential coefficients provides a symbolic character of the inverse Laplace
transform.

5. An algorithm to compute an error of calculations sufficient to obtain a
preassigned accuracy of solution of a system of linear differential equations is
presented. This method is realized according to the input data. It does not
demand the exact solution of the system.
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Lazy and Forgetful Polynomial Arithmetic
and Applications
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Abstract. We present lazy and forgetful algorithms for multiplying and
dividing multivariate polynomials. The lazy property allows us to com-
pute the i-th term of a polynomial without doing the work required to
compute all the terms. The forgetful property allows us to forget earlier
terms that have been computed to save space. For example, given polyno-
mials A, B,C, D, E we can compute the exact quotient Q = AXBECXD
without explicitly computing the numerator A x B—C x D which can be
much larger than any of A, B,C, D, E and Q. As applications we apply
our lazy and forgetful algorithms to reduce the maximum space needed
by the Bareiss fraction-free algorithm for computing the determinant of
a matrix of polynomials and the extended Subresultant algorithm for
computing the inverse of an element in a polynomial quotient ring.

1 Introduction

Lazy algorithms were first introduced into computer algebra systems by Burge
and Watt [3] where they were used in Scratchpad II for power series arithmetic.
But not all of the lazy power-series algorithms were efficient. For example, the
most obvious algorithm for computing exp(f(z)) to O(z™) requires O(n?) arith-
metic operations whereas the lazy algorithm in [3] required O(n?). In [9] Watt
showed how to reduce this to O(n?).

van der Hoeven considers lazy algorithms for multiplication of power series to
O(z™) which are asymptotically fast [8]. A lazy analogue of Karatsuba’s divide
and conquer algorithm is given which does O(n!°823) arithmetic operations (the
same as the as non-lazy algorithm) but uses O(nlogn) space, an increase of a
factor of logn. van der Hoeven also gives a lazy multiplication based on the
FFT which does O(n log? n) arithmetic operations, a factor of logn more than
the non-lazy multiplication. However, all of these results assume dense power
series and our interest is the sparse case.

Let D be an integral domain and R = D[z, 22, ..., Z,] be a polynomial ring.
Let f = f1 + fo + ... + fn be a polynomial in R where each term f; of f is of
the form f; = a;X; where a; € D and X; is a monomial in z1, ..., ;. Two terms
a; X;, a; X; are like terms if X; = X;. We say f is in standard form if a; # 0
and X7 = X5 = -+ > X, in a monomial ordering >. This form is often called

V.P. Gerdt, E.ZW. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 226-239] 2009.
(© Springer-Verlag Berlin Heidelberg 2009
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the sparse distributed form for polynomials in R. In what follows we use #f to
indicate the number of terms of f.

Let f,g be polynomials in the standard form. Johnson’s [5] multiplication
algorithm is based on the observation that multiplying f = f1 +--- + fn by
g=g1+ -+ gm can be done by executing a simultaneous m-ary merge on the
set of sorted sequences

S = {(flglv" '7fngl)a' "a(flgma' 7fngm)}

Johnson used a heap H, initialized to contain the terms fig1, fig2, ..., f1gm,
to merge the m sequences. The number of terms in this heap never exceeds
#¢ and inserting into and extracting terms from H costs O(log#g) mono-
mial comparisons per insertion/extraction. Therefore, since all # f#g terms are
eventually inserted and extracted from the heap, the algorithm does a total of
O(#f#glog #¢g) monomial comparisons and requires auxiliary space for at most
#g¢ terms in the heap plus space for the output.

Monagan and Pearce [6] extended this heap algorithm to polynomial division.
Recall that when we do f + ¢g we are trying to construct the quotient ¢ and
remainder 7 such that f — gg —r = 0. One could use a heap to store the sum
f — qg by merging the set of #g + 1 sorted sequences

(e fa)y (qugns oo —argn)s s (=1 Gms - - -5 —Qkgm) }

where m = #g and k = #q. Alternatively we may see the heap as storing the
sum  f— 37" g0 X (g1 +qa )

These heap algorithms dealt only with the so-called zealous (non-lazy) poly-
nomials. Our contributions are the variations of these algorithms that enable us
to compute in a lazy and forgetful manner.

2 Lazy Arithmetic

The intended purpose of working in a lazy way is to improve performance by
avoiding unnecessary calculations. To apply this to polynomial arithmetic we
restrict access to a polynomial to that of a single term. Furthermore, we save
intermediate results from this calculation so that the i-th term where 7 < n will
be ‘calculated’ instantaneously.

Definition 1. A lazy polynomial, F', is an approximation of the polynomial
f=fi+-+ fu (in standard form), given by FN = Zfil fi where N > 0. To
ensure F is always defined we let f; = 0 when i > n. This admits the useful
notation F>° = f.

The terms Fi, ..., Fn are called the forced terms of F' and the nonzero terms
of f — FN are called the delayed terms of F. We denote the number of forced
terms of a lazy polynomial F by |F| (and to be consistent let #F = |F>®°| = #f).

A lazy polynomial must satisfy two conditions regarding computation: all the
forced terms of F' are cached for re-access and calculating o delayed term of F
should force as few terms as possible.
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Let us refine our focus and address the problem of determining the n-th term
of a polynomial when it is the result of some operation. We will use the heap
methods for division and multiplication and a simple merge for addition. Since
these methods build the result in >-order anyway, we simply halt and return
once n non-zero terms are generated. But, in order to initially populate the heap
one polynomial must be fully forced. We give an optimization that avoids this.

Claim. Let f, g be polynomials in the standard form and S[j] = (f19;, ..., fng;)-
If fig; is in the heap H, then no term of the sequences S[j + 1],...,S[m] can
be the >-largest term of H.

Proof. By the definition of a monomial ordering we have: if g; >~ gj41 > ... >
gm, then fig; > figi+1 > ... > figm. As figj+1,- .., figm are (respectively) the
=-largest terms of S[j + 1],...,S[m], it follows that fig; is >-larger than any
term of S[j + 1], ..., S[m]. The claim is an immediate consequence of this.

This claim gives a natural replacement scheme that ensures no term is prema-
turely calculated and put in the heap. For multiplication this is reflected in lines
(13)-(15) of Algorithm 2. For division we replace a term coming out of the heap
with the >-next largest term in the sequence it was taken from. That is, we
replace f; with fiy1 and —¢;g; with —g;+19; (we also use the optimization that
says only add —q1g;+1 after removing —q19,). However, it is possible that we
remove —¢g;—1g; before g; is known, in which case we would not be able to insert
the term —g;g;. But, since —g;g; can certainly not be required to calculate g;,
the terms needed to determine ¢; must already be in the heap. Therefore, we
can just remember the terms that should have been added to the heap, and
eventually add them once ¢; has been calculated. In the lazy division algorithm,
this is referred to as ‘sleeping’.

We also require no work to be repeated to calculate Xn_1,..., X; after cal-
culating Xy . To achieve this we pass our algorithms the approximation X,
which must also record the state of the algorithm that generated it. Specifically,
it must remember the heap the calculation was using and local variables that
would otherwise get erased (we will assume that this information is associated
with X in some way and can be retrieved and updated).

Lazy algorithms for doing multiplication and division are now presented. Note
that the algorithm for division returns terms of the quotient (while updating the
remainder), but could easily be modified to instead return terms of the remainder
(while updating the quotient). Complexity results for multiplication and division
follow their respective algorithms.

ALGORITHM 2 - LAZY MULTIPLICATION

Input: The lazy polynomials F' and G so that F'>° = f and G*™ = g, a positive integer
N (the desired term), and the lazy polynomial X so that X*° = f x g.
Output: The N-th term of the product f X g.
1: if N <|X| then {Xx has already been calculated.} return Xy; end if
2: if | X| =0 then
3:  {X has no information.}
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4:  Initialize a heap H and insert (F1G1,1,1); {Order the heap by > on the mono-
mials in the first position.}

5: k+—1;

6: else

7:  Let H be the heap associated with X;

8: k< number of elements in H;

9: end if

10: while H is not empty do

11: t«— 0;

12: repeat

13: Extract (s,4,7) < Hmae from the heap and assign ¢ «— ¢ + s;

14: if Fit1 # 0 then Insert (Fi4+1Gj,i+ 1, ) into H; end if

15: if i =1 and Gj11 # 0 then Insert (F1Gj41,1,7+ 1) into H; end if

16:  until (H is empty) or (¢ and Hmae are not like terms);

17:  if t # 0 then (Xi, k) < (t,k+1); end if

18: if k = N then Associate the heap H with X; return Xj; end if
19: end while

20: Associate the (empty) heap H with X;

21: return O;

Theorem 1. To force every term of X (that is to completely determine the
standard form of f x g) in Algorithm 2, requires O(# f#glog#g) monomial
comparisons, space for a heap with at most #g terms, and space for O(#f#g)
terms of the product.

Proof. Proceeding as in [7], the size of the heap is not effected by line 14, as
this merely replaces the term coming out of the heap in line 13. The only place
the heap can grow is on line 15, which is bounded by the number of terms of g.
Therefore O(#¢) space is required for the heap. Since the product f x ¢ has at
most # f#¢g many terms it will require O(# f#g) space.

Extracting/inserting from/to a heap with #g elements does O(log #g) many
monomial comparisons. As every term of the product passes through the heap,
we do O(# f#¢) extractions/insertions totaling O(# f#g¢ log #¢) monomial com-
parisons.

Remark 1. Tt is possible to improve multiplication so that the heap requires space
for only min(#f,#g) terms and the number of monomial comparisons done is
O(#f#glogmin(#f,#9g)). f #f < #g and we could switch the order of the
input (i.e. calculate g x f instead of f x g) then the heap would be of size #f.
But we we may not know # f and #g¢g! So, we must quote the worst case scenario
in our complexities (in fact we will emphasize this by using max(#f, #g)).

ALGORITHM 3 - LAZY DIVISION
Input: The lazy polynomials F' and G so that F'>° = f and G*™ = g, a positive integer
N (the desired term), and the lazy polynomials @ and R so that f = g x Q@+ R*.
Output: The N-th term of the quotient from f + g.
1. if F1 =0 then return 0; end if
2: if N <|Q| then {Qn~ has already been calculated.} return Qn;
3: if |Q| = 0 then
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4:  {Q has no information.}

5:  Initialize a new heap H and insert F} into H;

6: S «— 2;

7: else

8:  Let H be the heap associated with Q;

9: end if

10: while H is not empty do

11: ¢t 0

12: repeat

13: Extract © «— Hpmaz from the heap and assign t «— t 4 x;
14: if x = F; and Fi41 # 0 then

15: Insert Fi41 into H;

16: else if z = G;Q; and @Q;41 is forced then

17: Insert —G;Qj4+1 into H;

18: else if z = G;Q; and Q41 is delayed then

19: s« s+ 1; {Sleep —GiQj+1}

20: end if

21: if z = Gi;Q1 and Gi41 # 0 then Insert —Gi+1Q1 into H; end if

22:  until (H is empty) or (¢t and Hmaz are not like terms)
23:  if t #0 and ¢1|¢t then

24: Qioi+1 — t/G1; {Now Q|41 is a forced term.}

25: for k from 2 to s do

26: Insert —Gy, - t/G1 into H; {Insert all terms that are sleeping into H'}
27: end for

28: else

29: R|g41 < t; {Now R|g|41 is a forced term.}

30: end if

31: if |Q| = N then Associate the heap H with Q; return Qn; end if
32: end while

33: Associate the (empty) heap H with Q;

34: return O0;

Theorem 2. To force every term of @ and R (that is to completely determine
q and r such that f = gx q+r) in Algorithm 8 requires O((#f + #q#g) log #g)
many monomial comparisons, space for a heap with O(#g) terms, and space for
O(#q + #r) terms of the solution.

Proof. Proceeding as in [0], the size of the heap H, denoted |H| is unaffected
by lines 15 and 17 since these lines only replace terms coming out of the heap.
Line 19 merely increments s and does not increase |H|. The only place where
H can grow is line 21 in which a new term of g is added to the heap, this is
clearly bounded by #g. It is clear that we require O(#q + #r) space to store
the quotient and remainder.

All terms of f and gx g are added to the heap, which is # f+#q#g terms. Pass-
ing this many terms through a heap of size #g¢ requires O((#f + #q#g) log #g)
monomial comparisons.
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3 Forgetful Arithmetic

We propose a variant to lazy polynomial arithmetic that has useful properties.
Consider that the operations from the previous section can be composed to form
polynomial expressions. For example, we could use lazy arithmetic to calculate
the n-th term of say, A x B — C' x D. When we do this we store the interme-
diate terms But, if re-access was not required we could ‘forget’ these terms. A
‘forgetful’ operation is like a lazy operation but intermediate terms won’t be
stored. Forgetful operations are potentially useful when expanding compounded
polynomial expressions with large intermediate subexpressions.

We can make some straightforward modifications to our lazy algorithms to
accomplish this forgetful environment. Essentially all that is required is the re-
moval of lines that save terms to the solution polynomial (i.e. lines that look
like X; « O) and eliminating any references to previous terms (or even multiple
references to a current term). To emphasize this change we will limit our access
to a polynomial by way of a next command.

Definition 2. For some lazy polynomial F and monomial order =, the next
command returns the »=-next un-calculated term of a polynomial (eventually re-
turning only zeros).

Remark 2. The next command satisfies: next (F') > next (F) > --- > next (F)
=0 =next(F)="--- and next (F) + next (F) + next (F) +--- = F™.

Definition 3. A forgetful polynomial is a lazy polynomial that is accessed solely
via the next command. That is, intermediate terms of F are not stored and
can only be accessed once. If the functionality to re-access terms is restored in
any way (i.e. by caching any term but the current term in memory), F is no
longer considered to be a forgetful polynomial. Thus, for a forgetful polynomial
F, calculating F41 forfeits access to the terms Fy through F,, even if these
terms have never been accessed.

Although it would be ideal to have all of our forgetful routines take forgetful
polynomials as input and return forgetful polynomials as output, this is not
possible without caching previous results. Consider multiplication for instance.
Assuming that we must multiply each term of f by each term of g and we are
limited to single time access to terms, this task is impossible. For if we calculate
f1g2 we cannot then calculate fag; and vice versa.

For the same reason our division algorithm can not accept a forgetful divisor
as it must be repeatedly multiplied by terms of the quotient (thus the quotient
can not be forgetful either). However, the dividend can be forgetful which is a
highly desirable feature (see Section 5). The only ‘fully’ forgetful (forgetful input
and output) arithmetic operation we can have is addition (although polynomial
differentiation and scalar multiplication are also fully forgetful).

The variant of multiplication that takes as input lazy polynomials, returning
a forgetful polynomial, is a trivial change to Algorithm 2. In this case all that
must be done is to remove the ‘if’ statement on line 18 so that the >-next,
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instead of the N-th, term is returned. As this is not a significant change, we
will not present an algorithm for forgetful multiplication. Division will take as
input a forgetful dividend and lazy divisor returning a fully forced quotient and
remainder.

Theorem 3. When multiplying f by g the worst case storage complexity for
forgetful multiplication is O(max(#f,#g)) (the storage required for the heap).

Proof. A quick inspection of Algorithm 2 will show that the only time a previous
term of the product is used is on line 2 and line 18. In both cases the term is
merely being re-accessed and is not used to compute a new term of the product.
Since we do not store nor re-access terms of a forgetful polynomial, we can
eliminate the storage needed to do this requiring only space for a heap with

max(#f, #g) terms.

ALGORITHM 5 - FORGETFUL DIVISION

Input: A forgetful polynomial F' and lazy polynomial G so that F**° = f and G*™ = g.
Output: The lazy polynomials @ and R so that f =g x Q°° + R™.

1: tp <« next (F);
2: if tp = 0 then Set @ and R to zero; return @ and R; end if
3: Initialize a new heap H and insert ¢ into H;
4: 5« 2;
5: while H is not empty do
6: t—0;
7: repeat
8: Extract © <« Hpax from the heap and assign t «— t + x;
9: if £ = tr then
10: tr =next (F)
11: if tr # 0 then
12: Insert tF into H;
13: end if
14: else if z = G;Q; and Q41 is forced then
15: Insert —G;Qj4+1 into H;
16: else if z = G;Q; and Q41 is delayed then
17: s« s+ 1; {Sleep —GiQj+1}
18: end if
19: if x = G;Q1 and Giy1 # 0 then
20: Insert —G;+1Q1 into H;
21: end if
22: until (H is empty) or (¢t and Hmaz are not like terms)
23:  if t #0 and ¢1|t then
24: Qio|+1 — t/G1; {Now Q|g|+1 is a forced term.}
25: for k from 2 to s do
26: Insert —Gy, - t/G1 into H; {Insert all terms that are sleeping into H'}
27: end for
28: else
29: Rrj+1 — t; {Now R|g|4+1 is a forced term.}
30: end if

31: end while
32: return @ and R;
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In its current form Algorithm 5 returns a fully forced quotient @) and re-
mainder R. It is straightforward to modify this algorithm to return a forgetful
remainder instead. We simply have line 29 return ¢ instead of saving a term to
the remainder and change line 32 to return 0 (for when terms of R have been
exhausted). In the interest of space we will assume this modification has been
done as:

ALGORITHM 6 - FORGETFUL DIVISION (WITH FORGETFUL REMAINDER)

Input: The forgetful polynomial F and lazy polynomial G so that F*° = f and
G =g.
Output: The lazy polynomial @ and forgetful polynomial R so that f = gx Q>+ R*.

Theorem 4. In algorithm 6, when calculating f-+g the space required (including
space for the input) to force every term of the forgetful remainder R is:

1. Space for a heap with #g terms. 2. Space for #q terms of the quotient.
3. Space for #g terms of the divisor. 4. Space for one term of the dividend f.

Proof.

1. As there has been no change to the division algorithm, Theorem 2 implies
the heap has #¢ many terms.

2. To fully force every term of a lazy polynomial @) requires storage for #gq
many terms.

3. As (G is a lazy polynomial that will be fully forced during the execution we
require space to store #¢g many terms for the divisor.

4. As F is a forgetful polynomial we are restricted to only accessing one term
from F at a time (where no previously calculated terms are cached). There-
fore we only require space to store one term of f.

4 Implementation

We have implemented a C-library for doing lazy (and forgetful) arithmetic for
polynomials with coefficients that are machine integers modulo p, for p some

Listing 1.1. The lazy polynomial structure

1 | struct poly {

2 int N;

3 TermType *terms;
4 struct poly xF1;
5 struct poly *F2;

6 TermType (xMethod)(int n, struct poly xF,
struct poly *G, struct poly xH);

8 int state [6];
9 HeapType *Heap;
10 | };

11 |typedef struct poly PolyType;
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machine prime. In our implementation we represent monomials as single machine
integers (which allows us to compare and multiply monomials in one machine
instruction). This representation, analyzed by Monagan and Pearce [6], is based
on Bachmann and Schénemann’s scheme [I]. The C-structure we are using to
represent a lazy polynomial is given below.

The variable N is the number of forced terms, and F'1 and F2 are two other
lazy polynomials which the procedure Method (among ADD, MULT, DIVIDE, and
DONE) is applied to. As previously discussed Method requires three inputs, two
lazy polynomials to operate on, and a third lazy polynomial where the solution
is stored (and where the current heap can be found). The array statel[6] is a
place to put local variables that get erased but need to be maintained, and Heap
is the heap which the procedure Method uses.

The procedure Term produces the n-th term of the lazy polynomial F', calcu-
lating it if necessary, enabling us to follow the pseudo-code given more directly
as Term(i,F) = Fj.

Listing 1.2. Term

TermType Term (int n, PolyType *F) {
if (n>F—>N) {
return F—>Method (n,F—>F1,F—>F2 F);
}

return F—>terms [n];

oA W N e

6 | };

Table 1. Benchmarks for Maple’s SDMP package [7], Singular, and our lazy package
on sparse examples

f x g mod 503 (fg) ~ f mod 503
SDMP Singular Lazy SDMP Singular Lazy
F=0+z+y*+25° 026 028 12 028 038 14
g=Q+z+y" +a%)%

Ff=0+z+y*+25% 035 067 13 038 065 14
g:(1+z+y3+x5)20

f=0+z+y*)'° 22 1.1 108 25 204 111
g=1+a+y)""

Many details about the implementation have been omitted but we note that
we have built a custom wrapper that interfaces the C-library with Maple (a
non-trivial technical feat). This allows us to manipulate polynomials in a lazy
way at the Maple level but do calculations at the C level.
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Benchmarks are given in Table 1 where we see that calculating in a lazy/
forgetful manner is 3 — 5 times slower than calculating directly with Monagan
and Pearce’s SDMP package (see [7]) or Singular. Roman Pearce pointed out
that this is because we are not using chaining in our heap implementations.
Chaining is a technique where like terms are grouped together in a linked list
to dramatically reduce the number of monomial comparisons in the heap opera-
tions. In [7], Monagan and Pearce show that chaining improves the performance
of multiplication and division using heaps by a factor of 3 — 5.

5 Applications

We give two similar, but nonetheless independently important, applications of
forgetful polynomial arithmetic: the Bareiss algorithm and the Subresultant algo-
rithm. These algorithms both have a deficiency in that intermediate calculations
can become quite large with respect to the algorithms output. By using forgetful
operations we can bypass the need to explicitly store intermediate polynomials
and thus reduce the operating space of the each algorithm significantly.

5.1 The Bareiss Algorithm

The Bareiss algorithm is ‘fraction free’ approach for calculating determinants
due to Bareiss [2] who noted that the method was first known to Jordan. The
algorithm does exact divisions over any integral domain to avoid fractions.

The Bareiss algorithm is given below. In the case where My = 0 (which
prevents us from dividing by My, j in the next step) it would be straightforward
to add code (between lines 2 and 3) to find a non-zero pivot. For the purpose of
this exposition we assume no pivoting is required.

ALGORITHM 6 - BAREISS ALGORITHM
Input: M an n-square matrix with entries over an integral domain D.
Output: The determinant of M.
1: Mo, « 1;
2: for k=1ton—1do
fori=k+1tondo
for j=k+1ton do
M., — My, xM; j—M; My ;

3
4
5: My 1t ; {Exact division.}
6: end for

7 end for

8: end for

9:

return M, ,

The problem is the exact division in line Bl In the final division where the
determinant M, ,, is obtained by dividing by M, _1 -1 the dividend must
be larger than the determinant. It is quite possible (in fact typical) that this



236 M. Monagan and P. Vrbik

calculation (of the form produces a dividend that is much larger
than the corresponding quotient and denominator. This final division can be the
bottleneck of the entire algorithm.

AxBfoD)
E

Ezxample 1. Consider the symmetric Toeplitz matrix with entries from the poly-
nomial ring Z[z1, g, . .., x9] generated by [z1,..., 2],

L1 T2 T3 -+ L9
T2 T1 T2 - I8
Tr3 g X1 -+ X7

Tg -+ XT3 T2 T1

When calculating the determinant of this matrix using Bareiss’ algorithm the
last division (in line [ of Algorithm 6) will have a dividend of 128,530 terms,
whereas the divisor and quotient will only have 427 and 6,090 terms respectively.

To overcome this problem we use forgetful arithmetic to construct the quotient
of AxB ECXD without explicitly storing A x B —C x D (the forgetful algorithms
were invented to do precisely this calculation).

Theorem 5. Calculating Q = AXBECXD (an exact division) with forgetful op-
erations requires space for at most O(max(#A, #B)+max(#C, #D)+#E+#Q)
terms at any one time.

Proof. We have from Theorem [3] that the products A x B and C' x D require
at most max(#A, #B) and max(#C, #D) space, where the difference of these
products requires O(1) since it is merely a merge. As there is no remainder
because the division is exact, the division algorithm will use O(#E+#(Q) storage
by Theorem 2. Summing these complexities gives the desired result.

The implications of this theorem can be observed in Table 2l where we have
measured the amount of memory used by our implementation of the Bareiss
algorithm with forgetful polynomials. The table shows a linear relationship with
the size of the input polynomials. For n = 8 the total space is reduced by a
factor of 57184/832 = 68 (compared to a Bareiss implementation that explicitly
stores the quotient), which is significant.

5.2 The Extended Subresultant Algorithm

Given a UFD D and non-constant polynomial m € D[z], we can form the quo-
tient ring F'[x]/ (m) where F is the fraction field of D. When m is an irreducible
element of D[z]| (that is, there is no non-constant ¢ € D[z] such that ¢ # m
and t divides m), this quotient ring will be a field. Of course, when working
in fields it is natural to ask if there is a systematic way of finding inverses.
The extended subresultant algorithm does this by finding s,t € D[z] such that
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Table 2. Let Q@ = **P_“*P be the division of line 5 of the Bareiss algorithm and
a = max(#A, #B) + max(#C, #D). The following is a measurement of memory used
by our implementation of the Bareiss algorithm using forgetful polynomials to calculate
M,,,, when given the Toeplitz matrix generated by [z1,...,x7].

n #AH#B #C #D #E #A#B + #C#D o+ #E + #Q 32-bit words »-comparisons

512 15 17 17 4 469 106 426 2817
6 35 51 55 55 12 4810 306 944 45632
735 62 70 70 12 7070 326 1462 70028
8 120 182 188 188 35 57184 832 3468 720696

s-u+t-m = Res(u,m, ). In this case deg,(s) < deg,(m) and the inverse of
u € Flz]/ (m) is s/Res(u, m, x).

Our interest is finding subresultants in D[z] and inverses in F[z] when D =7Z
or D =Zly,z,...]. The Subresultant algorithm uses pseudo-division instead of
ordinary division (which the regular Euclidean algorithm uses) to avoid com-
puting with fractions in the fraction field F' of D. We recall the definition of
pseudo-remainder and pseudo-quotient.

Definition 4. Let f,g € Dlx]. The pseudo-quotient § and pseudo-remainder
7 are the ordinary quotient and remainder of o X f divided by g where a =
lcoeff, (g)‘s+1 and § = deg,(f) — deg,(g). Thus they satisfy o f = g+ 7.

One can show (e.g. see Ch. 2. of []) that ¢ and 7 are elements of D[z]. The
extended Subresultant algorithm is given by Algorithm 7. The operations deg,,
prem, pquo, and lcoeff,, stand for the degree in x, pseudo-remainder, pseudo-
quotient and leading coefficient in x (respectively).

ALGORITHM 7 - EXTENDED SUBRESULTANT ALGORITHM

Input: The polynomials u,v € D[z] where deg, (u) > deg, (v) and v # 0.
Output: The resultant r = Res(u,v,z) € D and s,t € D[z] where s-u+t-v=r.
L (g,h) — (1,-1);

2: (807 s1, to, tl) N (17 0,0, 1)7

3: while deg_(v) # 0 do
d «— deg, (u) — deg, (v);

(7,q) < (prem(u,v,z),pquo(u,v,x)); {7, § are computed simultaneously.}
U — v;
o — lcoeff, (v)*H;

(5,t) « (a-s0—s1-Ga-to—t1-q);
9: (s0,t0) < (s1,t1);

10: v 7= (—g-h%);

1 (s1,0) = (s+ (—g-hY),t+ (—g - b))
12: g« lcoeff, (u);
13: he (—g)% = hoY

14: end while

15: (r,s,t) < (v, 81,t1);
16: return 7,s,t;
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Table 3. Let 7,§ be from line 5 and v,—g - h% be from line 10 of Algorithm 7.
The following is a measurement of the memory used by our implementation of the
extended subresultant algorithm using forgetful polynomials to calculate Res(f, g, x1)
where f = 2% + Z?:I (zi + :1023) g =i+ Z?:I x? € Z]x1,. .., x5 at iteration n.

n #Hr  H#q§ Hv # (fg . hd) 32-bit words >-comparisons
1 29 7T 29 1 236 137

2 108 6 108 1 154 953

3 634 57 634 1 2,672 75,453

4 14,692 2412 2,813 70 83,694 25,801,600

A bottleneck occurs when finding the pseudo-remainder on line Bl It can be
easily demonstrated, especially when u and v are sparse polynomials in many
variables, that 7 is very large relative to the dividend and quotient given by the
division on line In fact 7 can be much larger than the resultant Res(u, v, x).

Ezample 2. Consider the two polynomials f = x?—i—Z?:l (:1:1- + :Ef’) and g = o+
Z§:1 z? in Z[z1,...,39]. When we apply the extended subresultant algorithm
to these polynomials we find that in the last iteration, the pseudo-remainder 7
has 427,477 terms but the quotient v has only 15,071 (v is the resultant in this

case).

To solve this problem we let the pseudo-remainder be a forgetful polynomial
so that the numerator on line does not have to be explicitly stored. This is
accomplished by using Algorithm 5 since (when f and g regarded as univariate
polynomials in x) calculating prem(f, g, ) is equivalent to dividing o X f by g
using ordinary division with remainder. Table 3 shows the benefit of calculating
in this manner. In the final iteration only a max 634+2412=3046 terms will need
to be explicitly stored to calculate a pseudo-remainder with 14,692 terms. Note,
in order to implement this pseudo-division in the sparse distributed form, the
monomial ordering used must satisfy Yz" = Zz"~! for all monomials Y and Z
that do not involve z.

Conclusion

We presented algorithms for lazy and forgetful polynomial arithmetic and two
applications. These applications have demonstrated that the space complexity of
the Bareiss algorithm and extended Subresultant algorithm can be significantly
improved by using forgetful arithmetic, as proposed in this paper.
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Abstract. An integer sequence {t,} defined by the random recurrence
to=0t1 =1,t2 =1, thy1 = th—e¢ +tn—1-¢, n > 2, where the random
variable £ is equal to 0 or 1 with the probabilities p and q respectively, is
called a random composition of Fibonacci and Padovan recurrences. We
show that lim, oo {/E(tn) is equal to the greatest absolute value of the
roots of the algebraic equation \*> = pA2 4+ X + q.

1 Introduction

The Fibonacci numbers defined by
fo=0, fi=1, fayi=fo+ fa-1,n>1 (1)
and the Padovan numbers defined by
po=0,p1=1,p2=1 pnt1 =pPn-1+Pn-2, n=2 (2)

both are widely known. It is also well-known that f, and p, both increase
exponentially with n — oo at the rates

1 5
¢= +2\/ = \/1 + \/1 ++V14...=1.61803398... (the golden ratio) (3)
and
(9 — V69)3 + (9 + /69) 5 \/ N
- =1\/1 1 1+4... 4
K 2333 + \/ + V14 (4)
=1.32471795... (the plastic number)

respectively, where
P?=¢+1,7 =7+1 (5)

Let now ¢ be a random variable such that

1
(=1 or — 1 with equal probabilities 9 (a case of the ”balanced coin”)

V.P. Gerdt, E:ZW. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 240-246] 2009.
(© Springer-Verlag Berlin Heidelberg 2009
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and let us consider a random sequence defined by the random recurrence
to=0,t1 =1, thy1=C -ty +tn_1,n>1. (6)
In his pioneer work [1], Divakar Viswanath proved that almost surely

Vltn] — o =1.13198824..., n — oo, (7)

where log a is computed as the integral of the function ilog ((ﬁfn”;;) with
respect to some fractal measure on R+.

In the article [2], Viswanath’s result is generalized for the case of an “unbal-
anced coin”, and in Remark 1.2 the authors of the article mention their previous
results on the so-called “average point of view” in this problem, i.e., the problem
of calculating the limit lim,, oo {/E(t,), (E here stands for the mean value),
which is called “the average growth rate” (a.g.r.) of the sequence {¢,} [3].

In our article we are interested in the problem of calculating the a.g.r. of the
random sequence defined as follows:

Let

¢ be a random variable such that £ = 0 or 1 with the probabilities  (8)
p and g =1 — p respectively, where 0 < p <1,

and let us define a random sequence {t,} by
to=0,t1=1,t2 =1, tpp1 =tn—g +tp—1-¢, 1 > 2. (9)

The problem in question is to find the average growth rate of such sequences.

Recurrence (@) shows that the random variable “switches” randomly between
recurrences (Il) and (2]), so we shall refer to the resulting random sequence as a
random composition of Fibonacci and Padovan recurrences.

In the beginning of Section 2, for simplicity and clarity we consider in detail
the case of a “balanced coin”, and afterwards we give a brief overview of the
question for an “unbalanced coin”. In both cases we use in fact the method of
“random Fibonacci tree” suggested in [3] that allows us to find a linear recurrence
equation for E(t,,) by means of quite elementary considerations.

2 The Fibonacci Tree and the a.g.r.

We begin with the case of a ”balanced coin”:
Let £ and {t,} be the same as defined in (8) and @) with p =
be a random matrix:

é, and let G

01 0
G=(0 0o 1 |. (10)
€ 1 1-¢
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Then if t = (0 1 1)T, coordinates of the vector

ln
tn+1 :anl---GlGO -t (11)

tn+2

where matrices G,,—1,...G1,Gp are selected randomly from the set {F, P},

0 1 0 0 1 0
where F=0 0 1]and P=|0 0 1], constitute three consequent
0 1 1 1 1 0

terms of {t,}.
Below are three possible examples of such random sequences:

o 1 1 2 2 3 5 5 8 13 13 26...
01 1 1 2 2 4 6 10 16 16 32...
0 1 1 1 2 2 4 4 6 8§ 14 14...

Now we are going to describe a "random Fibonacci tree” for p = é which indi-
cates all possible outcomes for {t,} (cf. [3]) Each node in this tree represents a

011
112 111
123 122 112 112

]

358 355 336 335

Fig. 1. The Fibonacci tree for the case of the balanced coin

parent-triple (a = t,,—2,b = in_1,c = t,) together with two children-triples: left
(b,e,b+ ¢) and right (b,¢,a + b) in accordance with whether the parent-triple
was multiplied by matrix F or P, respectively. So, any conceivable realization
of {t,} corresponds to a (random) path in this tree. For example, the red path
in Fig. 1 corresponds to a sequence o = 0,1,1,2,3,3,5..., where ¢,,, n > 2 is
equal to the third element of a triple.

Let (A, By, Cy), n > 0 be a sum of all 2" triples at the nth level of the tree.
Then obviously Ag =0, Bop =1, Cyp =1 and

An+1 = 2Bn7 Bn+1 = 2Cn7 (12)
Cpy1=(Bn+Cn)+ (A, +B,) =A,+2B,+C,, n>0,

hence Cy =1, C; =3, Cy =9 and for n > 2
Chi1=Cn+2(2C,—1) +2(2C,—2) = Cp, +4C, 1 + 4Cp_s. (13)
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From (I3) we easily get a recurrence for the mean value E(C,,) = E(t,) = g:;
B(to) =1, B(t1) = 5, B(t2) = |, (14)
E(tn1) = E(Qtn) +E(th-1) + E(t;d), n > 2.
Since the characteristic equation for (I4) is
203 = A2 42X\ + 1, (15)

the a.g.r. of the sequence {t¢,} is equal to the greatest absolute value of its roots:

A= (1 + {/73 +6V87 + {‘/73 —~ 6\/87> =1.4375648970...  (16)

i.e. asymptotically
E(t,) ~ A} or logE(t,) ~ n-log\.. (17)
Let now p, 0 < p < 1 be an arbitrary rational number, p = mﬁlmz’ where

m1, My are positive integers, and suppose one has a box containing m; and ms
”black” = 0 and ”white” = 1 enumerated balls respectively:

@@L © OD...... @

m, o +1 m, +m,

Fig. 2. A box containing m; “black” (0) and mo “white” (1) balls

So, the numbers 1,2,...m; + mo being sampled equiprobably, the “black”

and “white” balls will appear with probabilities p and ¢ = 1 — p = mﬁ2m27
respectively.
Let now {t,} = {0 =to,1,1,t3,t4,ts5,...}, where
tn-i—l = tn—{ + tn—l—& n > 2 (18)

and £ =0 or 1 for the “black” or “white” ball, respectively.

The construction of the Fibonacci tree for this case (“unbalanced coin”) is
quite similar to the previous one, but now every node of the tree is as shown in
Figure 3.

For example, if m; = 3, mo = 2, the tree will look like the one in Figure 4.

Similarly to what was said above, let (A4,, By, Cy), n > 0 be the sum of all
(m1 + m2)™ triples at the nth level of this tree. Then Ag =0, By =1, Cy =1
and

Apy1 = (m1 +m2)By, Bpy1 = (m1 +ma)Chp, (19)
Cn+1 = moA, + (m1 + mg)Bn +mi1C,, n>0,
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(a=t,,.b=t _,.c=t,)

e T

(b.c.b+¢)..... (b.c.b+¢) (b.c.a+b). ... .....  (b.c.a+h)
| \ \ \

m, times m, times

Fig. 3. A node of the Fibonacci tree for the case of unbalanced coin

011
112 112 112 111 111

1505 o3 il N A [ I o e o5 5 5550 5 5506 0 51556 5155 B 0 &

Fig. 4. An example of the Fibonacci tree for the case of unbalanced coin

from which it follows that

Cpy1 =miCp + (my + mg)QCn_l + mg(m1 + m2)2C’n_2, n>2 (20)
Co=1,C = Qm% + msg, Co = 3mq + 4mimso + 2m§

Now for the mean value E(C,) = E(t,) = we get the recurrence

relation:

Ch
(mi1+ma)n

E(to) =1, E(t;) = 1 +p, E(ty) = 2+ p?, (21)
E(tpi1) = pE(tp) + E(tn_1) + qE(tn_2), n>2

with characteristic equation
MN=p\+At+q (22)

By reason of continuity, equation (22]) remains valid for any values of p, 0 < p <1
rather than for only rational values.

So, for any p, 0 < p <1 the a.g.r. of the sequence {t,} is equal to the greatest
absolute value A, of the roots of equation (22)) and again asymptotically

log E(ty,) ~ n -log As. (23)

Figure 5 shows a graphic of A\, = A\.(p) for p € [0,1], where p = 0 and p = 1
correspond to the Padovan and Fibonacci sequences, respectively:
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0.2 0.4 0.6 0.8 %
1.35

Fig.5. A graphic of A« as a function of p

3 Computer Simulation Model

Figure 6 shows the result of the simulating by MATHEMATICA-program
FibPadCompose[N[Log[2]],7,50], where the random composition of the Fibonacci
and Padovan recurrences with p = Log[2] = 0.693147 was generated for a sample
of M = 7 sequences containing N = 50 terms in each sequence.

The seven (= M) blue curves represent the sequences {1og t,, }»<n=50 whereas
the green curve shows the logarithms of their ”"mean sequence”

{log E(ty,) }n< N=50,

10 Z0 30 40 50

Fig. 6. An example of the simulating computer experiment for the random Fibonacci
and Padovan composition
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and the red straight line represents the asymptotic behavior of the
{log E(tn) }n<nN=50, i.e., according to (23] the sequence {n -log A }n<n=50. The
slope of this line is equal to log A\, = 0.403903... where A, = 1.49766.

It is evident that the green curve is very similar to a straight line parallel to
the red one in full accordance with formula (23]).
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Abstract. Grobner basis is one of the most important tools in recent
symbolic algebraic computations. However, computing a Grobner basis
for the given polynomial ideal is not easy and it is not numerically stable
if polynomials have inexact coefficients. In this paper, we study what we
should get for computing a Groébner basis with inexact coefficients and
introduce a naive method to compute a Grobner basis by reduced row
echelon form, for the ideal generated by the given polynomial set having
a priori errors on their coefficients.

1 Introduction

Recently, computing a Groébner basis for polynomials with inexact coefficients
has been studied by several researchers ([1, [2], [3], [4], [5], [6], [7]). In Sasaki
and Kako [1], this problem is classified into the first and the second kinds of
problems. The first kind is computing a Grobner basis for the ideal generated
by the given polynomials with exact coefficients by numerical arithmetic (e.g.
floating-point arithmetic). The second kind is for the given polynomials with
inexact coefficients having a priori errors. In this case, we have to operate with a
priori errors whether we compute a basis by exact arithmetic or not. For exam-
ple, Shirayanagi’s method ([3], [4]) by stabilization techniques requires to extend
the input precision up to a point that the algorithm can work stably hence it
is for the first kind since we cannot extend the input precision of inexact data
in practice even if we can extend precisions during computations. For practical
computations, coefficients may have a priori errors due to limited accuracy, rep-
resentational error, measuring error and so on, hence the second kind is much
more important than the first one. In this paper, we try to interpret the second
kind of problem with the comprehensive Grébner system and numerical linear
algebra.

We assume that we compute a Grobner basis or its variants for the ideal
I C Clx] generated by a polynomial set F' = {f1,..., fr} C C[x] where C[x] is
the polynomial ring in variables @ = z1,...,xy over the complex number field
C. However, in our setting, coefficients may have a priori errors hence we have
only a polynomial set F' = {fl, cee f,;} C CJa] as the given inexact input, which
may be different from F'. We note that the number of polynomials may be also
different (i.e. k # k). The most interesting part of this problem is what we should
compute for the inexact input F when we are not able to discover the hidden
and desirable polynomial set F. We review some known interpretation of this
problem in Section 2 and 3 and give another resolution in the latter sections.

V.P. Gerdt, E:ZW. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 247-258] 2009.
(© Springer-Verlag Berlin Heidelberg 2009



248 K. Nagasaka

2 Comprehensive Grobner System with Inexact Input

If we can bound the difference between F and F in some way, the most faithful
solution for computing a Grébner basis with inexact input is the comprehensive
Grobner basis (or comprehensive Grobner system) introduced by Weispfenning
(B8], [T, [@]). By representing error parts as unknown parameters, the problem
becomes computing a parametric Grébner basis. In this section, we briefly review
this approach in our problem setting.

Let A= Clay, ..., a,] be the polynomial ring in parameters oy, . .., o, over
the complex number field and consider the polynomial ring A[x] in variables
Z1,...,2¢. For a fixed term order > on C[x], it is well-known that in general
a Grobner basis in Afz] with respect to variables & will no longer remain a
Grobner basis in C[z] when the parameters ay, . .., o, are specialized to some
values in C. The comprehensive Grobuner basis and system [8] are defined to
overcome this situation.

Definition 1 (Comprehensive Grobner Basis). Let F' C A[x] be a finite
parametric polynomial set and I be the ideal generated by F. We call a finite ideal
basis G of I a comprehensive Gréobner basis of I if G is a Grébner basis of the
ideal generated by F in Clx] for every specialization of parameters au, ..., o,
in C. N

Definition 2 (Comprehensive Grobner System). Let F' C Alx] be a finite
parametric polynomial set, S be a subset of C7, A1,..., A, be algebraically con-
structible subsets of C7 such that S C A;U---UA, and Gy, ...,G, be subsets of
Alx]. We call a finite set G = {(A1,G1), ..., (A, Gr)} of pairs a comprehensive
Grobner system for F' on S if G; is a Gréobner basis of the ideal generated by F
in Clx] for every specialization of parameters (a1, ..., o) in A;. Each (A;, G;)
is called a segment of G. <

Suppose that all the inexact parts on coefficients in F can be represented by
parameters au, ..., oa,. Then, computing a Grobner basis with inexact input
can be done by computing a comprehensive Grobner system for F' € A[z] on
S where S includes all the possible specialization of parameters (ac, ..., o) in
C". However, in general, a comprehensive Grobner system has a huge number of
segments and its computation time is quite slow (see [I0] for example). Though
Weispfenning [7] tried to decrease the time-complexity by using only a single
parameter to represent the inexact parts, whose bounding error mechanism is
very similar to interval arithmetic and Traverso and Zanoni [6] pointed out that
an interval easily becomes too large when we compute a Grobner basis by interval
arithmetic. In the author’s opinion, this is one of reasons that many researchers
still have been studying Grobner basis with inexact input.

3 Approximate Grobner Basis with Inexact Input

As in the previous section, unfortunately, treating inexact parts of coefficients as
parameters does not give us any reasonable (w.r.t. computation time and number
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of segments) answer to the second kind of problem. In this section, we review
another approach by Sasaki and Kako [I]. They tried to define approximate
Grobner basis by the following approximate-zero tests for polynomials appearing
in the Buchberger algorithm. We note that they also introduced several numerical
techniques to prevent cancellation errors and we briefly review only their concept
without their complete settings and definitions.

Definition 3 (Approximate-Zero Test). Let p(x) be a polynomial appear-
ing in the Buchberger algorithm, and (si(x),...,s;(x)) be the syzygy for p(x)

L k ; ; z
satisfying p(x) = Y. si(x) fi(x). If ||pl|< € x max{|[sifill,...,[|s;pfzl|} where
llp|l denote the infinity norm of p(x), then we say p(x) is approzimately zero at
tolerance €, and we denote this as p(x) =0 (tole). <

Definition 4 (Practical Approximate-Zero Test). Let p(x) be a polyno-
mial appearing in the Buchberger algorithm, and (p1,...,pm) be all the non-zero
coefficients tuple of p(x). If max{|p1|,...,|pm|} < €, then we say p(x) is prac-
tically approxzimate-zero at tolerance e, and we denote this as p(x) = 0 (tol €).

<

With one of the above definitions (computation of syzygies is time-consuming,
so they decided to use the second one in practice), they define the following
approximate Grobner basis.

Definition 5 (Approximate Grébner Basis). Let ¢ be a small positive num-
ber, and G = {g1,...,9-} be a polynomial set. We call G an approximate

Grébner basis of tolerance ¢, if we have S(gi,gj)G =0 (tol e) (Yi # j) where
S(gi,95) and p& denote the S-polynomial of g; and g; and the normal form of p
by G, respectively. <

The above definition can be considered as a numerical version of comprehensive
Grobner system with a single parameter by Weispfenning [7], using much rea-
sonably relaxed bounds instead of exact interval arithmetic. In the Buchberger
algorithm, head terms of polynomials appearing in the procedure are critically
important hence most of known results have to take care of approximate zero
tests by exact interval arithmetic, parametric representation or the above way
for example. In the rest of the paper, we consider the second kind of problem as
a problem in numerical linear algebra instead of trying to extend the Buchberger
algorithm directly.

4 Grobner Basis for Inexact Input as Linear Space

We note again that the first and second kinds of problem are fundamentally
different. For the first kind, there exists the answer which is a Grobner basis of
the ideal I generated by F' and can be computable by exact arithmetic. On the
other hand, for the second one, there exist so many possible answers since F’ is
not known in practice and the given polynomials of F have a priori errors and we
can absolutely not be able to know that they should be. Moreover, for the given
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F and the unknown F it may happen that p(z) € ideal(G) and p(z) ¢ ideal(F)
even if we can compute a Grébner basis G for ideal(F) by some method, where
ideal(S) denotes the ideal generated by the elements of a set S. Because such
a Grobner basis is only a candidate for possible so many Grobner bases for
unknown F' . It also be possible that they include {1}. Any resolution for the
second kind of problem must guarantee that p(z) € ideal(G) and p(z) € ideal(F)
are equivalent with or without some conditions since what is the most reliable
is not G but the given F (this is the only reliable information) which does not
have any posteriori error. In the below, we give a resolution from this point of
view.

4.1 Grobner Basis as Linear Space

Some researchers studied computing a Grébner basis by reduced row echelon
form ([11], [12]) though there are no concrete algorithms described. However,
this is not efficient since we have to operate with large matrices. Using matrix
operations partially like F4 and F5 ([I3], [14], [2]) may be the best choice if we
want to decrease the computation time. We note that the matrix constructed in
the F4 algorithm is essentially the same as in this paper and is more compact
and well considered. On the other hand, for the second kind of problem, it
may be useful since we can use so many results from numerical linear algebra
for the situation where we must inevitably operate with a priori errors. Hence
we summarize an algorithm for computing Grobner basis with exact input by
reduced row echelon form in this subsection. We note that we use the following
definition though there are several equivalents (see [15] or other text books).

Definition 6 (Grobner Basis). G = {g1,...,9-} C I\ {0} is a Grébner basis
for I w.r.t. a fized term order = if for any f € I\ {0}, there exists g; € G such
that ht(g;)|ht(f) where ht(p) denotes the head term of p(x) € Clz] w.r.t. =. <

We consider the linear map ¢ : Clz]r — C™ such that ¢7(¢t;) = € where
Clz]7 is the submodule of Clx] generated by an ordered set (the most left
element is the highest) of terms 7 = {¢1,...,t;n - and € (i = 1,...,m) denotes
the canonical basis of C™. The coefficient vector P of p(x) € Clx] is defined to
be satisfying 7 = ¢7(p) and p(x) = gb}l (7). With a fixed 7, we consider the
following subset Fr of I.

k
Fr = {Z si(x)fi(z) | si(z)fi(z) € Clz]T, si(x) € C[m]} :

=1

The Buchberger algorithm guarantees that G C Fg if 7 has a large enough
number of elements. To compute a Grobner basis for I, we construct the matrix
M7 (F) whose each row vector ' satisfies ¢ (7) € Pr(f) for f(x) € F where

Pr(p) = {t; x p(z) € Clz]r | t; = ¢7' (&), i=1,...,m}.

By this definition, F7 and the linear space V1 generated by the row vectors of
M (F) are isomorphic.
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We note that a matrix is said to be in reduced row echelon form if it satisfies
the following four conditions.

1. All nonzero rows appear above zero rows.

2. Each leading element of a row is in a column to the right of the leading
element of the row above it.

3. The leading element in any nonzero row is 1.

4. Every leading element is the only nonzero element in its column.

Lemma 1. Let M1 (F) be the reduced row echelon form of Mz (F). If g;(x) €
Fr for a fized i € {1,...,r}, Mz (F) has a row vector [ satisfying ht(g;) =
ht(67" (7))- a

Proof. Since the linear map ¢7 is defined by the ordered set 7, each leading
element of a row vector 7 of Mz (F) is corresponding to ht(¢7'(7)). The
lemma follows from the facts that F’7 and V7 are isomorphic and all the leading
entries of nonzero rows are disjoints since M (F) is in the reduced row echelon
form.

Lemma 2. Let M (F) be the reduced row echelon form of Mz (F). If T has a

large enough number of elements, the following G is a Grobner basis for I.
Gr = {qf)}l(ﬁ) | P is a row vector of MT(F)} <

Proof. The Buchberger algorithm guarantees that G C Fr if 7 has a large
enough number of elements. Therefore, G satisfies the condition of Definition
since we have g;(z) € Gr, i ={1,...,7} by Lemmal[ll

The above lemmas lead us to the following algorithm directly.

Algorithm 1. (Grobner Basis by Row Echelon Form)
Input: a term order > and a set I’ of polynomials,

F={fi(x),..., fr(x)} C Clz].
Output: a Grobner basis G for the ideal generated by F,

G={q(@),...,9:(x)} C Clx].

. d «— max;=1,.  tdeg(f;) (the total degree of f;(x)).
. T «— the ordered set of the terms of total degrees < d.
. M7 (F) < the reduced row echelon form of Mz (F).
.Gt — {qb}l(ﬁ)) | 7 is a row vector of MT(F)}
.G — G \{g9€e€Gr3heGr\{g} st ht(h)ht(g) }.
. Outputs G if the following conditions satisfied:

6-1.Vf e F, ;" =0,

G
6-2. Vgi, g; € G, S(gi,9;) =0,

ST = W N~

otherwise d < d + 1 and goto Step 2. «
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Algorithm [ is not optimized. For example, we should optimize the algo-
rithm as follows. In Step 1, it is better that we start with a larger d (e.g.
max;—1,.. rtdeg(fi) + 1 or a large enough d such that all the S-polynomials
of F can be calculated in C[x]7). Moreover, we can use the rectangular degree
(bounding each variable separately and also called the multi degree) instead of
the total degree. In Step 6, it is better that we increment d by A, such that
S(gi,9;) can be calculated in Fr for any pair of elements of G and 7 with
d—d+ Ay

Lemma 3. Algorithm [ computes the reduced Grobner basis for the ideal gen-
erated by the given polynomial set F'. N

Proof. The condition 6-1 guarantees that the ideals generated by F' and G are
the same. Hence, if 7 has a large enough number of elements, Algorithm [I]
outputs a Grobner basis for the ideal generated by F' since the condition 6-2
means that G is a Grobner basis for the ideal generated by G. Step 5 deletes
verbose polynomials by Definition [6] hence G is a minimal Grébner basis. The
lemma follows from the fact that M¢(F') is in the reduced row echelon form so
that all the polynomials corresponding to row vectors are already reduced by
other rows (polynomials). In this algorithm, we use total degree bounds for 7
hence 7 must have a large enough number of elements in finite steps.

Example 1. We compute the reduced Grobner basis w.r.t. the graded lexico-
graphic order for the ideal generated by the following polynomials. We note that
we show only very simple example since it is difficult to show the whole matrices
for nontrivial cases.

F ={2z+ 3y, zy —2}.

In this case, we construct the following matrix M (F) with d = 3 and compute
its reduced row echelon form M (F).

23000000 0 O 10000000—2 0
02300000 0 O 2
01000000 3 O
0000230 0 0 O
00100000—-2 0
00230000 0 O 00010000 % 0
Mr(F)=10000023 0 0 0 |, Mg(F)= 3
00001000 0 3
0000000 2 3 O
00000100 0 —2
0100000-2 0 O 4
00000010 O
0010000 0 -2 0 00000001 3 8
0000010 0 0O —2 2
Hence, we have the following candidate G for a Grobner basis.
4 4
{x392yvy172+3y755y229a y3+ 3y7x2+37 ‘Ty72a y2+37z+32y}

We delete all the verbose elements and test the conditions in Step 6. Since they
pass the conditions, we obtain the following reduced Grobner basis.

G={z+%, *+1}. q
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4.2 Definition of Numerical Grobner Basis as Linear Space

Let M7 (F,p) be the matrix whose row vectors are of My (F) and ¢ (p) of a
polynomial p(x). We denote the numerical rank of matrix M by rank. (M) which
satisfies

rank.(M) = min  rank(M’)
1M =DM ||s<e
where rank(M) denotes the conventional matrix rank of M. We note that for
any k < rank(M), we have

. M - MI =
rankr(n]\lfll):,{ H ||2 Ok+1

where o; denotes the i-th largest singular value of M.

The difference of the ideal membership of p(x), between ideal(G) D F and
ideal(F') may increase with increasing the total degree or the number of terms
of p(z). Hence, we consider the equivalence of ideal(G) and ideal(F) by limiting
the total degree or the number of terms that must be the lowest value satisfying
G C FT since we wish to keep the relations between G and F. We note again
that F is only reliable since F is not known.

Definition 7 (Numerical Membership). For a polynomial p(x), a polyno-
mial set F' and an ordered set of terms T, we say that p(x) is numerically a mem-
ber of ideal(F) w.r.t. T and the tolerance e if rank(M (F)) = rank. (M7 (F, p)).
We denote this by p(x) €7 . ideal(F). q

By this definition, we say ideal(F) and ideal(G) are numerically equivalent if
and only if Vf(x) € F, f(x) €7 ideal(G) and Yg(z) € G, g(z) €7 . ideal(F).
On may think that with this definition some strange situations can happen. For
example, it is possible that every polynomials numerically belong to an ideal
or that sifi1 + sof2 does not numerically belong to an ideal even if f; and f;
numerically belong to it. This is correct and inevitable for the second kind of
problem. F are just one of possible sets for F' so we cannot ignore the extreme
case: 1 € ideal(F'). Moreover, even if we use exact arithmetic as in Section [2]
after any computation (e.g. s1f1 + sa2f2), the difference from F' usually becomes
larger hence some strange situations may happen.

The above definition cannot be used for testing S(gi,gj)G =0 (95,95 € G)
since it usually happens that S(g;, g;) €7, ideal(G), depending on 7. We sup-
pose gj( xz) = gi(x) (j < i) and construct the matrix Ry (G) whose each row
vector P satisfies ¢! (P') € Pr(gi) for gi(x) € G where

Pr(g:) ={tix gi € Clxlr | t: =7 (&), i=1,....m,
39 € Pr(g;) (7 <), ht(g) = ht(t; x g;)}.

Similar to M (F,p), Rr(G,p) is defined as the matrix whose row vectors are
the vectors of R7(G) and ¢7(p) of a polynomial p(x).
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Definition 8 (Numerical S-Polynomial Check). For polynomials g;(x) and
gi(x) of a set G and an ordered set of terms T, we say that the S-polynomial
S(gi,95) is numerically reduced to 0 by G w.r.t. T and the tolerance € € Rx>q if

rank(R7(G)) = rank.(R7 (G, S(gi, 9;))). We denote it by S(gi,gj)c =7¢0. <«

Definition 9 (Numerical Grébner Basis). We say that G = {g1,...,9:} is
a numerical Grébner basis for ideal(F) w.r.t. a fived term order = and a toler-
ance € € Rxq if the following conditions are satisfied.

1.Vi,j€{1,...,r}, lem(ht(g;), ht(g;)) € T,

2.Yij € {1,...,1}, S(gi,95)" =10

where T is an ordered set of terms such that ideal(F) and ideal(G) are numeri-
cally equivalent. In addition, minimal and reduced Grobner basis are also defined
in the ordinary way. N

We note that the above definition is compatible with the conventional Grébner
basis since they are the same if € = 0. Moreover, any conventional Grobner basis
is always a numerical Grobner basis w.r.t. any tolerance. One may think that this
definition for the second kind of problem is not well-posed which is the notion
introduced by Hadamard and should have three properties: a solution exists, is
unique, and continuously depends on the data. Analyzing the definition from
this point of view is postponed for future work.

4.3 How to Compute Numerical Grobner Basis

Computing a numerical Grobner basis defined in the previous subsection is not
easy. In this subsection, we give a naive method using the reduced row echelon
form. Though Algorithm [ uses only the reduced row echelon form, for the
numerical case, we separate it into the forward Gaussian elimination and back-
substitution. Let U7 (F) be the upper triangular matrix by the forward Gaussian
elimination with partial pivoting, using an unitary transformation (i.g. givens
rotation), of M (F), and Uz .(F) be the same matrix but neglecting elements
and rows that are smaller than the given tolerance € in absolute value and 2-
norm, respectively.

Algorithm 2. (Numerical Grobner Basis) }
Input: a tolerance € < 1, a term order > and a set F,

F={h(@)..... fy(@)} C Clal.

Output: a numerical Grébner basis G for ideal(F),
G={gi(x),...,9-(x)} C Clz] or “failed”.
1. d «— max;=1,. ,tdeg(f;) and e — 1.
2. T « the ordered set of the terms of total degrees < d.
3. UT,E(P:' ) < the upper triangular matrix by the forward Gaussian elimination
with partial pivoting, using an unitary transformation of ./\/lq—(ﬁ' ).

4. Ur .(F) « the reduced row echelon form of Uz . (F)

by back-substitution without scaling pivots to one.

5.Gr — {d)}l(?) | 7 is a row of Ur (F), || 72> 5}-
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Gr —{07"(F) | 7 is a xow of Ur o(F), | 2> ¢ }.
6. G Gr\ {g € Gt 3h € G7 \ {g} s.t. ht(h)|ht(g) }
G—Gr\{ge€Gr3heGr\{g} st ht(h)ht(g) }.
7. Outputs G or G whichever satisfies the conditions:
7-1.Vg;, g; € G, lem(ht(g;), ht(g;)) € 7,
7-2.Vf e F, f(x) €7 ideal(G),
G
7-3. Vgi,gj S G, S(gi,gj) =T 0.
8. Outputs “failed” if 3% > 1 .
9.d—d+1, e« e+ 1 and goto Step 2. q

Lemma 4. Throughout Algorithm[2, we have
Vg€ Gr (2 Q), g(x) €75 ideal(F)
where § =|[Ur (F) — U (F)]. <

Proof. Let UT,E(F, g) be the matrix whose row vectors are of Z/{T,E(F) and
¢7(g), and U7 (F, g) be the matrix whose row vectors are of Uz (F) and ¢7(g).
By the assumption of the lemma and rank(U7, a(F g)) = rank(Uz (F)), we
have || Uz (F,g) — Ur(F,g) |[2< 6. Since Uz (F) is calculated by only uni-
tary transformations, we have Uz (F) = UMz(F) where U denotes the prod-
uct of such transformations. Let U’ be the following unitary matrix satisfying
Z/{T(Fﬂ g9) = U/MT(F,Q)-

The lemma follows from the facts that all the singular values of M7 (F,g) and
U M7 (F,g) are the same since U’ is unitary.

Lemma 5. Throughout Algorithm [3, we have
Vg e Gr (2 Q), g(x) €15 ideal (F)
where § =|Ur (F) — Uz (F)]. <

Proof. Since for any row vector 7 of Uz .(F), 7 is a linear combination of row
vectors of Uz .(F), we have rank(Ur .(F,g)) = rank(Us .(F)). The lemma is
proved by the same way in the above proof.

Lemma 6. Throughout Algorithm [3, we have
Vf € Fr, f(z) €75 ideal(GT)

where § =|Ur (F) — Uz (F)]. <
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Proof. The lemma follows from the fact |[Uz o(F, f) — Uz (F, f)||2< § as in the
above proves.

Unfortunately, the above lemmas do not guarantee that Algorithm ] always
terminates with a numerical Grébner basis. However, they suggest 3°c > 1 in
Step 8 as follows. One of the reasons that Algorithm 2] can fail to terminate with
a numerical Grébner basis is g € G, t € T, tg ¢ 7. Gr. For a proper superset
T’ of T, by the above lemmas, we have

| Uz (', tg) = Uz o(F) ||2 i
= || Uz e(F,tg) — /(If,tg)JrUT/(F tg) — Uz (F) + Uz (F) = Uz o(F) ||2
< || Uz (F,tg) — Uz (F,tg) |l2 + || U (F,tg) — Uz (F) ||2_ )
+ Uz (F) = Uz o(F) |2
< 3¢

where &' =||Uz: o(F) — Uz (F)||. This means that the distance between G and
G increases by a factor of 3 in the worst case, even if we decrease § and ¢’ such
that 6, ¢’ ~e.

In our preliminary implementation, due to accumulating numerical errors, we
use the following G and G instead of the above.

G « {%71(?) | 7 is a row of Ur o (F), || T2> 51/2}

Gr {67 ()| 7 is v vow of Ur o (), [[7]2> '/}

In Step 7, we test G' and G. However, it is better that we test the all subset of G
and G7 if we do not consider the computing time though we do not implement
this. According to our experiments, we could detect a suitable tolerance ¢ as
follows.

e = 1000810 or+10810 Th41)/2 (4.1)

where o; denotes the i-th largest nonzero singular value of M7 (F) and k is the
largest integer maximizes oy /ok11. Moreover, in our preliminary implementa-
tion, we use matrices N7 (F) and Nz (F,p) instead of M7 (F) and M1 (F,p),
respectively, whose row vectors are normalized in 2-norm. This normalization
is not necessary for our definition, however this makes numerical computations
more stable.

Example 2. We compute a numerical Grobner basis w.r.t. the graded lexico-
graphic order and the tolerance e = 10~° for the ideal generated by the following
polynomials that are the same polynomials in Example[] but slightly perturbed.

F = {2.0000052 + 3.000001y, 0.999999zy — 2.000003}.

In this case, we construct the matrix Nz (F ) with d = 3 and compute the reduced
row echelon form of Nz (F). In Step 5, we have the following candidate for a
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numerical Grobner basis.

Gr = {0.5547012° — 2.49615y, 0.712525y2> + 2.13758y,
0.883413xy? — 1.76683y, 0.647575y° + 0.863437y,
0.55470122 + 1.6641, 0.712525zy — 1.42505,
0.522232y2 + 0.696312, 0.7161162 + 1.07417y }.

We delete all the verbose elements and test the conditions in Step 7. Since they
pass the conditions, we obtain the following numerical Grobner basis that are
very similar to the result in Example [Tl

G = {1.0y> +1.33334, 1.0z + 1.5y} .

For the lexicographic order and € = 1075, we start with the rectangular degree
bound d = {2,2} and we have the following Gr.

Gr = {0.4472132% — 1.78886, 0.712525y22 + 2.13758y,
0.55470122 + 1.6641, 0.687552y2 — 1.3751y,
0.712525zy — 1.42505, 0.7161162 + 1.07417y, 0.522232y2 + 0.696312 }.

We delete all the verbose elements and test the conditions in Step 7. Since they
pass the conditions, we obtain the following numerical Grébner basis.

G = {1.0z + 1.5y, 1.0y> + 1.33334} . (4.2)

Our method can work for the following polynomials having a small head coeffi-
cient w.r.t. the lexicographic order.

F= {0.000000122 + 2.000005x + 3.000001y, 0.999999zy — 2.000003 }.

With the tolerance ¢ = 6.95972 x 1079 calculated by (@I and the rectangular
degree bound d = {5, 4}, we have the following numerical Grébner basis. We note
that the head term of the first element is smaller than € during inner calculations

hence it is not reduced. Moreover, Algorithm Ploutputs the same as in just above
[@E2) if we specify ¢ = 107°.

{0.000861698y? + 1.5y + 1.0x + 0.00114879, 1.0y — 0.0000001y + 1.33334 }.

<

5 Remarks

Our approach uses a huge matrix so that it is not effective if we try to compute
a Grobner basis for polynomials with exact coefficients. However, as noted in the
beginning of Section (] it is natural that we use several tools in numerical linear
algebra since we have to handle a priori errors and most of symbolic-numeric
algorithms for polynomials also use them from necessity. From this point of view,
instead of row echelon form by the Gaussian elimination in Algorithm[2 one can
use the QR decomposition or the singular value decomposition (SVD) to improve
the algorithm though we’ve not yet analyzed their effectiveness. We note that
for all the example in this paper, we use our preliminary implementation on
Mathematica 6.
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Modular Algorithms for Computing a
Generating Set of the Syzygy Module
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Abstract. We present two modular algorithms for computing a gener-
ating set of the syzygy module of a given sequence of elements in R',
where R is a polynomial ring or a Weyl algebra over Q.

1 Introduction

Let R be an n-variate polynomial ring or an n-dimensional Weyl algebra over a
field K. For F = (f1,..., fx), fi € R, its syzygy module syz(F) = {(h1,..., hg) |
hifi + ...+ hifr = 0} is a (left) submodule of R* and the computation of a
generating set of syz(F') is an important step for computing various invariants.
Algorithms for computing syz(F) for an arbitrary sequence F are well known
and have already been implemented in several computer algebra system, but we
found that such implementations do not necessarily compute syzygies efficiently
especially over Q. In this paper we propose improvements of two well-known
algorithms for computing syzygies, Algorithm [I] and Algorithm [3] to which we
apply shortcuts by modular computation. Our method is based on the Grobner
trace algorithm originated by C. Traverso [14]. In the algorithm, the Buchberger
algorithm is executed both over Q and over a finite field simultaneously and we
skip the reduction of an S-polynomial over Q if it is reduced to zero over the
finite field. Then we obtain a probable candidate of a Grobner basis, but we
have to check the candidate to ensure that it is a Grobner basis of the input
ideal. We cannot predict whether this method improves the total efficiency of
the Grobner basis computation of a particular input ideal or not, but we observe
that the combination of the trace algorithm and homogenization speeds up the
computation in many examples.

When we only want to compute a Grobner basis, the cost of the check proce-
dure often cancels the gain by skipping the reduction of S-polynomials over Q.
However, if we apply this trace algorithm to Algorithm [Il we can make full use
of all its parts. First of all the candidate of the reduced Grobner basis of the
input can be computed efficiently. Furthermore, as a by-product of the candidate
computation we obtain data for computing a matrix for expressing the Grobner
basis elements as linear combinations of the input polynomials with little extra
cost. Then the check procedure is effectively used for producing data necessary
for syzygy computation.

V.P. Gerdt, E:ZW. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 259-268] 2009.
(© Springer-Verlag Berlin Heidelberg 2009
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We can also apply the trace algorithm to Algorithm Bl If the generating set
of an input ideal is a Grobner basis with respect to a term order, then the check
of a Grobner basis candidate obtained by the trace algorithm is not necessary.
That is, if a Grobner basis candidate is successfully computed, then we can
ensure that the candidate is a Grobner basis of the input ideal. In Algorithm
Bl a Grobner basis computation is executed for an input which is a Grobner
basis with respect to a term order. Therefore we can improve the efficiency of
Algorithm [3] by applying the trace algorithm without the check procedure.

2  Algorithms for Computing Syzygies

Let R be an n-variate polynomial ring or an n-dimensional Weyl algebra over a
field K. There are two well-known algorithms for computing a generating set of
the syzygy module of a sequence F' of elements in R!. In the following algorithm
matrices act on column vectors from the left because it is natural for left R-
modules.

Algorithm 1 (c.f. [3] chapt. 5, sect. 3)

Input : F = (f1,...,fs), i€ R (i=1,...,5)

Output : a generating set of syz(F)

G = (g1,...,9t) < a Grobner basis of (F) with respect to a term order <
C « a (t,s)-matrix s.t.'G=C-'F

D « an (s,t)-matrix s.t. 'F=D-'G

S = {s1,...,84} < a finite subset of R* s.t. syz(G) = (S)

{r1,...,7s} < rows of Iy, — DC, where I is the unit matrix of size s
return (s1C, ..., 8,C,r1,...,75)

Algorithm [ is well known and described in many textbooks [1I, [3], [5], [6].
Algorithm [l executes a Grobner basis computation of (F) in R!, but additional
data have to be computed. In principle the matrix C and S can be obtained by
keeping track of the coeflicients in the reductions of S-polynomials. In practice,
however, this adds heavy costs in the execution of the Buchberger algorithm.
For general input F', the output is not necessarily a Grobner basis of syz(F') and
we observe that the computation of a Groébner basis of syz(F) is rather hard in
general.

Definition 2. Let < be a term order in R. The POT (Position over Term)
extension <por= (POT,<) in R’ of < is a term order defined by te; <por
sej < j<ior (i=jandt<s), where t,s are monomials in R and (e1,...,¢)
is the standard basis of R!.

Algorithm 3 (c.f. [3] Exercise 15 in chapt. 5, sect. 3)

Input : F = (f1,...,fs), i€ Rt (i=1,...,5), a term order < in R!
Output :a Grébner basis S of syz(F) with respect to (POT, <),
a Grobner basis G = (g1, ..., ¢9:) of (F) with respect to < and
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a (t,s)-matrix C' s.t. 'G=C-'F
(e1,...,es) < the standard basis of R*
m; — (fi,e;) ERRO RS =RTS (i=1,...,5)
G — a Grébner basis of (my1, ..., m,) with respect to (POT, <)
S —{heR*|(0,h)cG}
G~ {g€eR'|g+#0and (g,h) € G for some h € R*}
C «— a (t, s)-matrix whose i-th row is h; for (g;, h;) € G
return (S, G, C)

We also find Algorithm Bl in several textbooks. In Algorithm [B] we have to
execute a Grobner basis computation in R where s is the number of elements
in F', which is harder than that of (F') in general. However, all the necessary
results can be obtained from the Grobner basis, and it is important that we
have a Groébuer basis of syz(F') automatically.

3 Grobner Trace Algorithms

In this section we recall the Grobner trace algorithm and a theorem [I1] which
ensures that a Grobner basis candidate is indeed a Grobner basis without ex-
ecuting check procedures. For a prime p € Z, F, denotes the finite field of
order p. We set Z,, = {a/b | a,b € Z,p[ b}. We define ¢, : Z(,, — F, by
¢p(a/b) = (a mod p)/(b mod p).

Notation 4

LT(f) : the monic leading monomial of f

LC(f) : the leading coefficient of f

Spoly(f, g) : the S-polynomial of f, g

NFq <(f) : a normal form of f with respect to (G, <)

p)

Definition 5. Let F be a subset of R' and < a term order in R'. A prime p is
permissible for (F, <) if for each f € F, f € Z,[z1,...,2,] and ¢,(LC(f)) # 0,

The following algorithm computes a Grébner basis candidate of a submodule
(F).

Algorithm 6
GBCandidate(F, <, p)
Input : F C Z[z1,...,2,]', a term order < and a prime p s.t. p is permissible
for (F, <)
Output : (Status, G); if Status = ok then G C (F)
D—{{fig}lf.ge Fif#g}; G« F
while ( D #0 ) do
C ={f,g} — an element of D; D «— D\ {C}
if NF¢p(G),<(SPOIY(¢p(f)a ¢p(9))) # 0 then

! This is referred as Caboara-Traverso’s algorithm in [I0]. In some textbooks it is often
given as an exercise without any reference.
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h < NFq,<(Spoly(f.g)) (h € Zy)[X])
if h# 0 and ¢,(LC(h)) # 0 then
D —DU{{f,h}f €G}; G—GU{h}
else return (ng, 0)
endif
endif
end while
G «+ the result of removing the redundancy of G
G « the result of inter-reduction of G return (ok, G)

The output G of this algorithm has the following property:

1. GC(F)N Z(m[)(]7
2. p is permissible for (G, <),
3. ¢p(G) is a Grobner basis of (¢,(F)).

Definition 7. For FF C R', G C (F) is said to be a p-compatible Grébner basis
candidate of (F') with respect to < if G satisfies the above three conditions.

It is often useful for applying homogenization to suppress intermediate coefficient
swells.

Algorithm 8

GBCandidateHomo(F, <,p)

F" — a homogenization of F'

<M« a homogenization of < s.t. the leading term is preserved under
homogenization and dehomogenization.

(Status, G") «— GBCandidate(F", <", p)

If Status = ng return (ng, 0)

G « the dehomogenization of G"

G « the result of removing the redundancy of G

return G

After obtaining a Grébner basis candidate G, we perform the following two check
procedures. If G passes them, then G is a Grobner basis of (F').

Algorithm 9

GBCheck(G, <)

Input : a Grobner basis candidate G, a term order <

Output : status (ok or ng)

If NFg «(Spoly(f,g)) =0 for all f,g € G then return ok else return ng.

Algorithm 10

MemberCheck(F,G, <)

Input : F' C R', a Grébner basis candidate G of (F), a term order <
Output : status (ok or ng)

If NFg «(f) =0 for all f € F then return ok else return ng.

We can omit the checks if the input is known to be a Grébner basis with respect
to a term order <g.
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Theorem 11. Suppose that Gy C Z[x1, ..., x,]" is a Grébner basis of (Go) C R
with respect to a term order <o and p is permissible for (Go,<o). Then the
following hold:

1. ¢p((Go) N Z[z1,...,7,])") = (¢p(Go)) and ¢,(Go) is a Grébner basis of
<¢p(GO)>'

2. Let G C (Go) N Z[xy1,...,1,])" be a p-compatible Grébner basis candidate of
(Go) with respect to <. Then G is a Grébner basis of (Go) with respect to
<.

Proof. 1. As (¢,(Go)) C ¢,((Go) N Z[x1,...,2,]"), it is sufficient to show that
for any f € (Go) N Z[z1,...,z,)", ¢p(f) is reduced to 0 by ¢,(G). For any
f€(Go)NZ[xy,...,x,), fis reduced to 0 by Go. This reduction procedure is
written as follows:

fo=f,fi= fi-1 — aitigr,, fm = 0 for some m,

where «; € Q, t; is a monomial and gi, € Go. As p is permissible for (Gp, <o),
the denominator of «; is not divisible by p for each i. Thus we have ¢,(f;) =
&p(fic1) — Op(i)tidp(gr,) and this recurrence represents a reduction of ¢, (fo)
by ¢p(Go). ¢p(fm) = 0 implies that there exists ¢ < m s.t. ¢p(fi—1) # 0 and
¢p(fi) = 0, which means that ¢,(f) is reduced to 0 by ¢,(Go).

2. We show that every f € (Gy) is reduced to 0 by G. We may assume that f is
G-reduced. If f # 0 then, by multiplying a rational number, we may assume that
f # 0 is a G-reduced element of Z[x1,...,z,]" and the integer content of f is
equal to 1. Then ¢,(f) # 0, otherwise the integer content of f would have a factor
p- As f € (Go)NZlxr, ...,z ¢p(f) € 9p((Go) NZ[z1, ..., 2,]") = (6p(Go)) =
(¢p(G)), ¢p(f) must be reduced to 0 by ¢,(G). But f is G-reduced and the
permissibility of p for (G, <) implies that the set of leading terms of ¢,(G) is
the same as that of G, thus ¢, (f) is ¢,(G)-reduced. This is a contradiction. O

Remark 12. The above algorithms and theorems are still correct if we replace a
polynomial ring S[x1,...,xy,] in the theorems with a Weyl algebra S{x1,. .., %y,
O1,y...,0n) where S is a coefficient ring.

4 Improvements of Algorithms for Computing Syzygies

In order to apply the trace algorithms to Algorithm [0 we modify Algorithm [
and [I0 so that they output enough informations for reproducing the normal
form computations, which we call trace informations. The modified algorithms
are named GBCandidateEx, GBCheckEx and MemberCheckEx respectively.
Let F and G be an input and the output of GBCandidate respectively. In
GBCandidateEx we first collect the trace information for each reduction of
S-polynomial over Q. It is the following list:

[l7 [Li,m, 1]7 [17j,m'7 1]7 [a17k17m1ad1]a cee [a57k57msads]]7 (1)

which means that
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1. r < mg, + m'g; = cSpoly(gi, g;), where a,b € Z, m,m’ are monomials,
ceQandreZx,...,xl,

2. 7 (ajr+mygy,;)/d; (i =1,...,s), where a;, cj,d; € Z, m; is a monomial,
r € Z[ry,...,x,] and the coeflicients of r is kept as small as possible, and

3. g1 .

The list () is the data for computing g; from g1, ..., g;—1. Inter-reduction is also
expressed by similar lists and finally we can express each g € G in terms of F by
recursive computations, which gives each rows of the matrix C. In GBCheckFEx,
the set of S-polynomials to check the candidate G' being Grobner basis coincides
with the set of S-polynomials whose coefficient vectors generate syz(LT(G)).
Here the coefficient vector of an S-polynomial ag; — bg; is ae; — be; for the
standard bases e; and e;. Then these S-polynomials are actually reduced over
Q and we obtain the trace informations similar to (). In MemeberCheckEx,
polynomials in F' are reduced by the candidate G over Q and we obtain the
trace informations for computing the matrix D. We notice that the generating
set S of syz(G) is computed only for the dehomogenized one even if we apply
GBCandidate HomoFEx expecting efficient computation of the candidate G.

Algorithm 13 (Modular trace version of Algorithm [I])

Input : F = (f1,...,fs), fi €Zlw1,...,x,) (i=1,...,5)
Output : a generating set of syz(F)
do
restart:
p < a new unused prime which is permissible for (F, <)
(Status, G, Ctrace) — GBCandidate Ex(F, <, p)
if Status = ng goto restart
(Status, Strace) «— GBCheckEx(G, <)
if Status = ng goto restart
(Status, Dtrace) < MemberCheckEx(F,G, <)
if Status = ng goto restart
C «+ a matrix s.t. G = C - 'F computed from Ctrace
D « a matrix s.t. 'F = D - *G computed from Dtrace

S = {s1,..., 84} < a generating set of syz(G) computed from Strace
{r1,...,rs} < rows of Iy — DC, where I is the unit matrix of size s
return (s1C, ..., 8,C,r1,...,74)

end do

Next we show how one can apply the trace algorithm and Theorem [I1to Algo-
rithm [Bl We show that the input of the Grobner basis computation in Algorithm
already forms a Grobner basis with respect to a term order.

Theorem 14. For f; € R' (i =1,...,s), we set m; = (e;, fi) € R*® R! = R**!,
where (e1,...,es) is the standard basis of R®*. Then M = (my,...,ms) is a
Grobner basis of (M) with respect to any POT order.
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Proof. If we execute the Buchberger algorithm for M, there are no S-pairs to
be reduced because LT(m;) = e; with respect to any POT order. Thus M is a
Grobner basis of (M).

Theorem [Tl and [[4l ensures that the following algorithm returns the same output
as Algorithm B

Algorithm 15 (Modular trace version of Algorithm [3))

Input : F = (f1,..., fs), fi € Z[z1,...,z,)' (i=1,...,5), a term order < in R'
Output :a Grébner basis S of syz(F) with respect to (POT, <),
a Grobner basis G = (g1, ..., 9:) of (F) with respect to < and
a (t,s)-matrix C s.t. 'G=C-'F
(e1,...,es) — the standard basis of R*
m; — (fi,e;) ERRO RS =RTS (i=1,...,5)
do
restart:
p < a new unused prime which is permissible for ((mq,...,ms), (POT, <))
(Satus, G) <+ GBCandidate((my, . .., ms), (POT, <), p)
if Status = ng goto restart
S —{heR*|(0,h)cG}
G —{g€R"|g#0and (g,h) € G for some h € R*}
C « a (t, s)-matrix whose i-th row is h; for (g;,h;) € G
end do
return (S, G, C)

5 Experiments

We implemented Algorithm [[3 and [T in Risa/Asir [12] and made a number
of experiments. In Algorithm 3] the matrices C, D and the syzygies S are
computed by the user language of Risa/Asir from the trace information given
in the outputs of a built-in function nd gr trace, which executes the Grobner
trace algorithm. In this function Algorithm [l or [ is executed with a prime
p ~ 108. Then the obtained candidate is checked by Algorithm [@ and [0 If the
check fails then another candidate is computed with another prime p. The main
task in Algorithm [I3lis the computation of a Grobner basis candidate, which is
also done by nd gr trace. Our experiments show that computing the syzygy of
a general input is very hard in general. We tried many examples of ideals for
which Grobner basis can be easily computed, but we could compute the syzy-
gies of only a few ones among them. Nevertheless the timings of the successful
results will show that the new algorithms efficiently compute syzygies for cer-
tain inputs. Timings were measured on a Linux machine with Intel Xeon X5470,
3.33GHz and are given in seconds. Here we refer again to the validity check in
the modular algorithms. In Algorithm[3] a prime p is valid if GBCandidate Ex,
GBCheckEx and MemberCheckEx return ok. In Algorithm [[3] a prime p is
valid if GBCandidate Ex returns ok. The default prime 99981793 was valid for
all candidate computations.
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5.1 Computation over a Commutative Polynomial Ring

We show timings of Algorithm [I3] Algorithm [B] Algorithm [IH] in Risa/Asir.
SINGULAR [5] provides a function syz to compute a generating set of a syzygy
module. From the outputs of syz and the description in [5] we guess that
SINGULAR implements Algorithm [Bl and we also show its timing for comparing
performances with the term order set to (c,dp), that is the POT extension of the
graded reverse lex order. For Algorithm [[3] and [[8 we tried both GBCandidate
and GBCandidate Homo for computing a Grébner basis candidate. (H) in the
table indicates that the timing was obtained by GBCandidate Homo because it
took too much time by the non-homogenized computation. We note that Algo-
rithm [J] and [[5] compute a Grobner basis of the syzygy module, but Algorithm
I3 simply outputs its generating set. Cyclic?, Kotsireas, Virasoro, Cohn3 and

Table 1. Timing data of syzygy computations over polynomial rings

Input  Algorithm [I3] Algorithm [3] Algorithm SINGULAR

Cyclic? > 2h - 882(H) > 2h
HCyclic? 658 2727 244 3557
Kotsireas > 2h — 1863 > 11h
Virasoro 936 > 2h 685 > 3h

Cohn3 3642(H) - 267(H) >1.5h
Fabrice24 5382 * * *
ABBA, 8h * > 72h *

Fabrice24 are taken from []. HCyclic7 is the homogenized Cyclic7, that is
(CyclicT \ {z1 27 — 1}) U {21 27 — 27} with the graded reverse lex order
st.x>x1 >+ > x7. ABBA, is the set of all the entries of AB — BA where
A = (ai;), B = (bi;) are 4 x 4 matrices. In Table [[] ‘-’ and ‘*’ mean that we
have not executed the computation because the computation of Algorithm
over Q, or F,, respectively indicate that it will take very long time to perform
the computation.

Table 1 shows that computation of syzygy over Q without modular shortcuts
is very inefficient or practically impossible. Taking the fact that Algorithm
outputs a Grobner basis of the syzygy module into account, we may say that
Algorithm is preferable for computing syzygies. However if we only want
to know a generating set of the syzygy module, Algorithm may be chosen
because Algorithm [I5] could not output a result in two examples because of the
difficulty of the computation of the Grobner basis candidate.

5.2 Computation over Weyl Algebra

We compute the syzygy of A-hypergeometric system H4(3), where Aisadxn
integer matrix and 3 is a d-dimensional column vector. For the following (A4;, 3;)
(it =1,...,4), we generate H,,(0;) and compute its syzygy. See [13] the for
detail of H4(3). We show the results of Algorithm [[3] Bl and Macaulay?2
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[8] provides a function syz in Dmodules package. Although we don’t know the
algorithm implemented in Macaulay?2, we also show its results for reference.

1111111 123
A1_<1 01 2 3 4 5)’ ﬁl_(456)

113 2 1 1 1
Ay = 2 113 2|, B=|2
10110 3
1 23 2 11 5
As=1[1 4 3 3 50, Bs=1| 8
40 01 10 12
1 23 2 11 5
1 4 3 3 45 8
Ay = 400110’54(12
1 2 3 4 3 3 6

We only show H 4, (5;).

Ha,(8i) = {x60s + 505 + 22404 + 32305 + 22202 + £101 — 5,
52606 + 42505 + 31404 + 31303 + 42205 + 2101 — 8,
2505 + £404 + 42107 — 12,
3x60s + 3x505 + 42404 + 31305 + 22902 + 107 — 6,
— 0305 + 0204, —010304 + 0305, —010404 + 0202, 010705 — 0308}

Table 2. Timing data of syzygy computations of H(53)

Input Algorithm [I3] Algorithm [3] Algorithm Macaulay?2

(A1, B1) 19 47 2.3 32
(As, B2) 51 741 71 > 1h
(As, Bs) 126 334 26 544
(As, Ba) 18 21 2.5 88

As in the polynomial case, Table[2 shows that Algorithm [[3lis a good choice if
one wants to know a Grobner basis of the syzygy module. From the comparison
of the results of Algorithm [3] and [I5] we see that the trace algorithm efficiently
avoids the difficulty caused by large intermediate coefficients. We may say that
Algorithm [THis efficient even if Macaulay?2 outputs a Grobner basis of the syzygy
module.

5.3 Discussions

If an input sequence F' is already a Grobner basis, then a generating set of the
syzygy module is easily obtained from the results of reductions of S-polynomials
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and it is a Grobner basis of the syzygy module with respect to a special or-
der (Schreyer order). Méller et al. [9] proposed an algorithm for computing a
Grobner basis G of an input ideal and a Grobner basis of the syzygy module of
G simultaneously. For computing a free resolution of the module generated by a
sequence F', we don’t have to compute the syzygy of F. Instead we can replace
F with a Groébner basis and we can apply various efficient algorithms such as
Schreyer resolution[5] or La Scala-Stillman’s algorithm [7]. However, if F' is not
a Grobner basis, our experiments show that it is not an easy task to obtain the
generator set of the syzygy of F itself. In such a case the proposed methods in
this paper may efficiently give the result.

Another modular method for improving the efficiency of Grébner basis com-
putations was proposed in [2]. In the algorithm, a Grébner basis candidate is
constructed by Chinese remainder computation or Hensel lifting and the valid-
ity of the candidate is checked. If the elements of the resulting Grobner basis
have small coefficients then the candidate computation will be efficient. But the
input of the algorithm must be homogeneous and the check contains Groébner
basis check of the homogeneous candidate, which is often a heavy computation.
In Algorithm [I5] we have to compute the candidates over Q but the check is not
necessary. It will be interesting to compare the two methods for various inputs.
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Abstract. We describe a symbolic framework for treating linear bound-
ary problems with a generic implementation in the Theorema system. For
ordinary differential equations, the operations implemented include com-
puting Green’s operators, composing boundary problems and integro-
differential operators, and factoring boundary problems. Based on our
factorization approach, we also present some first steps for symbolically
computing Green’s operators of simple boundary problems for partial
differential equations with constant coefficients. After summarizing the
theoretical background on abstract boundary problems, we outline an
algebraic structure for partial integro-differential operators. Finally, we
describe the implementation in Theorema, which relies on functors for
building up the computational domains, and we illustrate it with some
sample computations including the unbounded wave equation.

Keywords: Linear boundary problem, Green’s operator, Integro-
Differential Operator, Ordinary Differential Equation, Wave Equation.

1 Introduction

Due to their obvious importance in applications, boundary problems play a dom-
inant role in Scientific Computing, but almost exclusively in the numerical seg-
ment. It is therefore surprising that they have as yet gained little attention in
Symbolic Computation, neither from a theoretical perspective nor in computer
algebra systems.

In applications [Il, p. 42] one is “concerned not only with solving [the boundary
problem] for specific data but also with finding a suitable form for the solution
that will exhibit its dependence on the data.” In our work, we focus on linear
boundary problems (and will henceforth suppress the attribute “linear”). For us,
a boundary problem is thus a differential equation with a symbolic right-hand
side, supplemented by suitable boundary conditions. Solving it means to deter-
mine its Green’s operator, namely the integral operator that maps the right-hand
side to the solution. For a symbolic approach to boundary problems, one has to
develop a constructive algebraic theory of integral operators and an algorithmic
framework for manipulating boundary conditions.

V.P. Gerdt, E.-W. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 269-283] 2009.
(© Springer-Verlag Berlin Heidelberg 2009
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Such a development was initiated in [2], leading to a symbolic method for
computing Green’s operators of regular two-point boundary problems with con-
stant coefficients [3]. We extended these results to a differential algebra setting
in [4], where we also developed a factorization method applicable to boundary
problems for ordinary differential equations (ODEs). A more abstract view on
boundary problems and a general factorization theory is described in [5], includ-
ing in particular partial differential equations (PDEs).

In this paper, we describe a prototype implementation in Theorema [6], cur-
rently based on a raw interface that will be improved in the future. It provides
generic algorithms for various operations on boundary problems and integro-
differential operators for ODEs (Section [G]), exemplified in (Appendix [A]): com-
puting Green’s operators, composing boundary problems and integro-differential
operators, and factoring boundary problems. The computations are realized by
a suitable noncommutative Grébner basis that reflects the essential interactions
between certain basic operators. Grobner bases were introduced by Buchberger
in [7]. For an introduction to the theory, we refer to [8], for its noncommutative
extension to [9].

Moreover, for PDEs we present some first steps for making the abstract setting
of [5] algorithmic. We develop an algebraic language for encoding the integro-
differential operators appearing as Green’s operators of some simple two-dimen-
sional Dirchlet problems for PDEs with constant coefficients (Section H). Using
our generic factorization approach, this allows to find the Green’s operator of
higher-order boundary problems by composing those of its lower-order factors.
This idea is exemplified for the unbounded wave equation with a sample com-
putation (Appendix [A]).

For the broader audience of Scientific Computing, we summarize the necessary
theoretical background on abstract boundary problems, omitting all technical
details and illustrating it for the case of ODEs (Section (). After explaining
the composition and factorization of boundary problems (Section [B]), we outline
the algebraic structures used for encoding ordinary as well as partial integro-
differential operators (Section M.

For motivating our algebraic setting of boundary problems, we consider first
the simplest two-point boundary problem. Writing F for the real or complex
vector space C*[0, 1], it reads as follows: Given f € F, find u € F such that

u// = f7
w(0) = u(1) = 0. (1)

Let D: F — F denote the usual derivation and L, R the two linear functionals
L: f+— f(0) and R: f — f(1). Note that u is annihilated by any linear combi-
nation of these functionals so that problem (I can be described by (D?,[L, R]),
where [L, R] is the subspace generated by L, R in the dual space F* .

As a second example, consider the following boundary problem for the wave
equation on the domain 2 = R X R, now writing F for C*°(£2): Given f € F,
find u € F such that
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Uy — Ugz = [,
u(z,0) = u(x,0) = 0. (2)

Note that we use the terms “boundary condition/problem” in the general sense
of linear conditions. The boundary conditions in ([2]) can be expressed by the
infinite family of linear functionals 8,: u — wu(z,0), v,: u — wus(x,0) with x
ranging over R. So we can represent the boundary problem again by a pair
consisting of the differential operator D? — D? and the (now infinite dimensional)
subspace generated by 3, and 7, in F*.

For ensuring a unique representation of boundary conditions, we take the
orthogonal closure of this subspace, which we denote by [8;,Vz|zer. This is the
space of all linear functionals vanishing on the functions annihilated by B, vz.
Every finite dimensional subspace is orthogonally closed, but here, for example,
the functionals u — fox u(n,0)dn and u — uy(x,0) for arbitrary = € R are in
the orthogonal closure but not in the space generated by 3, and ~,. We refer
to [10] or [B, App. A.1] for details on the orthogonal closure.

Some notational conventions. We use the symbol < for algebraic substruc-
tures. If T: F — G is a linear map and B < G*, we write B - T for the subspace
{BoT | B e B} <F*. Forasubset B C F* the so-called orthogonal is defined
as Bt = {u € F | B(u) =0 for all 3 € B}.

2 An Algebraic Formulation of Boundary Problems

In this section, we give a summary of the algebraic setting for boundary prob-
lems exposed in [5], see also there for further details and proofs. We illustrate
the definitions and statements for ODEs on a compact interval [a,b] C R. In
this setting, most of the statements can be made algorithmic relative to solving
homogeneous linear differential equations (and the operations of integration and
differentiation).

A boundary problem is given by a pair (T, B), where T: F — G is a surjective
linear map between vector spaces F,G and B < F* is an orthogonally closed
subspace of homogeneous boundary conditions. We say that v € F is a solution of
(T, B) for agiven f € Gif Tu = f and u € B*. Note that have restricted ourselves
to homogeneous conditions because the general solution is then obtained by
adding a “particular solution” satisfying the inhomogeneous conditions. While
for ODEs, this amounts to a simple interpolation problem, the treatment of
PDEs is more involved.

In the ODE setting, T = D™ +c,_1 D" ' +---4c1 D+ cy is a monic differential
operator of order n with coefficients ¢; € G. For the spaces F,G we could for
example choose F = G = C*®[a,b] or F = C"[a,b] and G = CJa,b], as real
or complex vector spaces. The differential operator T' is surjective since every
inhomogeneous linear differential equation has a solution in F, e.g. given by the
formula (B]) below. The solution space of the homogeneous equation, Ker T', has
dimension n, so we require dim 3 = n, and we assume that B is given by a
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basis (1, ..., B,. Then the boundary problem reads as follows: Given f € G, find
u € F such that

Tu=f,

Bi(u) =--- = Fp(u) =0.

The boundary conditions can in principle be any linear functionals. In partic-
ular, they can be point evaluations of derivatives or also more general boundary
conditions of the form A(u) = 30" a; u® (a) 4 b; u® (b f &) d¢ with
v € F, known in the literature [I1] as “Stieltjes boundary condltlons77 Integral
boundary conditions also appear naturally when we factor a boundary prob-
lem along a given factorization of the differential operator (Section[3]), and they
appear in the normal forms of integro-differential operators (Section Hl).

A boundary problem (T, B) is regular if for each f € G there exists exactly
one solution u of (T, B). Then we call the linear operator G: G — F that maps
a right-hand side f to its unique solution u = Gf the Green’s operator for
the boundary problem (7', B), and we say that G solves the boundary problem
(T, B). Since TGf = f, we see that the Green’s operator for a regular boundary
problem (T, B) is a right inverse of T', determined by the property Im G = B+.
Therefore we use the notation G = (T, B)~! for the Green’s operator.

Regular boundary problems can be characterized as follows. A boundary prob-
lem is regular iff B+ is a complement of KerT so that F = KerT 4+ Bt as a
direct sum. For ODEs we have the following algorithmic regularity test (compare
[12, p. 184] for the special case of two-point boundary conditions): A boundary
problem (T, B) for an ODE is regular iff the evaluation matriz B = (3;(u;)) is
regular, where the 3; and u; are any basis of respectively B and Ker 7.

Given any right inverse G of a surjective linear map T: F — G, the Green’s
operator for a regular boundary problem (T, B) is given by G = (1 — P)G7 where
P is the projector with Im P = Ker T' and Ker P = B+. Using this observation,
we outline in the following how the Green’s operator can be computed in the
ODE setting.

Let (T, B) be a regular boundary problem for an ODE of order n with B =
[B1,...,0], and let uy,...,u, be a fundamental system of solutions. We first
compute a right inverse of the differential operator T'. This can be done by the
usual variation-of-constants formula (see for example [13] p. 87] for continuous
functions or [14] in a suitable integro-differential algebra setting): Let W =
W(u1,...,u,) be the Wronskian matrix and d = det W. Moreover, let d; =
det W;, where W; is the matrix obtained from W by replacing the ith column
by the nth unit vector. Then the solution of the initial value problem Tu = f,
u(a) = u'(a) = --- = u™Y(a) = 0 is given by

Zuz (£)/d(€) f(£) dE 3)

The integral operator T*: f + u defined by (B) is a right inverse of T', which we
also call the fundamental right inverse. Computing the projector P: F — F with
ImP = [uy,...,u,) and Ker P = [3y,...,3,]" is a linear algebra problem, see
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for example [5, App. A.1]: Let B be the evaluation matrix B = (f;(u;)). Since
(T, B) is regular, B is invertible. Set (01,...,3,)" = B~ (61, ...,8n)" Then the
projector P is given by u— > ., 3;(u) u;. Finally, we compute

G=(1-P)T* (4)

to obtain the Green’s operator for (T, B).

3 Composing and Factoring Boundary Problems

In this section we discuss the composition of boundary problems corresponding
to their Green’s operators. We also describe how factorizations of a boundary
problem along a given factorization of the defining operator can be characterized
and constructed. We refer again to [5] for further details. In the following, we as-
sume that all operators are defined on suitable spaces such that the composition
is well-defined.

Definition 1. We define the composition of boundary problems (Ty,B1) and
(T2, B2) by (T1,By) o (T, B2) = (T1T%, By - Ty + Ba).

So the boundary conditions from the first boundary problem are “translated” by
the operator from the second problem. The composition of boundary problems
is associative but in general not commutative. The next proposition tells us that
the composition of boundary problems preserves regularity.

Proposition 1. Let (Th,B1) and (T, Bs) be regular boundary problems with
Green’s operators Gy and Go. Then (T1,B1) o (Tz,B2) = (T, B) is reqular with
Green’s operator GoGy so that ((Ty,B1) o (T, B2))™! = (Ta, B2) "L o (Ty,B1) L.

The simplest example of composing two boundary (more specifically, initial
value) problems for ODEs is the following. Using the notation from the In-
troduction, one sees that (D, [L]) o (D, [L]) = (D? [LD]+ [L]) = (D? [L, LD]).

Next we write the wave equation @) as P = (D?—D2, [u(x,0), u(z,0)]), where
u(z,0) and u(x,0) are short for the functionals u — wu(z,0) and u — u(x,0),
respectively, with  ranging over R, and [...] denotes the orthogonal closure of
the subspace generated by these functionals. For boundary problems with PDEs,
we usually have to describe the boundary conditions as the orthogonal closure
of some subspaces that we can describe in finite terms. As detailed in [5], we can
still compute the composition of two such problems since taking the orthogonal
closure commutes with the operations needed for computing the boundary con-
ditions for the composite problem (precomposition with a linear operator and
sum of subspaces).

Using this observation, we can compute P as the composition of the two
boundary problems P; = (Dy — Dy, [u(z,0)]) and P2 = (Dy + Dy, [u(z,0)]) as
follows. By Definition [I we see that P; o Py equals

(Dt2 - Dg, [ut(x70) + uz(x70)] + [U(CIZ,O)]) = (Dt2 - D?w [u(x70)ﬂut(x70)])7 (5)
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where the last equality holds since u(x,0) = 0 for = € R implies also uz(z,0) =0
for € R, showing that uy(z,0) is in the orthogonal closure [u(z,0)].

In the following, we assume that for a boundary problem (T,8B) we have
a factorization T' = T1T5 of the defining operator with surjective linear maps
Ty, Ts. In [B], we characterize and construct all factorizations (T, B) = (71, B1) o
(T3, B2) into boundary problems along the given factorization of T'. We show in
particular that if we factor a regular problem into regular problems, the left factor
(T1, By) is unique, and we can choose for the right factor (75, B2) any subspace
B> < B that makes the problem regular. Moreover, if G5 is the Green’s operator
for some regular right factor (7%, Bs), the boundary conditions for the left factor
can be computed by By = B - G>. Factoring boundary problems for differential
equations allows us to split a problem of higher order into subproblems of lower
order, provided we can factor the differential operator. For the latter, we can
exploit algorithms and results about factoring ordinary [I5JI6J17] and partial
differential operators [I8/19].

For ODEs we can factor boundary problems algorithmically as described in [5]
and in an integro-differential algebra setting in [4]. There we assume that we are
given a fundamental system of the differential operator 7" and a right inverse
of T5. As we will detail in the next paragraph, we can also compute boundary
conditions By < B such that (T, B3) is a regular right factor, given only a
fundamental system of T5. We can then compute the left factor as explained
above. This can be useful in applications, because it still allows us to factor
a boundary problem if we can factor the differential operator and compute a
fundamental system of only one factor. The remaining lower order problem can
then be solved by numerical methods (and we expect that the integral conditions
B1 = B - G may be beneficial since they are stable).

Let now (T, B) be a boundary problem of order m + n with boundary condi-
tions [B1,. .., Bmtn]. Let T = T1T5 be a factorization into factors of respective
orders n and m, and let uq, ..., u,, be a fundamental system for 75. We compute
the “partial” (m 4 n) x m evaluation matrix B = £;(u;). Since (T, B) is regular,
the full evaluation matrix is regular and hence the columns of B are linearly in-
dependent. Therefore computing the reduced row echelon form yields a regular

matrix C' such that CB = (18”‘ )7 where I, is the m x m identity matrix. Let

now (61, NN ,,())ern)t = 0(61, NN ,ﬂm+n)t and BQ = [61, NN ,,())m] Then (TQ,BQ)
is a regular right factor since its evaluation matrix is I,,, by our construction.
See Appendix [A] for an example.

As a first example, we factor the two-point boundary problem (D? [L, R])
from the Introduction into two regular problems along the trivial factorization
with 71 = 15 = D. The indefinite integral A = f is the Green’s operator for the
regular rlght factor (D, [L]). The boundary conditions for the unique left factor
are [LA, RA] = [0, RA] = [RA], where RA = fé is the definite integral. So we
obtain (D, [RA]) o (D,[L]) = (D?,[L, R]) or in traditional notation

u = f
(o]

[ u(€)dé =0 "0 Lo

f u’ = f
~0 = w0 = u)=0
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Note that the boundary condition for the left factor is an integral (Stieltjes)
boundary condition.

As an example of a boundary problem for a PDE, we factor the wave equa-
tion (2)) along the factorization D?—D? = (D;—D,)(D+D,.). In Appendix[Al we
show that one can use this factorization to determine algorithmically its Green’s
operator. The boundary problem Py = (D; + Dy, [u(z,0)]) is a regular right fac-
tor. In general, choosing boundary conditions in such a way that they make up
a regular boundary problem for a given first-order right factor of a linear PDE
amounts to a geometric problem involving the characteristics; compare also Sec-
tion [l The Green’s operator for Py is G f(x,t) = f;_t f(&,&—x+t)dE. We can
compute the boundary conditions for the left factor by [u(z,0)-Ga,us(x,0)-Ga] =
[0, u(x,0)] = [u(x,0)] so that Py = (D¢ — Dy, [u(z,0)]) is the desired left factor.
In (@) we have already verified that Py o Py = P.

4 Representation of Integro-differential Operators

For representing ordinary boundary problems as well as their Green’s opera-
tors in a single algebraic structure, we have introduced the algebra of integro-
differential operators F[0, [] in [4], see also [14] for a summary. It is based on
integro-differential algebras, which bring together the usual derivation struc-
ture with a suitable notion of indefinite integration and evaluation. The integro-
differential operators are defined as a quotient of the free algebra in the cor-
responding operators (derivation, integration, evaluation, and multiplication)
modulo an infinite parametrized Grébner basis. See Section [l for more details
and an implementation. Alternatively, integro-differential operators can also be
defined directly in terms of normal forms [20].

Let us now turn to the treatment of partial differential equations. We are cur-
rently forging an adequate notion of integro-differential operators for describing
the Green’s operators of an interesting class of PDEs, just as F[9, [] can be used
for ODEs. In the remainder of this section we can only give a flavor (and a small
test implementation) of how integro-differential operators for PDEs might look
like in a simple case that includes the unbounded wave equation (2I).

We construct a ring R of integro-differential operators acting on the function
space F = C°°(R x R); for simplicity we neglect here the restriction to R x Rx.
The ring R is defined as the free C-algebra in the following indeterminates given
with their respective action on a function f(z,t) € F.

Name Indeterminates Action

Differential operators D,, D, fe(z,t), fe(z,t)

Integral operators Ay, Ay Jof(& t)deg, fgf(:c, T)dT
Evaluation operators Ly, Lt 7(0,¢), f(x,0)

Substitution operators (2%) € GL(R,2) f(ax + bt, cx + dt)
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Similar to the identities governing F|d, [], described in [4], various relations
among the above operators can now be encoded in a quotient of R. We will only
sketch the most important relations, focusing on those that are needed for the
sample computations. (In a more complete setup, the indeterminates should also
be chosen in a more economical way. For example, it is possible to subsume the
evaluations under the substitutions if one allows all affine transformations by
adding translations and singular matrices.)

First of all, we can transfer all relations from F[9, [] that involve D, A and
L, once for the corresponding z-operators and once for the corresponding t-
operators. Furthermore, each x-operator commutes with each t-operator. For
example, we have D, A, = 1 but D, A; = A;D,. For normalizing such commu-
tative products, we write the x-operators left of the t-operators. Our strategy
for normal forms is thus similar to the case of F[9, [], the only new ingredient
being the substitutions: We will move them to the left as much as possible.

Since substitutions operate on the arguments, it is clear that we must reverse
their order when multiplying them as elements of R. But the most important
relations are those that connect the substitutions with the integro-differential
indeterminates: The chain rule governs the interaction with differentiation, the
substitution rule with integration. While the former gives rise to the identities

DM =aMDy+cMD;, and D:M=bMD,+dMD:;

for a matrix M = (C d) the relation between M and integrals is a bit subtler.
If M is an upper triangular matrix (so that ¢ = 0 and a # 0), the substitution

rule yields
A M = i(l —L,)MA,,

and if M is a lower triangular matrix (so that b = 0 and d # 0) similarly
At (1 — Lt)MAt

But there are no such identities for pushing (19) left of A, or (§?) left of
Ay; we leave them in their place for the normal forms. For treating the general
case, we make use of a variant of the Bruhat decomposition [21], p. 349], writing
M € GL(R,2) as (¢5) = (cfa1) (§ (@a-toysa) ifa#0and (25) = (52) (30)

if @ = 0. Alternatively, we may also use (‘; 2) = ((1) b/d) ((ad be)/d 0) ifd # 0 and

(‘Z 3) = (8 ‘Cl) (1 0) if d = 0. The former decomposition is apphed in deriving

the rule for A,, which reads
A‘T(Lcl g) = ; (1 - LI)(S (ad—%c)/a)Aw(c}a (1))

if @ # 0 and otherwise 4,(%%) = 1 (1 — L,)(2%)A:. Analogously, the latter
decomposition yields the rule for A; as

A(8) = L= B /) A )

if d # 0 and otherwise At( ) =1 p (1= Lt)( )AI
According to the rules above, an R-operator like A, ( 3 1) is in normal form.
Also A, ( i1 )AI is a normal form, describing an area integral. For interpreting
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it geometrically, it is convenient to postmultiply it with the reverse shear, ob-
taining thus the integral operator Ty, = ( ! §) Az (} ) As. One can easily verify
that Ty f(z,t) represents the integral of f taken over the triangle with vertices
(z,t), (0,y) and (0,t — kx). This is the triangle delimited by the y-axis, the hor-
izontal through (z,y), and the slanted line through (x,t) with slope k. Similar
interpretations can be given for products involving A;.

Finally, we need some rules relating substitutions with evaluations. Here the
situation is analogous to the integrals: We can move “most” of the substitutions
to the left of an evaluation, but certain shears remain on the right. In detail, we
have the rules

Lo(28) = (§9)La(3%4) ifd#0 L.(28) = (98)L; otherwise
and
Lt(ﬁg):(gg)Lt(c}a?) ifa#0 Lt(Sg)z(gé)Lz otherwise.

As before, certain products remain as normal forms, for example L, ((1J ’f) Such
an operator acts on a function f € F as f(kt,t), collapsing the bivariate function
f to the univariate restriction along the diagonal line x = kt.

The language of R-operators is not very expressive, but enough for our modest
purposes at this point—expressing the boundary problem (2]) and computing its
Green’s operator. Let us first look at the general first-order boundary problem
with constant coefficients, prescribing homogeneous Dirichlet conditions on an
arbitrary line. Fixing the parameters a, b, ¢, k € R, it reads as follows:

augy +bur=f
u(kt +¢,t) =0 (6)

Here (a,b)t determines the direction (and speed) of the ground characteristics,
while x = kt + ¢ gives the line of boundary values. Of course this excludes the
horizontal lines t = const, which would have to be treated separately, in a com-
pletely analogous manner. Since (in this paper) we are interested only in regular
boundary problems, the characteristics must have a transversal intersection with
the line of boundary values. Hence we stipulate that a — kb # 0. Moreover, we
will also assume a # 0; for otherwise one may switch the z- and ¢t-coordinates. A
straightforward computation (or a suitable computer algebra system) gives now

ac + (at — bx)k

1 /7 '
we) =) [ rede-a v i x=T

This solution for the general case can be reduced to (a,b)! = (1,0)" and k = 0
by first rotating (a,b) into horizontal position, then normalizing it through a-
scaling, and finally shearing the line of boundary values into vertical position.
This yields the factorization

u(zy) = (40 M) T G ) Fay), (7)
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where K = a — bk and L = a? + b%. This is almost an R-operator, except that
we have only allowed A, = [, and its t-analog, so we cannot express [ K
unless we allow more evaluations such that we could write the required integral
as Ay — LY® A,, where L% acts on a function g(z,y) as g(&,vy).

While it would be straightforward to incorporate such evaluations by adding
suitable relations, it is enough for our purposes to restrict the line of boundaries:
We require it to pass through the origin so that ¢ = 0. In this case we have of
course f‘z K= A,, and (7)) shows that we can indeed write the Green’s operator
in the R language.

5 Implementation in Theorema

As explained in Sections[Zland ] we compute the Green’s operator of a boundary
problem for an ODE as an integro-differential operator. These operators are
realized as noncommutative polynomials (introduced by a generic construct for
monoid algebras), taken modulo an infinite parametrized Grobner basis.

As coefficients we allow either standard polynomials or—more generally—
exponential polynomials. Informally speaking, an exponential polynomial is a
linear combination of terms having the form 2™e**, where n is a natural and \ a
complex number. Both the standard and the exponential polynomials can again
be generated as an instance of the monoid algebra, respectively using N and
N x C as a term monoid. In this way, we have complete algorithmic control over
the coefficient functions (modulo Mathematica’s simplifier for constants); see
also [22]. Alternatively, we can also take as coefficients all functions representable
in Mathematica and let it do the operations on them.

We describe now briefly the representation of integro-differential operators
and the implementation of the main algorithms solving, composing and factor-
ing boundary problems. The implementation will soon be available at the website
www.theorema.org It is based on Theorema [6], a system designed as an inte-
grated environment for doing mathematics, in particular proving, computing,
and solving in various domains of mathematics. Its core language is higher-order
predicate logic, containing a natural programming language such that algorithms
can be coded and verified in a unified formal frame.

We make heavy use of functors, introduced and first implemented in Theorema
by Buchberger. The general idea—and its use for structuring those domains in
which Grobner bases can be computed—is described in [23[24], where one can
also find references to original and early papers by Buchberger on the subject.
For a general discussion of functor programming, see also [25].

Functors are a powerful tool for building up hierarchical domains in mathe-
matics in a modular and generic way that unites elegance and formal clarity. In
Theorema, the notion of a functor is akin to functors in ML, not to be confused
with the functors of category theory. From a computational point of view, a The-
orema functor is a higher-order function that produces a new domain (carrier
and operations) from given domains: operations in the new domain are defined
in terms of operations in the underlying domains. Apart from this computational
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aspect, functors also have an important reasoning aspect—a functor transports
properties of the input domains to properties of the output domain, for example
by “conservation theorems”.

The MonoidAlgebra is the crucial functor that builds up polynomials, starting
from the base categories of fields with an ordering and ordered monoids. We
construct first the free vector space V over a field K generated by the set of words
in an ordered monoid W via the functor FreeVecSpc [K,W]. Then we extend this
domain by introducing a multiplication using the corresponding operations in K
and W as follows.

MonoidAlgebra[K, W] = where [V = FreeVecSpc[K, W],

Functor[P, any[c, 4, £, g, £, n, m, A],

s=0

...(* linear operations from V %)

(* multiplication x)
Org=0 ]
£x0=0
P
(Ces €, @) x (<, m), ) = ((cxd, £xn)) + (e, £)) () + (B x (K4, m), &)
P K w P P P P

For building up the integro-differential operators over an integro-differential al-
gebra F of coeflicient functions, FreeIntDiff0p [F,K] constructs an instance of
the monoid algebra with the word monoid over the infinite alphabet consisting
of the letters @ and | along with a basis of F and all multiplicative characters
corresponding to evaluations at points in K.

Definition["IntDiffOp", any[¥F, K],
IntDiffOp[¥, K] = where[A = FreeIntDiffOp[¥, K], G = GreenSystem[¥, K]
QuotAlg[GBNF[A, G]1]]
]

The GreenSystem functor contains the encoding of the rewrite system described
in Table 1 of [4lT4], representing a noncommutative Grobner basis. The nor-
mal forms with respect to total reduction modulo infinite Grobner bases are
introduced in the GBNF functor, while the QuotAlg functor creates the quotient
algebra from the corresponding canonical simplifier.

In Appendix [A] we present a few examples of boundary problems for ODEs
whose Green’s operators are computed using (@), which now takes on the follow-
ing concrete form in Theorema code.

GreensOp[F, B8] = (1 - Proj[8, F]) * RightInv[F]
P AR p A 3

Here B is the vector of boundary conditions and F the given fundamental system
of solutions.

In a way similar to the integro-differential operators F[0, [] for ODEs, we
have also implemented the integro-differential operators R for the simple PDE
setting outlined in Section Ml Using the same functor hierarchy, we added the
corresponding rules for the operators D,, Dy, A, A¢, L., L and the substitution
operators defined by matrices in GL(R, 2). Moreover, we implemented the com-
putation of Green’s operators for first-order boundary problems (7). With the
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factorization (B]) we can then compute the Green’s operator for the unbounded
wave equation (Appendix [A]).

6 Conclusion

The implementation of our symbolic framework for boundary problems allows
us in particular to solve boundary problems for ODFEs from a given fundamental
system of the corresponding homogeneous equations. Given a factorization of
the differential operator and a fundamental system of one of the factors, we
can also factor boundary problems into lower order problems. In both cases it
would be interesting to investigate the combination with numerical approaches
to differential equations and boundary problems. For example, how can we use
a fundamental system coming from a numerical algorithm or how can numerical
methods be adapted to deal with integral boundary conditions?

The current setting for PDFEs is of course still very limited and should only be
seen as a starting point for future work. But in combination with our factoriza-
tion approach, we believe that it can be extended to include more complicated
problems. For example, the wave equation on the bounded interval [0,1], which
in our notation reads as P = (D7 — D2, [u(z,0), u(z,0),u(0,t),u(1,t)]) with =
ranging over [0, 1] and ¢ over R>g, can be factored [5] into P = P o Py with

Pl = (Dt - DZE7 [u($70)7fjnax(17t,0)u(§=€ +it— 1) dﬁ])

and Py = (D + Dy, [u(z,0),u(0,t)]). The more complicated structure of the
Green’s operator for P (it involves a finite sum with an upper bound depending
on its argument) is reflected in the Green’s operator for the left factor P;. Its
computation leads in this case to a simple functional equation, but a systematic
approach to compute and represent Green’s operators for PDEs with integral
boundary conditions still needs to be developed. In a generalized setting including
the bounded wave equation, we would also have to allow for more complicated
geometries: as a first step bounded intervals and then also arbitrary convex sets.
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A Sample Computations

Let us again consider example (). By our implementation, we obtain the Green’s
operator for the boundary problem with the corresponding Green’s function.
As noted in [3], the Green’s function provides a canonical form for the Green’s
operator. In the following, we use the notation Au = [’ u(¢) dé, Bu = f u(€) dE,
Lu=u(0), Ru=u(1), and Alf(z,t) = [ f(&. 1) dE.

Compute asGreen|Greensop[D?, (((1, (("LI"s 0)))), (<1, ("L HN]]]
B

~AX-XB+XAX+XBX

Compute[Gree;lEcht[GreensOp[DZ, L LI 0))) Y, (KL, (LI, 1)))))]”
B

{—.§+x§ e £=x

-x+x§ & x<§&

As explained in Section [l we can factor () along a factorization of the differ-
ential operator, given a fundamental system for the right factor. Here is how
we can compute the boundary conditions of the left and right factor problems,
respectively.

ComputeAscreen|Factorize[D, D, (((L, ({"LI"s 0))))s (s (C"LI" D)) 2 OINT]]

((A+B), (L))
We consider as a second example the fourth order boundary problem [4, Ex. 33]:

U/I/I+4’LL — f7
u(0) = u(1) = w/(0) = u/(1) = 0. (8)

Factoring the boundary problem along D* + 4 = (D? — 2i)(D? + 2i), we obtain
the following boundary conditions for the factor problems.

Cv:>mpm:e[AsGreen[1-"at:t:c>rize[D2 -21,D%+21,

g Bm
L ML 0y s KLy (CLI™r D)) e Ky (KMLI™s 0)4 m0") ) )y (L, (("LI™s 1), "0™)))),
L, €TI0, =1 +2)))) ), (KL, (("TT" €0, 1+ (-1) i))))))]]]

<<Ae(Ccmplex 11]) % , g g(Complex(-1,1)) x 2 o (Complex(1,-1]) x , p ¢ (Complex[1, 1]\x>’ (T, R>>

With our implementation we can also compute its Green’s operator and verify
the solution presented in [4].

The final example for ODEs is a third order boundary problem with expo-
nential coefficients.

u” — (e +2u" —u' + (" + 2u=f,
u(0) = u(1) = /(1) = 0. ©)

Here we use as coefficient algebra all functions representable in Mathematica.
The Green’s operator is computed as follows.
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Compute[GreensOp[(((l, mma[e*])), ((1, mma[e™])), ((—1. mma[eex e'x]), (1, mma[eex] ))),
B

Ly LI 0000 ) (K2a ML 1)) )0 K2 (K LI" 1)y "6“))))]]

(-1+e) et e A+ (-1+e) 2el®e” B+ (-1) (-1+e) 2e e (VXA
S . 1 1 > 1 o
(-1) (-1+e) 2 ete I XBy | 4 — (-1+e)?| e A+ — (-1+e) e B+
2 2 2

(-1
iJ (71+e)7zexA+ —] (—l+e)’2exB+ (—l+e)’2e’l@eeer’2x+
\ 2

/

“2) (-1+e)fel®e” Be ¥y (-1) (-1+e) ‘e tee ! 1)"Ae2x+2( 1+e) Ze“ecx‘( Dxpet*y

E
(-2) (-1+e)?elee®Ael*+ (-1) e Bel (2 x, (L11e)?ele Be?
(-2
e“(’l)xBeflexM*Z) + (-1) (*1+€)72 efleeexv(’llee—ZerQ (*1+€) leee+ 1) x xgelx,

( 1
1+ — (—l+ (—l+e)’2) el*pe?* s (—l+ (-1) (—l+e)’2> el*ae ¥y

2
1 -2 1 2 2 1 1 11 -2 2
— -1+ (-1ve)?) et ¥Be? 4 (-1) (-lre)te ¥ Be ¥ s | 4+ — (-2+e) (-lre) ‘e|efAe Ny
2 2
2 1 1 2 2 2 1
(-l+e) “e*Ae "+ — (-2+e) (-1+e) “ee*Be“*+ (-l+e) “e*Be "

As a last example, we return to the boundary problem for the wave equation (2I).
With Proposition [l and using the factorization (Hl), we can compute the Green’s
operator for (2) simply by composing the Green’s operators of the first-order
problems Py = (Dy — Dy, [u(z,0)]) and Py = (D; + Dy, [u(x,0)]). Relative to
the setting in Section @ we switch the z- and t-coordinates.

Compute[GreensOp[l, -1, 0] » GreensOp[1, 1, 0]]
B B B
(1, ((mat, ((1, 0), (-1, 1))), Al, (mat, ((1, 0), (2, 1))), Al, (mat, ((1, 0), (-1, 1))))))

Interchanging again ¢ and x, this corresponds in the usual notation to G f(x,t) =
[y f(&, €+ x+1t)dE and Gof (z,t) = [y f(€,€ +a —t) dE, which yields

t T
G2G1f(z,t):/0/0f(§,27'f§+x7t)d§dr

for the Green’s operator of the unbounded wave equation (2.
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Abstract. When there are diseases affecting large populations where
the social, economic and cultural diversity is significant within the same
region, the biological parameters that determine the behavior of the
dispersion disease analysis are affected by the selection of different in-
dividuals. Therefore and because of the variety and magnitude of the
communities at risk of contracting dengue disease around all over the
world, suggest defining differentiated populations with individual contri-
butions in the results of the dispersion dengue disease analysis. In this
paper those conditions were taken in account when several epidemio-
logic models were analyzed. Initially a stability analysis was done for a
SEIR mathematical model of Dengue disease without differential suscep-
tibility. Both free disease and endemic equilibrium states were found in
terms of the basic reproduction number and were defined in the Theo-
rem (BJ]). Then a DSEIR model was solved when a new susceptible group
was introduced to consider the effects of important biological parameters
of non-homogeneous populations in the spreading analysis. The results
were compiled in the Theorem (B.2)). Finally Theorems (B3] and (B4
resumed the basic reproduction numbers for three and n different suscep-
tible groups respectively, giving an idea of how differential susceptibility
affects the equilibrium states. The computations were done using an al-
gorithmic method implemented in Maple 11, a general-purpose computer
algebra system.

Keywords: Dengue disease, epidemiology, SEIR model, DSEIR model,
differential susceptibility, basic reproduction number, equilibrium states,
stability analysis.

1 Introduction

Dengue disease is one of the most common mosquito-transmitted viral diseases,
caused by four virus serotypes of the genus Flavivirus with high occurrence in
tropical and subtropical regions, including urban districts and rural areas. Some

V.P. Gerdt, E.ZW. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 284-298] 2009.
(© Springer-Verlag Berlin Heidelberg 2009
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of the disease signs and symptoms are high fever, severe headache, muscle and
joint pains and red rash. Currently there are about 2.5 billion people at risk
from dengue disease in over 100 endemic countries and is estimated that there
may be 50 million cases of dengue infection worldwide every year (Figure[Il) [I].
In consonance with that, mathematical models of infectious diseases have been
done to approximate the future course of an outbreak and evaluate strategies to
control an epidemic.

M Areas infested with Aedes aegypti
Areas with Aedes aegypti and dengue epidemic activity

Fig. 1. World distribution of Dengue viruses and their mosquito vector, Aedes aegypti,
in 2005

When there are diseases that affect large populations, where the social, eco-
nomic and cultural diversity is significant within the same region, the biological
parameters that determine the behavior of the dispersion disease analysis are
affected by the selection of different individuals. As mentioned earlier, Dengue
is a disease that affects all sorts of people located in tropical and subtropi-
cal regions. Communities on every continent are in constant risk of contracting
dengue through mosquito bites and therefore of developing the disease. The va-
riety and magnitude of the populations surrounding the earth along the parallel
of the equator, suggest defining differentiated populations with particular con-
tributions in the results of the dispersion disease analysis. To achieve this, below
are several epidemiological models that have synthesized their results in a series
of theorems. At first we started to establish a homogeneous distribution of com-
munities in which there is only one type of susceptible people. Then we define
two and three to n different types of susceptible populations which are charac-
terized by having three distinct parameters for each. Those sorts of models are
described below.

Compartmental SEIR models divide the human population in four classes:
susceptible, symptomatic infectious, asymptomatic infectious and recovered, be-
ing a good spreading dengue disease approaches when large human popula-
tions with homogeneous behavior are supposed as one susceptible compartment.
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Nevertheless, when a non-homogeneous distribution of population is a potential
susceptible to acquire the disease, the SEIR model without differential suscep-
tibility isn’t able to take in account specific features and biological parameters
with high importance for the mathematical spreading analysis. Heterogeneous
mixing of the population because of economic, cultural and social tendencies,
disease location, rural-urban migration and urban infrastructure are some of the
factors that impact in the parameter values of spreading analysis.

For this case is important to use a DSEIR model that includes more than one
susceptible group, in which new different susceptible classes were introduced.
In this paper a multiple differential susceptibility were given by a DSEIR model
and three particular parameters were used to distinguish each susceptible group.
At the beginning a stability analysis were done for a SEIR mathematical model
without differential susceptibility. Both free disease and endemic equilibrium
states were found in terms of the basic reproduction number and were defined
in the Theorem (B.]). Then a DSEIR model was solved when a new susceptible
group was introduced to consider the effects of important biological parameters
of non-homogeneous populations in the spreading analysis. The results were com-
piled in the Theorem ([B2)). Finally Theorems (33)) and ([B4]) resumed the basic
reproduction numbers for three and n different susceptible groups respectively.
The computations were done using an algorithmic method [2I3] implemented
in Maple 11, based on biological and mathematical criteria for determining the
equilibrium states.

2 Problem

Mathematical model without differential susceptibility

To study the mathematical SEIR model of spread of dengue disease, we need
to define four classes of human populations and two classes of vector popula-
tion. Those are the susceptible, asymptomatic infected, symptomatic infected
and recovered human population and for vector the susceptible and infected
population. In this first model we will not define different kinds of susceptible
population, like we will do in the second one. Vector population must be divided
only in two groups because it never recovers after the infection. Each group or
compartment is named below:

X (t) represents the number of individuals who are not yet infected with the
disease at time t, or those who are susceptible to the disease,

Y'(t) is the number of asymptomatic infectious person (people who have been
infected with the disease but don’t show signs of symptoms) at time t,

Z(t) is the number of symptomatic infectious person (people who have been
infected with the disease and show signs of symptoms) at time t,

W (t) is the number of recovered person at time t. Those in this category
have been infected but then recovered from the disease. They are not able
to be infected again or to transmit the infection to others.

X, (t) is the number of susceptible vector populations at time t,

Y, (t) is the number of infectious vector population at time t.
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Both symptomatic and asymptomatic infectious humans are capable of spreading
the disease to those in the susceptible category. The dynamic model for each
compartment of human and vector populations without differential susceptibility
for dengue disease [2] is given by:

th () = p Ny — PPt ’th\?hX REAC 0 (1)
Sy =X 020y @)
420 - bﬁth](V’z 2o () 20) 3)

jt (t) =7 (Y (t) + Z (1)) — paW (t) (4)

;lt =YX (t) (J);h(t) +Z(t) 110 X (£) (5)

jth ) = X O (}\/fh(t) TEO) Lz, (6)

where

Ny is the total number of human population,

N, is the total number of vector population,

BOhq is the transmission probability of dengue virus from vector population to
human population and become asymptomatic infectious human population,
Ohs is the transmission probability of dengue virus from vector population to
human population and become symptomatic infectious human population,
wh is the death rate of the human population,

1y 1s the death rate of the vector population,

p is the birth rate of the human population,

b is the biting rate of the vector population,

r is the recovery rate of the human population,

C' is the constant recruitment rate of the vector population.

Now, knowing that X (¢), Y(¢), Z(t) and W (t) are fractions of the total human
population, we can say that

zt)+y)+z()+w(t)=1
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where

are the compartment densities.
The same is done for the vector compartments:

Ty (t) + Yo (t) =1

where

X, (1)
Ny

Yy (1)

Xy (t) = N,

y Yo (t) =

Using the last four equations we can resume the system (1-6) in the next
expressions:

((Za: (t)) N = p N — bz () 20 (£) NuBna

—bx (t) zy () NySBrs — prx (t) Np, (7)
d
(G7(®) 8= 62020 (0 N = () N~y O Mo (8)
d
<dtz (t)> Np = bz (t) 2y (t) Nyfrs — 2 (t) Nppn, — 2z (t) Npr (9)

((sz (t)) Ny, = NpbBuy () — NybBuy (t) 20 () + NybfByz (¢)
—NybByz (t) 2y (t) — pwzy () Ny (10)

Mathematical model with differential susceptibility
In order to make and analyze the mathematical model for susceptible popula-
tions who have different decisive biological parameters for the spreading disease
results, we should introduce another group of this sort of population to take in
account its effects and optimize the mathematical model of dengue disease.

For that, we denote as X;(t) and X»(t) the new susceptible groups with
Bha,1,0ns,1 and p1 for X1 (t) and Bra,2,0hs,2, and ps for Xo(t). The rest parameters
are the same for both susceptible groups.
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The dynamic model for each compartment including the differential suscepti-
bility groups [45I6] becomes as it is shown:

th1 (t) = p1Np — b (Bra + ﬂh?\;}z X1 (t) 2 (1) — up Xy (t) (11)
C;lth (t) = p2 Ny, — b(Braz + ﬂh?\?}z X2 (1) 2 (1) — urXa (t) (12)
;lty (t) — bﬂha,lle\]](f) Z’U (t) + bﬁha,2X]2V}(lt) ZU (t) . (’th + 7,) Y (t) (13)

d 708) — bBhs 1 X1 (1) Zy () n bBhs,2 X2 (t) Zy (t)

a0 5 2020 iz
SW (1) = (Y (1) + Z (1)) — WV (1) (15)
axu =0 PO ORI (16)

The compartments densities satisfies that
zy (t) + a2 (t) +y () +20) +w(t)=1

where

A
-0

_ X (1)

t
1 (1) N,

y L2 (t)

y(t) = 2 (1) = sw (t) =

are the compartment densities for the model with differential susceptibility.
The same follows for the vector compartments:

Ty (t) + Yo (t) =1

where
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Using the last four equations we can resume the system (11-17) in the next

expressions:

((Zml (t)> N = p1Np — bz (t) 2y (t) Nyfhan

—bx1 (t) 2y (t) NyBhs1 — prxy (t) Ny,

< d T2 (t)> N, = paNp — bxa (t) 2, (t) Nyfha,2

—bxa (t) 2y (t) Nofhs,2 — pnxe (t) Ni

< d Yy (ﬂ) Ny = bxy (t) Zy (t) Nv/gha,l + bxo (t) Zy (t) Nvﬂha,2

—y (t) Nppn —y (t) Npr

<;ltz (t)> Nh = bxl (t) Zy (t) Nvﬁhs,l + b.%'g (t) Zy (t) Nvﬁhs,Q
—z () Npup — 2 (t) Npr

( d 2y (t)> Ny = NybBuy (t) — NybBuy (t) 2 (t) + NybByz (¥)

—N,bBuz (t) 2 () — ppzy (B) Ny

3 Results

3.1 Mathematical Model without Differential Susceptibility

(18)

Theorem 3.1. For the model without differential susceptibility given by the sys-
tem (7-10) the following properties hold when host and vector populations with

constant size are assumed:

1. The equilibrium point without infection, called free disease equilibrium is

given by
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2. The equilibrium point with infection, called endemic equilibrium is given by

. Ny (bBop + pintbn + o)
bﬂv (,UJhNh + bNuﬂhs + bNUﬂha)

(b25vp NyBhs + b2ﬁvp NoyBha — Mh2Nth - ,uhNthr) Bha
bﬁv (,uhNh + vaﬁhs + vaﬁha) (5ha + 5hs) (:U/h + T)

(b2Bup NofBhs + b2 Bop NoBra — tin> Nupro — pin Nupror) Bhs
bBy (e Ni + ONyBhs + ONyBha) (Bha + Bhs) (1tn + 1)

— b2/8vp Nv/Bhs + b2ﬂvp Nv/Bha - ,uhQNh,uv - ,UJhNh,UUT
(ﬁha + ﬁhs) Nv (bﬂvp + Hh oy + ,U/UT) b

3. The free disease equilibrium point is locally stable when

Ry<1

where

Ry — ﬁvaQ (5ha + ﬁhs)
0 fo? Np, (/Lh + T)

is the basic reproductive number for dengue in the model without differential
susceptibility.
4. The endemic equilibrium is locally stable when exists, it is when

1< Ry

Proof

1. Is directly obtained by computation.
2. Is directly obtained by computation.
3. The jacobian for the system (7-10) is given by

A 0 0 B
bwNyBra —pnNp — Npr 0 bxNyBha
bwNy Bhs 0 —unNp — Npr b Ny fBhs

0 vaﬂv - vaﬂvw va/gv - va/va O
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where A, B and C are given by

A = —bwNyBha — bwNyBrs — ppNp,

B = —bxN,fhq — bz Ny s

C = —N,bByy — NybByz — iy Ny

and when this jacobian is evaluated at the free-disease equilibrium point we
obtain

— 1 Ny, 0 0 _bpjl\jzﬁha _ bp]:jzﬁhs
0  —upNy — Npr 0 o0 B
0 0 —pthNp — Npr bp]z:ﬁ’”
0 Nobfy Nobfy —po Ny

Now, the solutions for the characteristic equation of this last jacobian (eigen-
values of the jacobian) are determined by

A= —upNp
A= —/LhNh — Nhr

[rA? — (= Nur — pn o Ny — ,UhQNh) A+ po Ny Ny po
*Nv2b26vp/6ha - Nv2b2/8vp/6hs + ,UUNUNh,UJh2 =0

In this point we demand that all the eigenvalues must have negative real
part and the condition for it is

0 < po NyNpppr — Nv2b2ﬁvp5ha - Nv2b25vp5hs + Mv]\fv]\]h,uh2

which can be rewritten as

oo N po, (pin + 1)

ﬁv < va2p (ﬂha +ﬂhs)

it is to say
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5vab2p (ﬁha + 5hs)

<1
toNnpn (pin + 1)

and assuming that the host and vector population have constant size, we
can use

N, = y P = Hh
to obtain

/8va2 (ﬂha + ﬂhs)
o Ny (pn + 1)

which can be rewritten as Ry < 1 , where

Ry — ﬁvaQ (5ha + ﬁhs)
0 fo? Np, (/Lh + T)

. The jacobian for the system (7-10) is evaluated at the endemic equilibrium
and for the resulting jacobian the characteristic equation is derived. In order
to get that all eigenvalues have negative real parts we demand that

0< b2/8vp Nv/Bhs + 52571/) Nv/Bha - ,uhQNh,uv - ,UJhNh,UvT

which can be rewritten as

pn Nppio (pn +7)

D20 Ny (B + Brs) "

it is to say

/8va2 (ﬂha + ﬂhs)

1<
Nipeo? (pn +1)

and for hence

1< Ry

The endemic equilibrium can be rewritten as

Ropty Nppin, + bCBra + bC B
(1o N, + bCBrs 4+ bCBha) Ro
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y = bCpn (Ro — 1) Bha
(o Nppor, + 0CBhs + bC Bhy) Ro (pun, + 1)

bCun (Ro — 1) Bps

o7 (o Nppip, + bCBrs + bC Bra) Ro (n + 1)

w— o Nupin (Ro — 1)
Ro o, N pig, + bC Bra + bC B

which is indicating that the endemic equilibrium exists when Ry > 1; and
then we conclude that the endemic equilibrium is locally stable when exists.

3.2 Mathematical Model with Differential Susceptibility

Theorem 3.2. For the model with differential susceptibility given by the sys-
tem (18-22) the following properties hold when host and vector populations with
constant size are assumed:

1. The free disease equilibrium is given by

P1 P1 P2 P2
= , Lo = = ,yYy=0,2=0,w=0
Bn P11+ p2 tn  p1+p2

I =

2. The free disease equilibrium point is locally stable when Ry < 1
where

_ C?By (p2Bhs,2 + Bra,1p1 + Brs, 101 + p2Bha,2)

R
‘ po®Na (p1 + p2) (p1 + p2 + 1)

is the basic reproductive number for dengue in the model with two differential
susceptibility.
Proof

1. Is directly obtained by computation.
2. The jacobian for the system (18-22) is given by

[ D 0 0 0 E
0 F 0 0 G
bwNyBra,1 bwWNyBha,2 —pnNp — N7 0 H
bwNyBhs,1 bwNy,Bhs 2 0 —upNp — Npr 1
0 0 J K L
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where D, E, F, G, H, I, J, K and L are given by:
D = —bwNyfBha,1 — bwNySBrs,1 — i Np,
E = —bx1N,0ha,1 — b1 Ny fOhs,1
F = —bwN,Bha,2 — bwWNyBhs,2 — nNp
G = —bxaNyBha,2 — bx2NyBhs,2
H = bx1N,fha1 + br2aNyfha 2
I = bx1Nyfhs,1 + bxaNyOhs 2
J = NybBy, — NybByw
K = NybB3, — NybByw

L= _vaﬂvy - vaﬁvz - ,quv

and when this jacobian is evaluated at the free-disease equilibrium point we
obtain

[ —pun N 0 0 0 M ]
0 —uniNp 0 0 N
0 0 —upNp — Npr 0 0]
0 0 0 —upNp — Npr P
0 o NbB, N —puN, |

where M, N, O and P are given by

_ bpleﬂha,l o bplN'uﬁhs,l

M =
Kh Hh
N = _bpngﬂhaQ _ bpngﬂth
Hh Hh
bp1 Ny Bha bp2 Ny Bha
o b Bha,1 4 br2 Bha,2

Mh Hh
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bp1 Ny Bhs bpa Ny Brs
p_m /3h,1Jr 2Ny Bhs,2

122 Mh

Now, the solutions of the characteristic equation for this last jacobian are
given by

A= —upNp
A= —pupNp
A= *,thNh - NhT’

0= —poNuNppinr — ANppinr = o NoNnpin® = A Nppn® = pun X pro Ny
“N2pup 4 Ny 2% Bup2Bhas + No?b2Bypalns.2
+Nv2b2ﬁvp1ﬁhs,1 + Nv2b2ﬁvp15ha,1

In this point we demand that all the eigenvalues must have negative real
part and the condition for it is

0< M'UN'UNh,U/hT - Nv2b2ﬂvplﬂha,1 + ,U/vaNth2 - Nv2b2ﬂvp2ﬁhs,2
_Nv2b2ﬁvp1ﬁhs,1 - Nv2b26vp26ha,2

which can be rewritten as

Nub2By (p28ha.2 + p1Bhs1 + p2Bhs.2 + p1Bha)
pnNn (pen + 1)

and assuming that the host and vector population have constant size, we
have that

< lhy

C
szu s = p1+ p2

v

to obtain

C?By (p2Bha,2 + P1Brs1 + p2Bhs,2 + p1Bhant)

<1
po? (p1 + p2) Nu (p1+ p2 +7)

which can be rewritten as Ry < 1, where

Ry = CH?By (p2Bha.2 + p1Bnsa1 + p2Bns.2 + p1Bhar)

o2 (p1 + p2) Np (p1 4+ p2 + 1)
Theorem 3.3. For the model with differential susceptibility with three classes
of susceptible individuals in which host and vector populations with constant size
are assumed the free-disease equilibrium point is locally stable when Ry < 1,
where the basic reproductive number for dengue is now given by
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_ Bub?C (p2Bha,2 + P1Bns1 + p2Bns,2 + P1Brar + p3Bhs,3 + P30ha,3)
Nhpo? (p1 + p2 + p3) (p1 + p2 + p3 + 1)

Proof. Tt is obtained when is introduced a third susceptible group. Explicit proof
is not shown here because of space.

Ry

Theorem 3.4. For the model with differential susceptibility with n classes of
susceptible individuals in which host and vector populations with constant size
are assumed the free-disease equilibrium point is locally stable when Ry < 1,
where the basic reproductive number for dengue is now given by

_ B,b2C Zzzl PkBhs,k + PrBhak
Nupto® Y oy pr (T + D01 Pr)

Proof. 1t is not shown here because of space.

Ry

Theorem 3.4. defines a flexible and more accurate approach of the conditions
that must be satisfied for having free dengue disease state in populations without
homogeneous distributions of biological parameters.

4 Conclusion

In order to develop more accurate models to the real transmission dynamics,it
is necessary to identify which assumptions can be taken so the theoretical re-
sults don’t deviate a lot from evidence results, making the modeling useless and
unnecessary for helping epidemiologists to approximate the future course of an
outbreak and evaluate strategies to control an epidemic. The basic reproductive
number is of vital importance to get this objective and determine when free
disease or endemic equilibrium state occurs. So if the considered model is based
on firm evidence, it will allow us to find the conditions for having or not those
equilibriums. To reduce the deviations produced from coarse assumptions, it is
indispensable to take in account those parameters that will lead the spreading
dynamics. For dengue disease is important to difference the susceptible popula-
tions, because there are factors like heterogeneous mixing of the population due
to of cultural and social trends, disease location, rural-urban migration and ur-
ban infrastructure that characterize individuals groups with a non-homogeneous
biological parameters distribution. Theorems 3.1, 3.2, 3.3 and 3.4 contribute to
the control strategies of dengue disease for both homogeneous and heterogeneous
distributions of susceptible populations, giving the flexibility and the accurate
necessary for an effective analysis of disease spreading of variety systems of indi-
viduals if the specific terms for the compartments are known. Taking particular
parameters p, Brq and Ops for each susceptible compartment contributes to de-
velop a certain and more relevant biological model due to a better modeling of
the real system. The results of this paper are also important in order to expand
susceptible individuals until n types for having a major adaptation of the model
to the biological conditions present where the disease occurs, providing greater
flexibility of use to a specific real system.
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Abstract. We study the case when a bivariate Linear Partial Differ-
ential Operator (LPDO) of orders three or four has several different
factorizations.

We prove that a third-order bivariate LPDO has a first-order left
and right factors such that their symbols are co-prime if and only if the
operator has a factorization into three factors, the left one of which is
exactly the initial left factor, and the right one is exactly the initial right
factor. We show that the condition that the symbols of the initial left and
right factors are co-prime is essential, and that the analogous statement
“as it is” is not true for LPDOs of order four.

Then we consider completely reducible LPDOs, which are defined as
an intersection of principal ideals. Such operators may also be required
to have several different factorizations. Considering all possible cases, we
ruled out some of them from the consideration due to the first result
of the paper. The explicit formulae for the sufficient conditions for the
complete reducibility of an LPDO were found also.

1 Introduction

The factorization of Linear Partial Differential Operators (LPDOs) is an es-
sential part of recent algorithms for the exact solution for Linear Partial Dif-
ferential Equations (LPDEs). Examples of such algorithms include numerous
generalizations and modifications of the 18th-century Laplace Transformations
Method [TI2IBI4516I78], the Loewy decomposition method [QIT0IT1], and others.

The problem of constructing a general factorization algorithm for an LPDO is
still an open problem, though several important contributions have been made
over the last decades (see for example [QIT2/T3IT42/T5]). The main difficulty in
the case of LPDOs is non-uniqueness of factorization: (irreducible) factors and
the number of factors are not necessarily the same for two different factorizations
of the same operator. For example, for the famous Landau operator [16] L we
have L = (D, + 1+ Hi(y)) o(Dy+1-— Hi(y)) o(Dy+aDy) = (Dyy + xDyy +
D, + (2+ z)D,) o (D, + 1) . Note that the second order factor in the second
factorization is hyperbolic and is irreducible.

V.P. Gerdt, E.ZW. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 299-309] 2009.
(© Springer-Verlag Berlin Heidelberg 2009
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However, for some classes of LPDOs factorization is unique. For example,
there is [9] no more than one factorization that extends a factorization of the
principal symbol of the operator into co-prime factors (see Theorem [I).

Some important methods of exact integration, for example, mentioned above
Loewy decomposition methods require LPDOs to have a number of different
factorizations of certain types. Also completely reducible LPDOs introduced
in [9], which becomes significant as the solution space of a completely reducible
LPDO coincides with the sum of those of its irreducible right factors may require
a number of right factors. Thus, in Sec. dl we study the case when a bivariate (not
necessarily hyperbolic) LPDO has two different factorizations. For operators of
order three we have a really interesting result (Theorems [ and [B). We showed
that analogous statement for operators of order four is not true.

For the proof of the theorems we use invariants’ methods. Invariants of LPDOs
under the gauge transformations (see Sec. 2)) are widely used for factorization
problems since Laplace’ times as many properties appearing in connection with
the factorization of an LPDO are invariant under the gauge transformations,
and, therefore, can be expressed in terms of generating invariants, which were
found in [I7]. Factorization itself is invariant under the gauge transformations:
if for some LPDO L, L = Ly o Lo, then LY = LY o Lj. Expressions for necessary
and sufficient conditions for the existence of a factorization of a given LPDO of
a given factorization type were found in [I8] and [I9]. We use these expressions
in the proofs of the theorems of Sec.

Theorems [ and [ of Section @ allow us to reduce consideration of cases in
Sec. Bl where we show how the problem of the complete reducibility of a hyper-
bolic bivariate LPDO can be expressed in terms of invariants also.

2 Definitions and Notations

Consider a field K of characteristic zero with commuting derivations 0, 9y,
and the ring of linear differential operators K[D] = K[D,, D,], where D,, D,
correspond to the derivations 0y, 9y, respectively. In K[D] the variables D,, D,
commute with each other, but not with elements of K. For a € K we have
D;a = aD; + 9;(a). Any operator L € K[D] has the form L = Zfﬂ':o ai; DLDJ,
where a;; € K. The polynomial Sym(L) = > a;; XY in formal variables
X,Y is called the (principal) symbol of L.

Below we assume that the field K is differentially closed unless stated other-
wise, that is it contains solutions of (non-linear in the generic case) differential
equations with coefficients from K.

Let K* denote the set of invertible elements in K. For L € K[D] and every
g € K* consider the gauge transformation L — L9 = g=! o L o g. Then an
algebraic differential expression I in the coefficients of L is invariant under
the gauge transformations (we consider only these in the present paper) if it
is unaltered by these transformations. Trivial examples of invariants are the
coeflicients of the symbol of an operator. A generating set of invariants is a set
using which all possible differential invariants can be expressed.

i+j=d
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Given a third-order bivariate LPDO L and a factorization of its symbol
Sym(L) into first-order factors. In some system of coordinates the operator has
one of the following normalized forms:

2
L = (p(x,y) Do + q(2,y)Dy) Do Dy + > as(x,y)DLD; (1)
i+5=0
2
L=D3iD, + Z aij(z,y) DD}, (2)
i+j=0
2
i+j=0

where p = p(z,y) # 0, ¢ = q(z,y) # 0, a;j = a;5(z,y). The normalized form ()
has symbol S = pX + qY. Without loss of generality one can assume p = 1.
Each of the class of operators admits gauge transformations L — ¢g~' o Lo ¢ for

g=g(z,y) #0.

Remark 1. Recall that since for two LPDOs Ly, Ly € K[D] we have Sym(L; o
Ls) = Sym(Lq) - Sym(Lz), any factorization of an LPDO extends some factor-
ization of its symbol. In general, if L € K[D] and Sym(L) = Sy - ... - Sk, then
we say that the factorization

L=Fo...0F, Sym(Fl-():Si, V’L'G{l,...,k},
is of the factorization type (S1)...(Sk).

We reformulate the famous result of [9] in the new notation:

Theorem 1. [9] Let LPDO L of arbitrary order and in arbitrary number of in-
dependent variables have symbol Sym(L) = Sy ... Sk, where S;-s are pairwise co-
prime. Then there exists at most one factorization of L of the type (S1)...(Sk).

3 Factorization via Invariants for Hyperbolic Bivariate
Operators of Order Three

Information from this section will be used in the proofs below in the case, where
L is hyperbolic operator.

Theorem 2. [20] The following 7 invariants form a generating set of invariants
for operators of the form ([1): q, Iy = 2q*az0 — qa11 +2a02, I = —qao2y +ao2qy +
qPas0s, Is = a1 + 2qyaso + a30q — aiiy + qasoy — a11a20, s = ao1¢* — 3qza02 +
gy — 01104 + 114G + QG020 — @02011, Is = a00q~+ 2002020, — G02a10 — A01020q —
;allzyq + qqz 20y — 1190202 + 9QyQ20z + 2q*as0a20, + QqxyQ20 + a20011002-

The set of values of these seven invariants uniquely defines an equivalent class
of operators of the form (IJ). Also invariant properties of such operators can be
described in terms of the seven invariants.
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Lemma 1. The property of having a factorization (or a factorization extending
a certain factorization of the symbol) is invariant.

Proof. Let L = FyoFyo...0Fy, for some operators F; € K[D]. For every g € K*
we have gl oLog= (g7 'oFiog)o (g7t oF0g)o...0(g7 o Fyoyg).

Looking through the formulaes of the next theorem, notice that some conditions
are the same for different types of factorizations. In particular, one can pay
attention to conditions (A1) — (D1). Such correlations will be used in the next
section (Sec. M.

Theorem 3. [18/ Given the values of the invariants q, 11, I, I3, 14, I5 (from
Theorem [3) for an equivalence class of operators of the form (). The LPDOs
of the class have a factorization of factorization type

(S)XY) if and only if

Iig® — Iiyq® + qyhqg — Iy + qlhy — 2¢: 11 — 3¢I2 = 0,

_q214y + 1/2(13[111/ - qI4w - 3/2(1261:13]11, + q3[5 + qQIlwz
—3/211¢% Gy — 211qQue + 5119q2qy + 61162 + 314, (4)
+314qqy — ql1 1y + I Iy + 2q, 17 — 411,99, — 3/211.4%q,

—2¢°Ize — ¢°Ipy + Inqly + 412qq, + 21%q, = 0 ;

(S)X)(Y) if and only if & —Ii+qhs —2¢,1 —ql2 =0 ;
(S)Y)(X) if and only if ([{) & (C1) :
(X)(SY) if and only if

(Dl): qCIwz_I4_2(JJc:Ou
—3/2%(1[11; - q3[3:z + 15612 + 1/2(1211111 - 1/2qqyllac+ (5)
qu213 + QIlqgcq,y - 1/211(1:67;(] —4q. I3 + gl =0 .

(X)(S)(Y) if and only if @) & (By);
(X)(Y)(S) if and only if @) & (D1);
(XY)(S) if and only if

—qls + 90y + Qyy@® — Ploy + @Gaa + 13> — 14 —2¢3 =0,
CIs + qlag +1/2¢°Iiay — 3/2¢% @ T1y + I Is + ¢* 1oy + 2119404y
+201q2 — 514qx — 1/211¢%quy — 119000 + 11qqy — 1/2112¢°qy — 412G
—10¢2 — *Gooe — ¢* I3z + I3¢° ¢z + 29920y — ¢*QyGuoa + 892qee =0 .
(6)
(YS)(X) if and only if
(C1): —2q.1 +qlie — Iy —2ql2 =0,
—qlay + 1/2¢* L1y + I5q* — LLI1 — ¢* Loy + 2q, 14 + 311q2qy— (7)
3/211(]:67;(1 - 1/2(1(Iyllm - 3/2(]:6(1]17; =0.
(XS)(Y) if and only if
(Bl) : ng2fq11y+qy11 72]2 :0
—1/2qqy11s — 3/2q2q11y + 156> — P30 + 1/2¢* 112y + q2% 13 (8)
—2q. 12 + qla, + 3[1%0‘]1; - 3/211(19011(1 — LI + 26]5(]1(] - quqIQ
—20ay @y + 202y q0z — 20445 -
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(Y)(SX) if and only if

(Al): IB"‘ny:Oa
—qlyy — 3/2q:q11y + I5q* + 1/2¢° 10y + 2qy 14 — 1/2qqy 12+ 9)
311(]96(17; - 3/211(]:67;(] - q212y =0;

(Y)(X)(S) ifand only if (@) & —qGee+Is+202+ql2— GGty +@Pqey =0 ;
(Y)(S)(X) if and only if [ & (A1) ;

For LPDOs of the forms ([2) and () generating sets of invariants and the cor-
responding conditions of the existence of factorizations of different types are
known also [I7], [19].

4 Several Factorizations of One Operator

Theorem 4. Let ged(S1,52) = 1. A third-order bivariate operator L has a first-
order left factor of the symbol S1 and a first-order right factor of the symbol So
if and only if it has a complete factorization of the type (S1)(T)(S2), where
T = Sym(L)/(S1S2)

The following diagram is an informal illustration of the statement of the theorem:

(S A (2)(S82) = (S1)(-)(52)

Proof. The part of the statement “<=" is trivial. Prove “=".

The symbol of the operator has two different factors, therefore, the normalized
form of the operator L is either (1) or (2). Without loss of generality we can
consider L in its normalized form.

Consider the first (hyperbolic) case. For this class of operators we have the
generating system of invariants q, I1, I, I3, Iy, Is from Theorem[2l The symbol is
the same for all the operators in the class and is X Y-S, where S = pX +qY . The
following six cases are the only possibilities for the S; and S, ged(S1,S2) = 1.

Case S1 = S, Sy =Y. By the Theorem [ operator L has a left factor of the
symbol S7; = S and a right factor of the symbol So =Y if and only if conditions
@) and (®) are satisfied. From the second equality in () derive an expression
for I3 and substitute it for I3 into the first equality in (@l). The resulting equality
implies that the third condition (in Theorem [B]) for the existence of factorization
of the type (5)(X)(Y) is satisfied. The remaining two first conditions are exactly
the same as two conditions (4)), and, therefore, the theorem is proved for this
case.

Case S1 =Y, S, = S. Operator L has a left factor of the symbol S; =Y
and a right factor of the symbol S = S if and only if conditions (@) and (B]) are
satisfied. From the first equality in (@) derive an expression for I3 (I3 = —gyy)
and substitute it for I5 into the first equality in ([@). The resulting equality implies
that the third condition (in Theorem [)) for the existence of factorization of the
type (Y)(X)(S) is satisfied. Since the first two conditions are satisfied obviously,
we proved the theorem for this case.



304 E. Shemyakova

CasesSlzX, Sg:YandSl :Y, S2:Xand81 :X,Sg:SandSl :S,
So = X are obvious consequences of Theorem [3]

Consider the case, where the symbol of L has exactly two different factors,
that is L is in the normalized form (). There are only two cases to consider:
Sl :X,SQ :Y, and Sl :Y,SQ = X.

Straightforward computations show that the equality H, o Hy = G3 o Gy,
where Sym(H;) = X and Sym(G1) = Y implies that for some a = a(x,y) and
b= b(z,y) we have Hy = Dyy + aDy + bDy + az + ab = (Dy + b) o (Dy + a),
while G1 = D, + a. Thus, Hj has a factorization of the type (X)(Y).

Similar computations show that the equality H; o Hy = G2 o G, where
Sym(H;) = Y and Sym(G;) = X implies that for some a = a(x,y) and
b = b(z,y) we have G2 = Dy + aD; +bDy, + by + ab = (D, + a) o (D; + b),
while H; = D, + a. Thus, Hy has a factorization of the type (¥)(X).

Ezample 1 (Symbol SXY, S1 = X +Y, Sy =Y ). We found an operator with
two factorizations L = (D, + Dy + ) o (Dyy + yDy + y*Dy + 4®) and L =
(Dyy+ Doy + (x+y*) Dy +y? Dy + 2y* +2y) 0 (Dy +9y). Then L has factorization
L= (D;+ Dy+z)o (Dy+y?) o (Dy+1y).

Ezample 2 (Symbol XY, S; = X, So = Y ). We found an operator with two
factorizations L = (Dy+2)0(Dyy+yDy+y?Dy+y3) and L = (Dyp+(2+y%) D+
zy?) o (D, +y). Then L has factorization L = (D, + z) o (D, + y?) o (D, + y).

Example 8 (Symbol X2Y, S; =Y, So = X ). We found an operator with two
factorizations L = (Dy + ) o (Dyy + yDy + y* — y*) and L = (Dyy + 2D, +
y> Dy +xy? 4 2y) o (Dy +y—1y?). Then L has factorization L = (D, +z)o (D, +
y*) o (Da+y—y?).

Looking at the examples, one can notice that the factorizations into first-order
factors have the right and left factors exactly the same as they were in the initial,
given factorizations. In fact, this will be always the case. Accordingly, we improve
Theorem [ proving the following one.

Theorem 5. A third-order bivariate operator L has a first-order left factor Fy
and a first-order right factor Fy with ged(Sym(Fy), Sym(Fz)) =1 if and only if
L has a factorization into three factors, the left one of which is exactly Fy and
the right one is exactly Fs.

The following diagram is an informal illustration of the statement of the theorem:
(L=Fio... N L=...0F) < L=Fo...0oF.

Proof. Let L have the normalized form (). Then by Theorem [l if L has a first-
order left factor F; and a first-order right factor Fy (Sym(F3) is co-prime with
Sym(F1)), it has a factorization into first-order factors of the type (S1)(R)(S2),
where R = Sym; /(51S52). Theorem [l implies that such factorization is unique,
so we have some unique first-order LPDOs T1,T,T5 such that L =T 0T o Ts,
where Sym(Ty) = S1, Sym(T') = R, Sym(7T») = S3. This also means that there
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are factorization L = Ty o (T o T») of the type (S1)(RS2) and factorization
L = (Ty oT) o Ty of the type (S1R)(S2). Since S1, R, S2 are pairwise coprime,
by Theorem [Il such factorizations are unique. On the other hand we have initial
factorizations that are factorizations of the same types. Thus, we have F} =T}
and F2 = TQ.

For L that has the normalized form (@), the statement of the theorem is
actually a subresult in the proof of Theorem M for this case.

Proposition 1. The condition ged(S1,S2) = 1 in Theorems[f] and [A cannot be
omitted.

Proof. Hyperbolic case. Consider an equivalence class of () defined by ¢ = 1,
I =1, =15 =0, I3 = Iy =z — y of the invariants from Thereom 2l Using
Theorem [ one can verify that operators of the class have factorizations of the
types (S)(XY) and (XY)(S) only.

Such equivalence class is not empty. For example, operator A3 = Dgyy +
Dyyy+ (x—y)(Dy + Dy) belongs to this equivalence class. Only the following two
factorizations exist for As: Az = (Dyy+2—y)(Dy+Dy) = (Dy+Dy)(Dzy+z—Yy).

The non-hyperbolic case. Consider operator of Landau

D3+ aD2D, +2D2 + (2v +2)D,D, + D, + (2+2)D, ,
which has two factorizations into different numbers of irreducible factors:
L=QoQoP=RoQ@Q,

for the operators P = D, + 2Dy, Q =D, +1, R = Dy +aDyy+ Dy +
(2+ z)D,. That is factorizations of the types (X)(SX), (SX)(X) exist, while
those of the type (X)(5)(X) do not. Here we denote S = X + 2Y.

Proposition 2. The statement of Theorem [A is not always true for a general
fourth-order hyperbolic operator.

Proof. For example, operator

L= (D, + D,)o(Dy;Dy(Dy+ Dy) + 2Dy + (2 — 2*) D, + 2D, — 22 + 2?)
= (D4(Dy + Dy)? — 2Dy (Dy + Dy) + (x — 2)Dy + (x — 1)Dy + 1) o (Dy + ).

The second factor in the first factorization has no factorization.

5 Completely Reducible Operators

Let < L > denote the left ideal generated by an operator L € K[D]. Consider
Linear Ordinary Differential Operators (LODOs). The ring of LODOs are the
principal ideal domain and, therefore, the intersection of two principal ideals is
again principle. Consequently, the least common multiple (lem) of two LODOs
L, and Ly can be defined uniquely as L such that < L >=< L1 > N < Ly >.
Since in the ring of LPDOs this is not the case, it was suggested [9] to introduce
the notion of a completely irreducible LPDO.
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Definition 1. [9/ An LPDO L is said to be completely irreducible, if it can be
expressed as < L >=< Ly > N...N < Li > for suitable irreducible LPDOs
Ly,...,Lg. In this case L =lem{Ly,..., Ly} by definition.

Theorem 6. [9] If an LPDO L has right factors Lq,..., L, and
Sym;, = lem(Symy,,...,Symp, ), (10)

then < L >=< Ly > N...N < L >. If the factors L1,..., Ly are irreducible,
then L is completely reducible via L1, ..., Lg.

An additional piece of motivation is [9] the following. Let for an ideal I C K[D)]
denote by V; C K its space of solutions. Then for two ideals I, C K[D] we
have [21122] Vi, ~1, = Vi, + Vi,, which allows to reduce the solution problem of
the partial differential equation corresponding to a completely reducible LPDO
to ones of corresponding to its factors.

Notice that the properties of the existence of a right factor with certain symbol
or a factorization of certain factorization type, and, therefore, irreducibility of
factors are invariant under the gauge transformations. Consequently, an invariant
description of the completely reducible operators is possible.

Consider a hyperbolic linear partial differential operator of third order in the
normalized form (II). Consider all possible right factors of the operator, their
symbols are

X.,Y S, XY XS)YS,
where S = X + ¢Y. Let us list all the possibilities for {L1,..., Ly} that L;-s
together satisfy (I0). Notice that the number (of factors) k is not fixed. However,
by Thereom [l there is no more than one factorization of each factorization type.
Thus, L; # L; for i # j, and, therefore, k < 6.

I {X,Y,S} ;
II. {SX,SY} ,{SX, XY} ,{SY,XY} ;
IL. {X,SY} ,{Y,S5X} ,{S, XY} — the right factors are co-prime ;
IV. {X,Y,SX} ,{X,XY,SY} ,...— the sets that contain as the subset one of
the sets of the groups I1] and I.
V. {SX,SY, XY} — the only set that contains as the subset one of the sets of
the groups I1 and does not belong to the group I'V.

Theorem M allows us to avoid the consideration of the large group I'V. Indeed,
by Thereom M| at least one of the second-order factors of the sets fails to be
irreducible.

Now, when we rule out all cases but eight, using Theorem [B]it is easy to obtain
sufficient conditions for LPDOs to be completely reducible with

<L>=<Li>nN..N<Lg>,

where {Sym(L1),...,Sym(Ly)} belong to I or I or III or V. We just combine
certain conditions from Theorem [Bl Further below we use notation W for an
arbitrary operator with the principal symbol W.

It is of interest to consider instead an important particular case ¢ = 1. We
collect the sufficient conditions for this case in the following theorem.
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Theorem 7. Given an equivalence class of {) by ¢ = 1, and values I, ..., I5
of the invariants from Theorem[2. Operators of the class are completely reducible
with

I.<L>=<X>nN<Y>N<S>if

(Dy + 1) o (2Dz + Dy)(1) =0,

IL=1I,—-1I3,
I3 = (Ily +2[11)/3 s
Iy=—-L+1s,

Is = L1, — 2113 — 114y /2 ;
II. < L>=<SX>Nn<8Y > if

Iy=F(y—=),
Is=1,=0,
Is = —1/211 4y + Loy ,
where Fy (y — x) is some function;
<L>=<S8X>N< XY > if
Nay + o — LTy — 211, = 0
I3=0,
Iy =—-ILy+ 1, -3,
Is = Ly — Liay/2+ Iy

<L>=<8SY >N<XY > if

Iigy — D1l — Ioy + 111 =0,
I3 =TIy — Ly + 31,

I,=0,

Is = Isy — 1/201 5y — I3y

III. < L>=<X>N<8Y > if

—1I3; + (Ilzll + Ilmy + Ilzz)/Q =0,
I =1./2,
14 :07
Is = _1/2llwy + I I +,[2y ;
<L>=<Y>N<SX > if
—I4y - IlyI1/2+ Ilzy/2 + Ilyy/2 =0,
I =—1,/2,
I3 :07
Is =L — Ly /2 — 1oy
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<L>=<S>N< XY > if
—I3y + (Ney + Lo — LTy — 11112) /2 — I3, = 0,
I = (Iiz — 1hy)/2 ,
Iy=—-+ 13,
Is = (I1 11y — I1Iiy — Tey)/2 — L1 13 5

V.<L>=<S8X>N<SY >N<XY > if
Ly — Iy =0,
Digew — 201 Iy + 204y — 111y =0,
I = (I — 11y)/3,
Iy3=I1,=0,
Is = 711$y/2+12y .

6 Conclusions

The paper is devoted to the case when one LPDO has several factorizations.

In Sec. [ we proved that a third-order bivariate operator L has a first-order
left factor Fy and a first-order right factor Fy with ged(Sym(F}), Sym(Fz)) =1
if and only if L has a factorization into three factors, the left one of which is
exactly F; and the right one is exactly F5. Also it was shown that the condition
ged(Sym(F1), Sym(F,)) = 1 is essential, and that the analogous statement “as
it is” is not true for LPDOs of order four. However, other generalizations may
be possible.

The proof for the hyperbolic case was done using invariants’ methods. This is
a nice and easy way to prove the things since the expressions for the necessary
and sufficient conditions of the existence of factorizations of a given type are
already known. It was the form of the conditions that allowed us to make initial
hypotheses that were proved later to be true in Sec. @l However, some other
method is required for generalizations to higher order LPDOs.

In Sec. Bl we considered the case, where one LPDO has two or more several
factorizations of certain types. Most of the cases were ruled out from the con-
sideration due to the results of Sec. @l The explicit formulae for the sufficient
conditions for the complete reducibility of an LPDO were found for the case
p =1 (which is the case where the symbol of L has constant coefficients only).
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Abstract. In this paper, we present an alternative algorithm to com-
pute Grobner bases, which is based on computations on sparse linear
algebra. Both of S-polynomial computations and monomial reductions
are computed in linear algebra simultaneously in this algorithm. So it
can be implemented to any computational system which can handle lin-
ear algebra. For a given ideal in a polynomial ring, it calculates a Grébner
basis along with the corresponding term order appropriately.

1 Introduction

The concept of Grobner bases and the algorithm to compute them was in-
troduced by Buchberger [3] and the algorithm consists of computation of S-
polynomials and one of monomial reductions. Since it has applications across
a wide range of computer algebra, many optimizations have been studied and
developed [TI2IQITOTTITE]. In [6[7], Faugere introduced a new efficient algorithm
Fy and F5 to compute Grobner bases by use of linear algebra in order to achieve
simultaneous monomial reductions. A method to solve systems of algebraic equa-
tions by use of linear algebra were also studied by Lazard in [12]. Also by ap-
propriate choices of term orders for given ideals, we may compute Grobner basis
for it efficiently. Mora-Robbiano [I3] and Caboara [4] studied several method to
find suitable term orders.

In this paper, we introduce a new method to compute Grobner bases of ideals
on polynomial rings by use of sparse linear algebra. It implicitly processes both
of the computations of S-polynomials and the one of monomial reductions in
a single linear space simultaneously in the form of Gaussian elimination. Thus,
with this method, we can expect to use a great variety of techniques including
parallelism used by computation in linear algebras, in order to get Grobner
bases. Moreover our algorithm includes an indicator to choose an appropriate
term order for an efficient computation of Grobner basis for a given system of
polynomials. The term order changes dynamically during the computation.

Let K be a field. Let X = {X,..., X,,} be a finite set of variables, i.e., n is
the number of invariants. Let 7'(X) be the set of the terms of X . Throughout this
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V.P. Gerdt, E.W. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 310-321] 2009.
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paper, we use roman letters a, b, ¢, . . . for elements of K, Greek letters o, 3,7, . ..
for terms in T'(X), f,g,h,... for polynomlals in K[X].

For a term order < on T( X) and a polynomial f € K[X], we let terms(f) C
T(X) be the finite set of the terms appearing in f, and ht<(f) € T(X) be
the <-maximal term of f, i.e., ht<(f) € terms(f) and a < ht<(f) for all « €
terms(f) \ {ht<(f)}. We also let he<(f) € K be the corresponding coefficient of
ht<(f) in f, and let hm<(f) = he<(f) - ht<(f).

For f € K[X], we denote the partial degree of f with respect to X; by
deg(f,1), i.e., for a term «, deg(a,i) = a; if X" divides o and if X{“H does
not divide . We also denote the multi-degree of a term « € T(X) by deg(a) =
(a1,...,a,) when a = X{"* ... X% € T(X).

For non-negative real numbers ai,...,a, and a € T(X), we denote
VVVVV an)( a) € Rxo by tdeg,, )( a) = ay -deg(a, 1)+ -+ -+ a, - deg(a, n).
For f € K[X], we define tdega(f) max{tdega(a) ta € terms(f)}.

For F C K[X], we denote (F)x C K[X] by (F)x = {arfi + -+ amfm :
a1,y € Ko f1,..0, fm € F} and (F)gx) © K[X] by (F)gix) = {g1f1 +

ot Gmfm g1, Gm GK[ ] JisooosIm GF}

Our plan is as below. In Section 2, we give the main Lemma which gives a
sufficient condition to get a Grobner basis. In Section 3 and 4, we give several
definitions and properties used in the main algorithm. In Section 5, we argue on
the dynamic change of term order. In Section [6] we give the main algorithm to
compute Grobner bases along with the corresponding term order. In Section [T,
we show several optimization techniques. In Section [, we show a prototypical
implementation with a few tiny computational examples.

2 A Sufficient Condition to Get a Grobner Basis

For an n-tuple b = (by,...,b,) of non-negative integers, we define TB(b) =
{a € T(X) : deg(a,i) < b; for each i = 1,...,n}. In this section, we identify
polynomials in K[X] whose terms are in TB(b) with linear combinations of
TB(b), ie., (TB(b))x = {f € K[X] : terms(f) € TB(b)}, and express being
Grobner bases in linear space (TB(b)) x

Definition 1. For F C K|[X] and a term order < on T(X), we say F is K-
reduced with respect to < if ht-(g) & terms(f) for any distinct f,g € F.

Lemma 2. Fiz a term order < on T(X). Assume G C K[X] is K-reduced and
f €(G)k \ {0}. Then f is top-K -reducible modulo G wrt <, i.e., there is g € G
and a € K\ {0} such that ht<(f 4+ ag) < ht<(f).

Proof. We say « = ht(f). Since f € (G)k, we can take distinct g1,...,9m € G
and ai,...,a, € K\ {0} such that f = a191 + +amgm. We assume, for ¢ =
1,...,m, that ht(g;) # « for a contradiction.

Then we can take gj such that o € terms(gy) since a € terms(f). So letting
B = ht(gx), we have a < 3 since ht(gx) # «. Then there is g; such that g; # gx
and that § € terms(g;) since 8 ¢ terms(f), which contradicts to the assumption
that G is K-reduced.
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So there is gi such that ht(gx) = a = ht(f). Let a = —he(f) - he(gr) ™t €
K\ {0}. Then we have g, € G and ht(f + agr) < ht(f). O

The following is just a generalization of usual Grébner bases on polynomial rings.
We notice that G is a Grébner basis in the usual meaning when F is an ideal in
K[X].

Definition 3. For F,G C K[X] and a term order <, we say G is a Grobner
basis of I with respect to < if (G) k1x] C (F) g(x) and if, for every f € F'\ {0},

there is g € G such that ht<(g) divides ht<(f). We say G is a Grobner basis
when G is a Grébner basis of (G) gx)-

Definition 4. (T-closed) For T C T(X) and F C (T)k, we say F is T-closed

if af € (F)g for any a € T(X) and f € F such that terms(af) C T.

Notation 5. (side) Let < be a term order on T(X). We define a mapping
side< : K[X]x{1,...,n} — Zx¢ by side<(f, ) = max{deg(a,i)—deg(ht<(f),7) :
a € terms(f)}.

Now we have the following Lemma. In the latter sections, we give several algo-
rithms, and show ways to get Grobner basis using this Lemma.

Lemma 6. Fiz some term order < on T(X). Let b = (by,...,b,) and ¢ =
(c1,...,¢n) are n-tuples of non-negative integers. Let G C (TB(b))x be TB(b)-
closed and K -reduced wrt <. Let Gy C (TB(¢))k be a Grébner basis of G such
that Go C G. Assume, for any g € Go andi =1,...,n, that ¢;+side<(g,4) < b;.

Then Gg is a Grébner basis wrt <.

Proof. We pick f,g € Go with f # g arbitrarily. We show that SPol(f, g) —¢,
0. Let o = ht(f), a = he(f), 8 = ht(g), b = he(g), v = lem(w, 5). Then
SPol(f, g) = b(v/a) f — al(v/B)g.

We first show that b(y/a)f,a(v/08)g € (G)k. We say deg(a) = (a1,...,an)
and deg(8) = (af,...,al,). Pick arbitrary § € terms(f) and say deg(d) =
(dy,...,dy). Then deg((y/)d) = (max(ay,a}) —a1 +di,. .., max(a,,al,) —an,+
dy). For each i = 1,...,n, since d; — a; < side(f,7) and max(a;,a}) < ¢;, we

have max(a;,al) — a; + d; < ¢; +side(f,4) < b;. Thus (y/a)d € TB(b). Since G

is TB(b)-closed, we have b(v/a)f € (G)k. By the same way, we can show that
a(v/B)g € (G)k-

So letting so = SPol(f, g), we have sp € (G)k. Next we construct sequences
805 --- 81,8141 € (GYk and go, ..., € Gp such that ht(s;) > ht(s;41) for each
i. Assume we have s; € (G) k. Then, since s; is top-K-reducible modulo G, we
have ¢’ € G and ¢ € K\ {0} such that ht(s;+cg’) < ht(s;). Since Gy is a Grobner
basis of G, we can take g; € Gy and n € T(X) such that ht(ng;) = ht(g'). Let
d € K be such that hm(cg’) = hm(dng;). We set s; 11 = s; + dng;. Then we see
that ht(s;4+1) < ht(s;). From the fact dng; € (G) i, we also see that s;11 € (G) k.

Since < is Noetherian, we have s;1; = 0 for some [. Thus we arrive at
SPol(f, g) —%, 0. 0

In the rest of this paper, we give a procedure to compute G required at the
assumption of this Lemma.
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3 T-Closed K-Reduced Bases

In this section, we show a way to compute TB(d)-closed and K-reduced basis
for a given ideal on K[X] and an n-tuple d of non-negative integers.

Notation 7. ForT C T(X) and F C K[X], we let mult(F,T) = {a-f € K[X] :
a€T(X),f € F, terms(af) CT}.

We should notice that, if both of F C K[X] and T are finite, mult(F, T is finite.
From Lemma 2, we also notice that, if (F)x = (G)k and G is K-reduced, then
ht[F] C ht[G]. We may assume that an algorithm LinearReduce is given, where,
for F C K[X] and a well-order <, if B:= LinearReduce(F, <), then B is K-
reduced with respect to <, (B)g = (F)x. We should note that it is essentially
same as Gaussian elimination. Then we have the following algorithm.

Algorithm. CloseAndLReduce

Input: F : a finite subset of K[X],
T : a finite subset of T'(X) with FF C (T) g
< : a term order on T(X)

Output: R : a T-closed and K-reduced subset of (T)x
wrt < such that (F) k5] = (R) k(x|

R := F;
:= |RJ;
d :=0;
while d' #d do
d :=d;
R := LinearReduce (mult(R,T), <);
= |R[;
end while
return R;
end.

Lemma 8. Let T be a finite subset of T(X), F be a finite subset of (T')k, and
< be a term order on T(X). Then the algorithm CloseAndLReduce terminates
in finite steps and, the output R of CloseAndLReduce(F, T, <) satisfies that
R is T-closed and K -reduced wrt < and that (F) k5] = (R) k[x]-

Proof. Let R, be the R in the n-th while-iteration in the algorithm. Then we see
that (Rp)x C (Rnt1)kx and so dimg (R, )k < dimg(R,41)k for each n. Since
dimg (R, )k < |T|, the algorithm terminates in a finite step.

Let R be the output and pick f € R arbitrarily. Let o € T(X) be such that
terms(af) C T. Then af € mult(R,T) by the definition of mult(R,T). Let R’
be the output of LinearReduce (mult(R,T), <). Then (R)x = (R')k by the
definition of algorithm. Since af € (R')x = (R)k, we see that R is T-closed.

We can easily see that R is K-reduced wrt <. a
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4 Finding a Candidate

We fix an algorithm Bound such that, for finite F C K[X], b = Bound(F) if
b; = max{deg(f,i) : f € F}fori=1,...,n where b = (b1,...,b,). Then
F C (TB(Bound(F))k. Then, using the algorithm CloseAndLReduce, we can

get G C K[X] such that (F)g ) = (G)k(x) and that G is TB(b)-closed and
K-reduced. If we can find Gy C G which satisfies the assumptions of Lemma [6]
it is a Grobner basis of (F) (5. So, we give a procedure to calculate a candidate
of G as below.

Algorithm. MinimalBasis

Input: G C K[X] finite, < : term order on T(X)
Output: H C G a Grobner basis of G

H = 0;
while G # 0 do
g = min.G;
G = G\{g};
is gb := true;
foreach h € H do
if ht<(h)|ht<(g) then
is gb := false;
end if
end for
if i¢s gb then
H := HU{g};
end if
end for
return H;
end.

For some b € (Zso)" and G C TB(b) which is TB(b)-closed and K-reduces
wrt <, let Gy := MinimalBasis((G, <) and ¢ := Bound(Gy). If they satisfy
the assumption of Lemma [6] we arrive at the destination, i.e., G is a required
Grobner basis of the given ideal. But if they do not satisfies it, we have to
extend the bound b. We should note that, when we extend the bound b to ¢ for
G C (TB(b)), we have to compute mult(G, TB(¢)).

If the bound b changes to another value, the term order for an efficient com-
putation of TB(b)-closed K-reduced basis would also be changed. In the next

section, we give a guideline to set an appropriate term order.

5 Appropriate Term Order

Combining the procedures above, we can compute a Grobner basis for a given
ideal with respect to some given term order by extending the bound b in each



Computing Grobner Bases within Linear Algebra 315

step. On the other hand, we can switch term order during computation dynami-
cally in order to make the dimension |TB(b)| of the linear space at the next step
small. For such a purpose, we introduce weighted term order.

Definition 9. Let < be a term order on T(X) and w be an n-tuple of non-
negative reals. Then we define the order <y weighted by w coherent to < by,
for any a, B € T(X),

1. if tdegg (@) < tdegg(B), then a <g B, and
2. if tdegy (o) = tdegy(8) and if o < B, then o <g B.

For any term order < on T'(X) and weights w € (Rx()", we easily see that <z
forms a term order on 7'(X).

For by,...,by € Z>o, we let T = TB((by,...,by)). For a term order <, we say
aterm a € T is (<, T)-inside if § € T for all § < «. Then we notice that, if the
head term ht(f) of a polynomial is (<, T')-inside, reduction of f modulo some
g can be computed within 7". So choosing a term order < to make the number of
(=, T)-inside terms large, we can make the computation of Grébner basis within
T efficiently.

For such a purpose, we are going to choose an appropriate degree d € R~ and
weights @ = (w1, ..., w,) for some term order < for making the number large of
the terms « € T(X) with tdeg,(a) < d — a € T. Even if some b; equals to 0,
the corresponding weight w; does not affect to (<, T")-insideness, and so we may
assume that every b;’s are positive. Since X' X9 --- X0 € T = TB((b, . .., b,)),
we have d < wb;. By the same way, since X0X?... X% ... X0 X0 ¢ T, we

have d < w;b; for each i = 1,...,n. Thus we have d < min{wb1,...,w,b,}.
Then we notice that we can get the maximum number of the terms « with
tdegg(a) <d — a € T when d = wiby = -+ = wyby.

So we define the algorithm WeightedOrder to give appropriate term or-
der to compute within given TB(d) by <= WeightedOrder((by,...,b,), <)
if <=<(w,,...,w,) Where w; = 1/b; if b; #0 and w; =0if b; =0fori=1,...,n

24N TB((5,3))
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6 The Main Algorithm

Now we can describe an algorithm to compute Grébner basis as below. The
essential part of the computation is in CloseAndLReduce, and it is a combination
of mult() and LinearReduce. In fact, the Buchberger algorithm consists of S-
polynomials and monomial reductions, and they consist of multiplications of
coefficients and terms to polynomial and additions of two polynomials. We may
realize that the part of the multiplications of terms to polynomials is included
in mult(), and the one of the multiplications of coefficients to polynomials and
additions of two polynomials is in LinearReduce, Gaussian elimination.

Algorithm. GroebnerBasisLA

Input: F C K[X] : finite
Output: G C K[X] : a Grébner basis of (F) gz wrt <,
< :aterm order on T(X) let < be a grlex order;

(b1,...,bn) = (0,...,0);

(c1,...,¢n) := Bound(F);

(diy...,dn) = (0,...,0);

G := mult(F,TB((c1,...,¢n));

T := terms(F);

< := WeightedOrder((ci,...,cn), <);
while ¢; +dy > by or ... or ¢, +d,, > b, do

for t+=1,...,n do
b; := ¢;+d;;
end for

G := CloseAndLReduce(G, TB((b1,...,b,)), <);
Gy := MinimalBasis(G, <);

< := WeightedOrder (Bound(Gp), <);

ar = max<{T};

G1 := {g€G : terms(g) X ar};
(c1,...,¢n) = Bound(GoUG1);
for 1 =1,...,n do
d; := max{side<(g,i) : g € Go};

end for

end while

return (Go,<);

end.

Then we have the following Theorem.

Theorem 10. We assume that F is a finite subset of K[X]. Then the algorithm
GroebnerBasisLA(F) terminates in finite steps. So we also let (Gg, <) be the
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output of GroebnerBasisLA(F). Then Gy is a Grébner basis of (F) g with
respect to <.

Proof. Let G' be a universal Grébner basis of (F) (5. For each i = 1,...,n,
we let ¢, = max{deg(g,i) : g € G'}, d} = max{deg(c,i) — deg(B3,7) : o, €
terms(g) for some g € G'}, and b, = ¢; + d}. We let <’ be the output of
WeightedOrder ((by,...,b,), <) where < is the grlex order used in the algo-
rithm. Then we let G be the output of CloseAndLReduce(G, TB(by,...,b,),
<’) and Gy, (¢1,...,¢n), and (dy,...,d,) be as in the algorithm. Then we see
that ¢; +d; < b; for every ¢« = 1,...,n. So the while-loop terminates at most
(b1 +1)-(bg+1)--- (b, + 1)-many steps.

Next we see, at the end of the algorithm, that Gy U G; forms a Grobner
basis of (F)) k(%) with respect to < by Lemma [6l In fact, letting <, G, Go, Gy
and b1,c¢1,dy,...,bn,cp,d, be as in the end of the algorithm, we see, for any
t=1,...,nand g € Gy UG, that side<(g,7) < d; and so ¢; + side<(g,1) < b;.
Thus they satisfy the assumption of the Lemma and so GyUG] is a Grobner basis.
Next we let ar be as in the end of algorithm. Since F C (o € T(X) : a = ar)xk,
we see that F C (G1)k, and so F C (Go U Gl>K[X]- Thus Gy U Gy is a Grobner
basis of (F) xx) with respect to <.

By the defnition of MinimalBasis, we see that Gy equals to MinimalBasis(Gg
UG1, <). Thus we see that Go is a Grobner basis of (F) (5] with respect to
<. O

Note. In fact, the algorithm GroebnerBasisLA outputs the reduced Grobner
basis if LinearReduce outputs reduced row echelon forms, though we omit the

proof.

7 Optimizations

This algorithm is heavily depend on mult() and LinearReduce. In this section,
we introduce two methods to optimize them. Their basic concepts are in (1)
eliminating duplicated polynomials in the output of mult(), and (2) reducing
surplus polynomials in the input of the algorithm LinearReduce.

7.1 Extending Bound
We consider the case that F C (TB((b1,...,b,)))k is TB((c1,...,cp))-closed

for some ¢; < b; (i = 1,...,n). When we calculate TB((by,...,by,))-closure of
F, we can get it by mult(F, TB((b1,...,b,))) but it contains lots of duplicated
polynomials. Then, using the information that F' is TB((c1,...,c,))-closed, we

notice that it is enough to calculate mult(f, TB((b1,...,b,))) only for f € F
on the “bound” of TB((c1,...,¢,)). Thus we introduce the following algorithm
ExtendBound, though we omit the proof of its validity.
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Algorithm. ExtendBound

Input: F C K[X], (b1,...,by), (c1,...,¢cn) € ZZ such that
Fis TB((c1,...,cn))-closed and ¢; < b; for i =1,...,n.

Ouput: G C K[X] such that G is TB((by, ..., b,))-closed and
(G kix) = F)k(x)-

G = F;
foreach 1 =1,...,n do
B := {feG : deg(f,i) =ci};
foreach f€ B and j=1,...,b, — ¢, do
G = GU{X]f};
end for
end for
return G;
end.

7.2 Reduction Matrix

In this paper, we identify a K-linear combination of TB((b1,...,b,)) with a

polynomial in K[X] whose terms are in TB((by,...,by,)). We fix b = (by,...,byn)

and a term-order < on T(X), let 1 =t; < t3 < -+ < t; be the enumeration of
TB(b) where [ = (by +1) - (bg +1)--- (b, +1). Let ¢: (t1,...,t;)x — K’ be the
canonical isomorphism.

For g € (TB(b)), let k4 and ¢, be such that ¢, = ht(g) and ¢, = he<(g) €
K\ {0}. Then we define the reduction matric Ry = (rij)1<i,j<i induced by g by
Tik, = —P(9)i/cq if i > kg, mi; = 1if i # kg, and ri; = 0 otherwise, where ¢(g); €
K is the i-th component of the vector ¢(g), i.e., the coefficient of ¢; occurring in
g- Then we notice, for any f € (TB(b)) ., letting f' = ¢~ (Ry-¢(f)), that f —?
f. In fact, saying f = ait1+- - -+at;, we can easily check that ¢ =1 (R,-¢(a;t;)) =
a;t; for j # kg and ¢~ (Ry - ¢(ak,tr,)) = —ak, - (¢(g9—hm<(g))/he<(g)), and so
¢~ (Ry-o(f)) = f—an,ty, —ak,-he<(9)~"-(g—hm<(g)) = f—ax, -he<(g)~"-g.

Furthermore, we let G be a K-reduced subset of (TB(b))x. Then we can also
define the reduction matrizc Rg induced by G by the same fashion as in the
previous paragraph. For each g € G, we let 1 < k; <!l and ¢; € K \ {0} be as

above. Then we define Rg = (7i;)1<i,j<i by

—o(g)i/cq, ifi> and j =k, for some g € G,
Tij = 1, ifi=j and j # k, for any g € G, and
0, otherwise.

We can check that Rg is well-defined and, for any f € (TB(b))g, that f/ =
¢ (Re - ¢(f)) satisfies f —¢ f/ and f’ is not K-reducible modulo G. Es-
pecially, for a K-reduced finite subset G of (TB(b))x and a polynomial f €

(TB(b)) i, we can check whether f € (G)k or not using the reduction matrix
R¢ induced by G.
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7.3 Optimized CloseAndLReduce

In the algorithm GroebnerBasisLA, the input G of CloseAndLReduce is always
TB(c)-closed for some ¢. So, placing the call to the algorithm ExtendBound at the
beginning of the algorithm CloseAndLReduce, we can assume that the candidate
RC(TB((by,.-.,bn))) K in an execution of CloseAndLReduce(G,TB((b1,...,by)),
<) is TB((b1,...,by))-closed in the rest of the computing, thus we can optimize
it as follow.

Algorithm. CloseAndLReduce (optimized)

Input: F : a finite subset of K[X],
b : an n-tuple of non-negative intergers with £ C (TB(b))x,
< : a term order on T(X)

Output: G : a T-closed and K-reduced subset of (T") x

wrt < such that <F>K[X] = <G>K[)’q

¢ := Bound(F);
H := ExtendBound(F, &, b);
H :=0;
G :=
d := |F[;
d :=0;
while d' #d do
d :=d;
G := H\G;

let Ry be the reduction matrix induced by H’;
G' := {Ry -g : g€ mult(G,TB(D))};
H := LinearReduce(G’, <);
H := H;
d := |H|;
end while
return G;
end.

8 An Implementation

We choose PARI/ GHY to implement the algorithms in this paper in order to
demonstrate that it is not difficult to implement Groébner bases computation
to a system which has neither S-polynomials nor monomial reductions. You
can download the file from our pagdd. This file has three main routines, (1)
groebner basis la, (2) groebner basis la opt, and (3) groebner basis la
mat. The first one corresponds to the Algorithm GroebnerBasisLA in Section [6]
and the second one is an implementation applying the optimization methods

! http://pari.math.u-bordeaux.fr/
2 http://kurt.scitec.kobe-u.ac.jp/ sakira/GBwithinLA/
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in Section [l The last (3) is a one which we remove the use of LinearReduce.
Though we omit the details, the technique of reduction matrix in Subsection [7.2]
can be a substitution for LinearReduce in order to get a Grobner basis by
the idea described in this paper. In these main algorithms input polynomials
are converted to vectors in a direct product of QQ just before of computation,
the computed vectors are converted to output polynomials at the end of the
routines, and most of all computations are processed within linear algebra.

We give a tiny computational example as follow: For an example, when
we put groebner basis la opt([x"2+y~2+272-20, x+y-5, x*y*z-3]),it out-
puts [[8*z~3+40%z-48, 2*y~2-10*y+(z~2+5), x+(y-5)]1, [x,y,z], [6, 3,
211 which means {23+52—6,2y?— 10y +22+5,z+y—5} is the reduced Grébner
basis of (22 +y®+ 22— 20, 2+y—5, 2yz — 3)g[s,y,-] With respect to the term-order
weighted by {z : 6,y : 3,2 : 2}. In the following table, we give a timing data
of these implementations though they are not faster than existing implementa-
tions to compute Groébner bases. The unit of time in the table is the second.
(Mac OS X 10.5.6, CPU 2.8GHz Xeon, Memory 22GB, GP/PARI 2.3.4 with
x86-64/GMP-4.2.3)

polynomial system (1) no opt. (2) opt. (3) red. mat.
{2y + 2 — 2y, 2% — 2,23 — 2%yz} 10.5 1.5 10.6
{zy +2z—xz,2% — 2,228 —2%yz—1} >1hour 1.6 11.5
{523 — Tyz,11y? — 1012,z + y — 65537z} > 1 hour 9.3 0.8
{22 +y?>+22-20,x+y—5,27yz—3} >1hour 3.7 12.1

The routine groebner basis la opt is the fastest in these ones, though all of
them can calculate very tiny polynomial systems at the current moment.

9 Conclusion and Remarks

The algorithm GroebnerBasisLA does not require a term order as its input. It is
one of the characteristic properties of the algorithm, and it dynamically chooses
a suitable term order for the set of terms appearing in the linear space for the
sake of its efficient computation. For a given finite set F' of polynomials in K [X],
our algorithm compute a Grébner basis G' of (F) g with the corresponding
term order on T(X). On the other hand, if we need the Grobner basis with
respect to a given term order, we can use a method for change of order, e.g.,
Grobner walk [5], FGLM [8], and Hilbert driven [I6].

Another of the characteristic properties is on lacking both of S-polynomials
and monomial reductions. Though it does not have them explicitly, the combi-
nation of mult() and LinearReduce involves them. So the algorithm places more
weight on Gaussian elimination than the other algorithms to compute Grobner
bases. In our method, we require a set G of polynomials in (TB(b)) x to be TB(b)-
closed, and it may spend many memory resources. From another viewpoint, we

may consider that much intermediary information is stored in memory, and so
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the computation speed may become faster for some case if we have enough mem-
ory resources. We expect this tendency would be emphasized if the coefficient
ring K is finite, since less additional allocation of memory is required during

the computation in a fixed bound TB(b). We also expect to be used several
improved algorithms for linear algebra, e.g., parallel Gaussian elimination, in
our algorithm. Since PARI/GP does not support neither parallelization meth-
ods nor improved algorithms for Gaussian eliminations, we shall implement our
algorithm to another computer algebra system with such features.
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Abstract. A mimetic finite-difference scheme for the equations of three-
dimensional convection of a multicomponent fluid in a porous medium is
developed. The discretization is based on staggered grids with five types
of nodes (velocities, pressure, temperature, and mass fractions) and on
a special approximation of nonlinear terms. Computer experiments have
revealed the continuous family of steady states in the case of the zero
heat fluxes through two opposite lateral planes of parallelepiped.

Introduction

Natural convection of an incompressible fluid in a porous medium differs from
that of single phase fluid [I]. Usually, after the state of rest, a finite number of
regimes (convective patterns) may appear due to loss of stability. An exciting ex-
ample with an infinite number of steady states was found for the planar problem
of incompressible fluid convection in a porous medium [2]. This phenomenon of
appearance of a continuum of solutions was explained by the cosymmetry theory
[3]. The strong nonuniqueness of steady states in the planar Darcy convection
was proved for the single [3] and multicomponent fluid [10]. First computations
of the families in the planar Darcy convection were done by the Galerkin method
[] and the finite-difference approach [5].

To compute such a family of steady states the numerical scheme would be
mimetic and reproduce the behavior of the underlying system. The basic idea
behind the mimetic finite-difference is to define difference operators that inherit
the properties of differential operators (divergence, gradient, etc.), see for refer-
ence [7]. This approach permits the design of schemes that embody conservation
laws and solution symmetries. It was shown in [6] that mimetic preservation of
cosymmetry and some additional properties of nonlinear terms may be obtained
using computer algebra system Maple.

Computation in three-dimensional Darcy convection problem is more difficult
because the cosymmetry property does not exist for the three-dimensional case.
However, using a special staggered grid approach [§] it was possible to construct

V.P. Gerdt, E.ZW. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 322-333] 2009.
(© Springer-Verlag Berlin Heidelberg 2009
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a mimetic discretization and to find the family of steady states for the Darcy con-
vection in the parallelepiped. The key point was the approximation of nonlinear
terms using the methodology outlined by Morinishi et. al. [9].

The multicomponent fluid in a porous medium significantly affects the con-
vective flow [I]. In the two-dimensional case, again the cosymmetry property
exists [10]. Using a mimetic mixed spectral and finite-difference approach which
preserves the cosymmetry, convection of two- and three-component fluids for
planar Darcy problem was analyzed in [11].

In this paper we study nontrivial strong nonuniqueness of convective patterns
in a multicomponent fluid. We consider the three-dimensional problem of natu-
ral convection in a porous medium and develop a finite-difference scheme for a
system in primitive variables (velocities, pressure, temperature, and mass frac-
tions). The discretization is based on staggered grids approach as in [§] with
five types of nodes for the variables of the problem. Using the differencing and
averaging operators on two-nodes stencil we construct the special approxima-
tion of advective terms and check their conservation properties using computer
algebra system Maple. The numerical verification of the scheme was done using
Maple and MATLAB. The continuous family of planar patterns was computed
when a depth of parallelepiped is small. A number of stable three-dimensional
convective patterns are obtained in the case of rather large depth.

1 Darcy Convection Equations for Multicomponent
Fluids

We consider a porous medium saturated by an incompressible multicomponent
fluid which is heated from below. We assume that the Boussinesq approximation
holds [I]; fluid velocities v = (v!,v2,v®)T are assumed to be much smaller than
the sound speed, so the fluid can be treated as incompressible. The density in the
buoyancy term varies linearly with local temperature §' and with mass fractions
0" (r=2,...,8+1). The system of dimensionless equations [10] consists of the
momentum equation based on the Darcy law

9v S+1
=—-Vp— 0"k, 1
€ ot Vp—v+ ngl A (1)
the continuity equation
V-v=0, (2)

and the equation for the deviation of temperature from linear (in z) profile 6*
and deviation for each species 0" (r =2,...,5+1)
a0 - .
by ot +v- -V =kA0"+v- k. (3)
Here k = (0,0,1)7 denotes the vector opposing to the direction of gravity,
p(z,y,2,t) is the pressure, and z, y, z are the space variables. Parameters
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of relative porosity e, Rayleigh numbers A,, and diffusion coefficients «, are
given by ,
K A K
€= /1/127 AT = gﬂr 1/; I Ry = )(VT’ (4)

where K is the permeability coefficient, p is the porosity of the medium, [ is
the length parameter, g is the gravity acceleration, g, is the thermal expansion
coefficient (r = 1) or the fractional expansion coefficient (r > 1), A, is the
characteristic temperature (r = 1) or concentration difference (r > 1), v is
viscosity, and Y, is the thermal diffusivity of the fluid and mass fractions.

The parallelepiped D = [0, L] x [0, L,] x [0, L.] with length L, depth L,
and height L, is filled with the fluid. The normal component of the velocity is
equal to zero at the boundary

v-n=0, (x,vy,2)€dD. (5)

We suppose that the temperature at the boundary is given by a linear function
on the vertical coordinate z and consider the problem with mixed boundary
conditions: the heat and concentration fluxes are equal to zero on two lateral
faces 1D = {y = 0} U{y = Ly}, and the temperature deviation 6" is equal to
zero on the remaining faces 9o D = 9D \ 61 D, see Fig.[1l

0, =0, (z,y,2) €D, 0"=0, (x,y,2)€ hD. (6)

Fig. 1. Sketch of the boundary conditions

The initial condition is given as follows
0" (2,y,2,0) =05(x,y,2), v(z,y,2,0) =vo(z,y,2). (7)
It is easy to check that equations [I)—(@) are invariant with respect to the
discrete symmetries
Rw : {(E, Y, =z, U17 U2a U3aP7 97"} = {Lw - T,Y,z, _vla ’U2, v37p, 9T}7 (8)
Ry : {‘Ta Y, z, ,017 ’025 vgapv GT} = {SC, Ly - Y% vla 7’025 ,U37p’ 97“}7 (9)
Rz : {(E, Y, =z, U17 ’UQ, U3aP7 97"} = {'T7 Y, LZ -z, ’Ul, ’U2, _'037]7; _97"}’ (10)
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where r = 1,...,5 4 1. This implies the existence of solutions after appropriate
transformations of velocity, pressure, and deviation of the temperature and mass
fractions.

2 Staggered Grids

Equations [I)—(7) are discretized using five different types of nodes: one for the
pressure, another for the temperature and concentrations, and three nodes for
the components of velocity vector, see Fig.

Fig. 2. A grid and nodes

Firstly we introduce the regular grids

x;=1thg, i =0,...,Ny+1, hy = L, /(N, + 1),
yj = —hy/2+ jhy, 7=0,...,Ny+1, hy = L,/N,,
2zp =kh,, k=0,...,N.+1, h, =L, /(N, + 1),

and the staggered grids along all coordinates: w12 = (z; + 2i11)/2, i
0,y Noy Y12 = (Y5 +y541)/2, 5 = 0,00, Ny, 2pq1y2 = (2k + 2141)/2,
k=0,...,N..

Thus, the temperature and mass fractions 0" are defined at the nodes

wo = {(4s,Yj,2k), 1 =0,...,Ny+1,j=0,...,N,+1, k=0,...,N, + 1}.
The velocities v', v2 and v? are defined on the grids which are staggered along
the corresponding coordinates

0,....,Na+1,j=0,...,N,, k=0,...,N.},
0,....Nz, j=0,...,N,+1,k=0,...,N.},
0,

w1 = {(Ti, Yjr1/2: Zhr1/2), 1 =
j o Ng, j=0,... N, k=0,...,N, +1}.

wo = {(Tiy1/2:Yj» Zhr1/2)s @
w3 = {(‘Ti+1/2ayj+1/2azk)7 1=
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Finally, the pressure p is defined at the nodes

wp = {(mi+1/27yj+1/272k+1/2)7 Z = 07 .- 'JNZE7 j = Oa .. '7Nya k = Oa . '7Nz}-

The grids are introduced in such a way that at 02D, the boundary conditions
for the temperature and mass fractions and for the normal component of ve-
locity are fulfilled automatically. We define fictitious nodes for the temperature,
concentration, and velocity v? to approximate the boundary conditions at 8, D
with second-order accuracy.

2.1 Discrete Finite-Difference Operators

To approximate ([I)—(T) a set of discrete analogs of differential and averaging
operators is defined on a two-point stencil

fix16 — fijk fix1k + fijk

d1f1+1/2,], h 3 51f1+1/2,], 2
Jig+1k — figk fij+1.k + fijk
dafijr1/2.6 = a h ), Gafiir1jon = a 9 ! (11)
y
fijk ik Jijk+1 + figk
dfijrsrz=""" +;L Jug ), O3fijrrrp=""" +12 IE

Formulas (IIJ)) are valid both for integer and half-integer values of i, j, and
k. Then the discrete analog of the Laplacian on the seven-nodes stencil can be
written as

Ah = d1d1 + d2d2 + dgdg ~ A, (12)
and the averaging operator on three-dimensional cell is given as
8o = 010233 (13)

The construction of the nonlinear term approximation is done using a linear
combination of two terms

(v -V f)ijk = J(f,0)i5k (14)
3 3 3 3
= astds fHénvs (1-a) ZdSH5” (60 fdsv°)
s=1 n#s s=1 n#s ik

To find suitable parameter values o we apply Maple. It has been found that
the value o = 1/3 constitutes mimetic discretization of the underlying problem.
Then we verify this conclusion via direct numerical experiment with computa-
tions of the planar convective regimes and analyze their belongings to the family
of steady states.
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2.2 Semi-discretization

To compute some steady states we use an artificial compressibility and consider
the equation with coefficient ¢

hp+(¢'V-v=0 (15)

instead of equation (2)).
Using the operators ([I)—(I4]), the system (), @), and [IT) is discretized in
the following form

b — K AR — 61650% + J(07,0)| =0, r=1...5+1 (16)
L 1,7,

vl +d 1} —0 17
A tap v 4,j+1/2,k4+1/2 ’ (17)
02 + 4 2} —0 18
A Fdap v i4+1/2,5,k+1/2 ’ (18)
B . S+1

evd +dgp+0° = )\T61629T] =0, (19)
L r=1 i+1/2,5+1/2,k

[Cp + dl’Ul + dQ’U2 + dg’l}g} 0 (20)

i+1/2,5+1/2,k+1/2

The problem ([{)—(@) is discretized using fictitious nodes to satisfy the boundary
conditions on the planes y = 0 and y = L,. The discretization of the boundary
conditions is given below as:

—fore=0(=0)andz =L, (i=N,+1):

’Uilyj+1/21k+1/2 :0, j:O,...,Ny, k:()7.__,NZ’ (21)
Gf,j,k:()v jZO,,Ny+17 k:(),...,NZ+17

—fory=0(G=0)andy=1L, (j =N, +1):

V20 ke1/2 = V120412 =050, Noy k=0,..., N, (22)

2 2 . _

Vit1/2,N, +1,k+1/2 = ~Vig1/2,N, k120 L =0s0o o Ney B =0,..., Nz,

' I8 ' ' -

ei,O,kzei,l,lﬁ ei,Ny-‘rl,k:ei,Ny,k’ 2207-'-7N:D+17 kZO,,NZ+1

—forz=0(k=0)and z=L, (k=N,+1):

Uz'3+1/2,j+1/2,k =0, i=0,...,N;, j=0,...,Ny, (23)
92]‘%:0, 2207,Nw+17 ]:O’7Ny_~_1

2.3 Computational Procedure

We rewrite the resulting system of equations (17)—(21) in vector form by intro-
ducing vectors which contain only unknowns at internal nodes

T o__ Id Id T Id
0" = (elllﬂ e =9N,,,11791217 s 'JHNI,NyNz)7



328 V. Tsybulin, A. Nemtsev, and B. Karas6zen

V= (v, 7'011\/,,,115 Ulags- - ’vlle(Ny+1)(Nz+l))a
V= (v, 7'012\/,,,4-1,117”%21’ e ’v(2Nm+1)Ny(Nz+1))a
Vi = (vfllv . vvzgvm+1,1lvvf21a e ’D?Nm+l)(Ny+1)Nz)a

P = (P1117 <y PN,+1,11,P1215 - - - 7p(NI+1)(Ny+1)(NZ+1))7

and obtain the system with V = (V1, V2 V3)T

Or =k, 4,07 +CLV3 - J(O", V), r=1,...,8+1,
. S+1
VF =By P — CripVF 405, Y AC50, (24)

r=1

3
P=-> Bk k=123
k=1

Here the matrices By, k =1,...,6, are constructed by the first-order difference
operators (11), and the matrices Cy, k = 1,...,5, are constructed by the averag-
ing operators (12). The matrix A; represents the discrete form of the Laplacian.
The nonlinear term is given by J(O", V). The number of unknowns in the system
of equations ([24)) is

(54 S)NyNyN, + 3(NzNy + NyN, + NyN,) +2(Ny + Ny + N,) + 1.

From (24) at J = 0 we can derive the perturbation equations (o is a decrement
of linear growth) to analyze the stability of the state of rest

3
00" = K, 4107 + O\ V3, 0P == BVF, (25)
k=1
S+1
oVF = =By p P — CripVF 463 Y AC50", k=1,2,3.  (26)
r=1

For the decrement o = 0 we obtain the system from which we can determine
the threshold value of the Rayleigh number corresponding to the monotonic loss
of stability. We can express P, V!, V2 V3 via ©" from (25)-(26) and obtain a
system of NNy N, equations for the unknown vector ©"

S+1
krA1O" =C1(Cs — BsQ) Y A6°, r=1,...,S+1. (27)

s=1

Here we find the vector P = @ Zf;rll A-O" from the system of rank one deficient
linear algebraic equations

3 S+1
> BiCi [ BsikP = BsC;y'Cs Y MO
k=1 r=1
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Since for an incompressible flow the pressure may differ by a constant we can
exclude one component of P and one respective equation.

To compute a family of steady states we apply the technique based on the
cosymmetric version of the implicit function theorem [3]. It contains numerical
computation of the matrix of linearization for a number of steady states, applica-
tion of the SVD technique, and the continuation method. To verify this approach
we carried out a number of experiments using Maple and MATLAB. Numeri-
cal computation of a matrix of linearization in MATLAB was compared with
corresponding analytical derivation in Maple. The tests with several hundreds
of nodes proved the possibility of the direct numerical approach. Similarly the
computation of a kernel for the matrix of linearization was found rather robust,
the corresponding spectral value was about 10~7. It was enough for the determi-
nation of direction along the family of steady states with admissible accuracy. To
find an isolated convective pattern we apply the direct approach and integrate
the system of ordinary differential equations (24)) by the classical fourth-order
Runge-Kutta method up to convergence.

3 Numerical Results

We give some computational results of convective flows of two-component fluid
(S = 1) in the parallelepiped with L, = 3, L, = 1 for several values of the

|
<

7
0]

3}

Fig. 3. Planar regimes from the family of steady states
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depth L. The problems were analyzed for Rayleigh numbers A\; = 120, A = 10,
and for the coefficients k1 = 1, ke = 0.2, by = by = 1, € = 0.05. The computations
of the discretized equations were performed for the grids with 60x 10x 20 and 60 x
20x20 internal nodes. When the depth L, was rather small we have detected only
planar convective flows which illustrates the cosymmetry phenomena: the state
of rest lost its stability, and a one-parameter family of steady states branched off.
Several steady regimes from the family are presented in Fig. 3, where the depth
of parallelepiped was L, = 0.5. Because all the states are planar we give only
slice in z — z plane. One can see that convective patterns continuously transform
when we move along the curve of the family.

Fig. 4. Two convective regimes with the same number of convective cells on the planes
y=0and y= Ly

There exists a critical value of the depth Lj such that for L, > L a fixed
number of isolated convective patterns occurs after loss of stability of the state of
rest. For L,, > L7, a family may exist only as a set of unstable planar regimes. De-
pending on initial conditions we have found different isolated three-dimensional
regimes in the parallelepiped with depth L, = 1, see Figs. 4-6. First two regimes
are presented by its distribution of temperature 8! and mass fraction 62 in Fig. 4.
Upper (lower) ones are characterized by three (four) convective cells on the
planes y = 0 and y = L,. Because of discrete symmetries in this problem there
exist similar flows which are given by corresponding reflections.

We have also observed more complicated regimes with different structure of
the temperature (mass fraction) on the planes y = 0 and y = L,,. Distributions
of the temperature in different sections are shown in Fig. 5, where the discrete
symmetry is also observed in this flow.
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Fig.5. Convective pattern with different numbers of convective cells on the planes

y=0andy

=1L,

L,

Fig. 6. Convective flows close to the planar regimes if x is far from the planes z =0

and =
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It is interesting that for the given parallelepiped the most stable regimes ap-
pear two-dimensional (constant in direction x), which is demonstrated in Fig. 6,
where three-dimensional character of the flow is only revealed in the vicinity the
planes x = 0 and z = L,. This is the case when length L, is significantly greater
than depth and height.

-2

-2 0 2

Fig. 7. Destruction of the family of steady states under non-mimetic approximation of
advective terms

Finally we demonstrate that the non-mimetic approximation destroys the fam-
ily of steady states. When simpler approximation

3 3
(- VHije~ | Y ddof [] onv® . (28)
s=1 n#s ik

instead of (15) was used, only two convective flows are obtained through com-
putations. Figure 7 depicts that from different initial states (circles) we come to
symmetric patterns (marked by stars). Convergence may take some time but the
typical trajectory (dotted line) reproduces the movement along the ’lost’ family
(solid line). One can see it as a shadow of the missing object.

Summary

Using a mimetic scheme on staggered grids for a three-dimensional convective
multicomponent flow in a porous medium, the preservation of the cosymme-
try and discrete symmetries were demonstrated. It was also shown that a non-
mimetic scheme can destroy the family of steady states.
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Abstract. For parabolic quantum well problem with hydrogen-like im-
purity a two-dimensional boundary-value problem is formulated in spher-
ical coordinates at fixed magnetic quantum number. Calculational
scheme using modified angular prolate spheroidal functions is presented.
Symbolic-numerical algorithms for solving the problem are elaborated.
The efficiency of the algorithms and their implementation is demon-
strated by solving typical test examples and proving the compatibility
conditions for asymptotic solutions of scattering problems in spherical
and cylindrical coordinates.

Keywords: Symbolic-numerical algorithms, parabolic quantum well,
hydrogen-like impurity, modified prolate angular spheroidal functions.

1 Introduction

In [1I] optical absorption into the ground state of GaAs parabolic quantum well
and rectangular quantum well with infinitely high walls in the presence of a
hydrogen-like impurity was considered. Calculation of the ground state of these
quantum wells was carried out using single-parameter variational functions in
the cylindrical coordinate system. The upper bounds of these energies were ob-
tained depending on the shift of the Coulomb potential center. The analysis of
more complex quantum mechanical models leads to boundary-value problems
in a non-standard domain of the configuration space with complex boundary,
solved using finite-element method [2I3], or by means of reducing the problem
to ordinary differential equations following Kantorovich method [4], known in
physics as the adiabatic approach to quantum mechanical problems with slow
and fast variables. In the Kantorovich method, the basis functions depend upon
the slow variables as parameters and obey the boundary conditions that account
for all specific features of the original problem. This provides the efficiency of
the method for solving boundary-value problems in a non-standard domain, e.g,
in a sector of a circle with mixed boundary conditions [5], as well as in the
presence of singular potential against the background of confining potentials of
the oscillator type with respect to some independent variables [6I7]. The latter
determines the potentialities of using the method to analyze low-dimensional
quantum mechanical models of semiconductor nanostructures [g].

V.P. Gerdt, E:ZW. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 334-349] 2009.
© Springer-Verlag Berlin Heidelberg 2009
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In this paper we present a scheme for solving the boundary-value problem for a
parabolic quantum well in the adiabatic representation and in the spherical co-
ordinates. For efficient application of the Kantorovich method we elaborated the
following symbolic-numerical algorithms to compute the appropriate quantities
to a prescribed accuracy:

e numerical solution of the parametric self-adjoined Sturm-Liouville problem
on a bounded interval of the parameter values and calculation of derivatives
with respect to the parameter of the eigenfunctions and of the matrix elements
(integrals of the eigenfunctions multiplied by their derivatives with respect to
the parameter) that appear as variable coefficients in the system of second-order
ordinary differential equations (ODPEVP, implemented in FORTRAN [9]),

e asymptotic forms of the eigenfunctions and of the matrix elements that ap-
pear as variable coefficients in asymptotic solutions of the boundary-value prob-
lem under consideration and in the asymptotic forms of the system of second-
order ordinary differential equations (MATRA, implemented in MAPLE),

e asymptotic forms of the solutions of the system of second-order ordinary
differential equations for small and large values of the radial variable needed for
solving the corresponding boundary-value problem with the third-type boundary
conditions (ASYMRS, implemented in MAPLE),

e numerical solutions of the boundary-value problem for a system of second-
order ordinary differential equations (KANTBP, implemented in FORTRANI3]).

The paper is organized as follows. In Section 2, the statement of the boundary-
value problem is given. In Section 3, the procedure MATRA for analytic calcu-
lation of asymptotic form of basis functions and matrix elements at large values
of the radial variable is described. In Section 4, the procedure ASYMRS for the
calculation of asymptotic forms of fundamental solutions of a system of radial
equations at large values of radial variable in the analytic form is presented. In
Section 5, a test example of numerical calculation of the ground state energy and
wave functions with the help of ODPEVP and KANTBP programs is given. The
Conclusion outlines further applications of the above set of symbolic-numerical
algorithms and programs.

2 Problem Statement

The Schrédinger equation describing the parabolic quantum well problem with
shifted hydrogen-like impurity in the reduced atomic units and in the spherical
coordinates (r,n = cosf, ¢) at a fixed magnetic quantum number m reads as [4]
10 ,0 1 2

( 29 4 Ale,b)— 1

— r
r20r Or 1r? r

) Gn(r.m) = 2B (r1). 1)

Here A(c,b) = A9 (¢, b)+c?+ f is the operator of the modified angular functions,
which at b = f = 0 correspond to the angular prolate spheroidal functions [10]
0 m?

0
A(O)(C7b):_8n(1_n2)3n+ 12 +cE(m? 1) — by, (2)
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where ¢ = wr?, b = —2w?z.r3, and f = (wz.r)? are real parameters depending
on the harmonic oscillator frequency w and the shift z. of the Coulomb charge
q along z-axis from the origin of the cylindrical frame (p,z,¢) in R?, ie., r =
V/p? + (2—2:)2. The wave functions ¥, (7,1, b) = Vmi(r,0,b) = Ymi(r,n, z0) at
fixed m obey the following conditions at the boundary of the domain §2,, =
NO<r<oo,-1<n<1):

lim (1— 772)‘%”1(7” M _ 0, for m=0, and U (r,£1) = 0, for m # 0,
n—=+1 677

lim 72 Otprn () =0.

r—0 or

At large r = rpax > 1 the discrete-spectrum wave functions obey the Dirichlet
boundary condition that follows from the asymptotic behavior of the solution

lim 7’21/)m (rm) =0 —  Yu(rmax,n) =0,

r——4o0

and also the orthonormality condition

Tmax 1
/0 /_ sy () = . 3)

The solution of (I)—@) at fixed m is sought in the form of the Kantorovich
expansion with respect to the single-parameter functions @;(n;r) = ®,,5(n;7):

jrnax
'@[Jmi(ru 77) = Zj:l ¢mj(n;T)in(r)ﬂ (4)
Here the functions x;;(r) are to be found, while the basis functions ®;(n;r) €
F, ~ Lo[—1,1] are solutions of the eigenvalue problem:

A(e,0)Pr (1) = Ej(r) P (15 7)- (5)

The eigenfunctions @, ;(7;7) = Pp;(r,n, 2c) at fixed m obey the symmetry
condition D,,;(r, 1, zc) = exXP(MVimg)Pm; (T, =N, —2c), Where Vg = Upmg(r, 2¢) is
the real phase, ¢ is the number of zeros in n € [—1, 1], in particular, v,q(r,0) = ¢
at z. = 0, E;(r, z.) = E;(r, —z.), and the boundary conditions with respect to
the angular variable 7 at each fixed value of the parameter r € RL

glf)n% AUE
hn;l(kn?)a 5(" ") 0, for m =0, and By (r, £1) =0, form #0, (6)
77—)
as well as the orthonormality conditions in the interval (2, = [—1, 1]:
1
(Brni (0;7)| P (15 7)) 2, = / 1 Do (0;7) P (5 7)dn = ds. (7)

Note that the eigenvalues E,;(r) of the operator A(c,b) from (Bl are related
to the eigenvalues \;(r) of the operator A (c,b) from (@) by the equality
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E;(r) = X\j(r)+c*+ f. The projection of Eq. (), using expansion (), is reduced
to the set of jmax ordinary second-order differential equations with respect to

the unknown vector function X (r) = (x1;(r), - - -, Xjmari (1)):
1 .d 4,d Ur) d 1 dri=1Q(r) ,
ST Pl —2BT) xV(r) = 0.(8
( P Q) dr + a1 dr X () ()

Here d = 3 is the dimension of the above space R?, I, U(r), and Q(r) are
Jmax X Jmax Matrices whose entries are defined by the following relations:

Ei(r) + Ej(r)
2

Hij(r) = Hyi(r) = <8¢2§Z? r)

Uij (T) = 7’2Hij (7") + 51'3‘ — 2(]7’(52'3' Iij = 51'3',

0P;(n;r) >
2, 7

or
oP;(n;r) >
2y

Qi) = ~Qu(r) =~ (@t | 7
The discrete-spectrum solutions obey the asymptotic boundary conditions and
the orthonormality condition
dy () . .
lim 741X () =0, lim " ' xDr) =0 —  xD(rmax) =0, (10)

r—0 dr r—00
Tmax ) T )
/ rd=1 (X(Z)(r)) XD (r)dr = ;5. (11)
0

Remark 1. The continuity of the eigenfunction &;(n;r) with respect to the
parameter r is very important for calculations of the potential matrix elements
@) and their further applications for solution of boundary problems for a system
of coupled differential equations (8) as considered in [5]. Hence we required
@;(n;7) > 0 in the vicinity of the right boundary point n =1 [9].

Remark 2. The formulation of the boundary-value problem of continuous spec-
trum for the set of Egs. (8) using asymptotic expansions of the solutions pre-
sented below is given in [5l[7].

3 Symbolic Algorithm for Evaluating the Asymptotic
Forms of Matrix Elements

The procedure MATRA computes the asymptotic forms of solutions of the eigen-
value problem (B]) together with the matrix elements (@) as expansions in powers
of r and 1/r for small and large values of r, respectively. Here we consider the
case of large 7.

In step 1 we go from the coordinate n € [—1,1] to the new coordinate 2 €
[Vw(=r+ z.), Vw(r + z.)] using the formula rn = 2’ = z — z. = (£ — z./w) /Vw.

In step 2 we construct the asymptotic expansion defined in the domain
n € [=m,m], where g1 = O((wr?)~1/2%€), 0 < € < 1/2. It means that in
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the evaluation of the corresponding integrals we omit exponentially small terms
and change the domain from the finite interval [\/w(—7 + 2.), Vw(r + z.)] to the
infinite one (—oo, +00).

In step 3 we find the asymptotic solution #4°(2;r) and r~2E;(r) =
r72(\;(r) + 2 + f) = wp;(r) as an expansion with j =n + 1

kmasx (2k) (4 Kmax 1(2K) kmax o(2k)
as (2 @n (Z) E ﬂ
@ (257r) = VT Z r2k 0 B;(r) = Z P2k Bi(r Z
k=0 k=0

Substituting Eq.([I2]) into Eq. (@) and equating the coeflicients at the same powers
of r, we arrive at a system of recurrence differential equations for evaluating the

coefficients 43( k)(z) and ,6’(% k=1,... knax:
d2

Lot = f29(), L) =- .,

— (2n+1)+2%, (13)

with the initial data ﬁ(o) =2n+1,and A (2) is a known solution of the problem
—+o0

L(n)d{)(2) = 0, / o0 (2)0) (2)dz = S (14)

In Egs. ([3)) the right-hand sides ffl%)(é) are defined by the relations

(2 — zoy/w)? 2B (2) NRCEERVY AP ()

(2k) (2 _

) w 32 w 3
k

D (0P (2, 20) = AR (2) = 0,

=1

where the coefficients a (% )(27 z.) are defined by Taylor expansion at large wr?

m?2 Z— 2z w)? T K a2 (3, 2.
2_m2<1< m) R, 15)

1—7n wr? — 2]
j:

Note that the coefficients a(?))(2, z.) contain the terms of the order of 22! till
I = j. The orthogonality and normalization conditions follow from (7)) and (2]

Ij@k Z/ B ()52 (2)d5 = Syo0nim, (16)

wheren; =j5—1,n, =3 — 1.
We find the asymptotic expressions of the matrix elements Hj;/ (r) and @ (r)
from (@) in the form of expansions

s (25~ s 20
Qjj(r)=> Tj;k_l , Hyp(y=> " r% : (17)

k=1 k=1



Symbolic-Numerical Algorithms 339

Table 1. Values of the partial sums 7)) for 7~ 2E;(r) depending on Emax for w = 3,
m =0, z. = 0.4, and r = 8. The last row contains the corresponding numerical values
(n.v.) calculated by means of ODPEVP [9].

j r2FE; r 2Fs r°Es r 2B,
r OB Y3 9 15. 21.

+r ’ZE( 2 2.0845312 8.9614062 14.922656 20.868281
+r ’4E]( Y 2.0844843 8.9611764 14.922034 20.866998
+r OB 9 20844838 8.9611729 14.922022 20.866966
+r TSB! ®) 2.0844838 8.9611729 14.922022 20.866965
+r*1°E<10> 2.0844838 8.9611729 14.922022 20.866965
(n.v.) 2.9844838 8.9611729 14.922022 20.866965

Here the coefficients Q; ij) and H ﬁk ™) are defined by the relations

2k+1) Z/ 21) ¢(2k 21)( )dz,

2k+2) Z/ Q¢(2l) 3 Q¢ (2k— 21)( )dz, (18)

1 d@gl) A

QI (2) =, =20 ) PRV (2) + (2 — zevw) L, @,
2 ! dz
In step 4 we construct (1551%)( ) as the expansion with unknown coefficients b(2 )
M(k)
ofP) = > o). (19)
s=—M(k)

Here the basis functions (151(,0)(2) are solutions of (I4)) expressed in terms of the
Hermite polynomials [10]

Hy(2) exp(—£2/2)

PO (2) =
v (2) {*/ﬂ\/2”\/v!
Using the known recurrence relation for Hermite polynomials H,(2)
Hy+1(2 . dH, (% .
2H,(2) = +21(2) +vH,_1(2), dA(Z) = 2vH, (%), (20)
2

we obtain the recurrence relations for the basis functions (157(10)(2):

. . Vo+1 0y 0 VU (0) .
200 (2) = © (2 © (2
q*)UO ( ) + \/2 gzi)erl( )+ \/2437171( )a
() Z v v
W =Y )+ Ve, ), o
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Table 2. The same as in Table[] but for Q;;(r) at i # j

i, Q12,1072 Q23,1072 Q34,107' Q13,1072 Q24,1071 Q14,107
r71QLY 61237243 8.6602540 1.0606601 —8.8388347 —1.5309310 0
*3Q< % 6.2072876 8.8911941 1.1027551 -8.8450495 —1.5340009 —5.5338541
’5Q( %) 6.2085282 8.8962122 1.1040117 -8.8447852 -1.5339440 -5.6676737
*7Q< 7 6.2085518 8.8963403 1.1040530 -8.8447748 —1.5339400 —5.6710585

+r*9Q§J9> 6.2085523 8.8963441 1.1040545 -8.8447745 —1.5339398 -5.6711548

(n.v.) 6.2085523 8.8963442 1.1040546 -8.8447745 —1.5339398 —5.6711580

AP (2) 1 Vot 1V +2 L V=1 )
2= =T T el @)+ T Y el (2),

L) = (- 1~ o+ )42 L (2) = 250, ().

From (I3), (I3), and ZI)) we obtain the needed value of M (k) = 2k + 1 in the
expansion (I9) to provide the calculation of nonzero terms only.

Substituting Eq. (I9) into Eq. (I3), using Eq. 2I) and equating coefficients
at the same powers of r, we arrive at a set of recurrence relations for evaluating
the coefficients ,87(1%) and b(%)

25b(2H) = f,ﬁ?f), (22)

k
FE = Z hns—t,ibin s — Z Z ali) bt Y BRI,

t=—4 j=1t=—2j j=1

2k+1
2k) 2k—21
I]( Z Z bm,s gw,s-&—n)l — Ny _6k30577/ln7‘7 (23)
=0 s=—2k—1

with the initial data ﬁ(o) =2n+ 1 and bgg)s = d50. The coefficients h,.s+ and
a'®) in the relations [22) are calculated using ([I3)), 1)) from the relations

n;s,t

(2 = ze/w)? B (2) | 2(2 — zeyw) d@w
w dz? w

Z h’n ;S t¢n+s+t (Z)

t=—4
2j
0 ~ 2 0 N
a®(z,2)00) (2) = > ol o) L, (2). (24)

t=—2j
The corresponding coefficients Q 26+ and H J(j/k *2) from Eq. (I8) have the
following explicit form:

2k+1

Qe = Z ST ( 2k + 2 (25)

=0 s=—2k—1
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Table 3. The same as in Table[] but for H;;(r) at i # j

i, Hi2,107%  Hy3,1072  Hs4,1072  Hi3,107%  Hyy,1072 Hy4,1072
r “2H{? —7.6546554 —2.1650635 —3.9774756 —5.3033008 —0.9185586 1.8750000
*4H<]4> 77794422 22165683 —4.1102192 —5.6189439 —1.0089114 1.9299804

+r “SH{® 77817944 —2.2178064 —4.1142837 —5.6289351 —1.0129576 1.9313221
*8H<]8> ~7.7818496 —2.2178410 -4.1144203 —-5.6292488 —1.0131247 1.9313584

+r*1°Hi;°) —7.7818511 —2.2178422 —4.1144255 —5.6292592 —1.0131316 1.9313595

(n.v.) 77818512 —2.2178422 —4.1144257 —5.6292596 —1.0131319 1.9313596

Zev/Wy/n + 5 (2k—21) Zey/wy/ng + s + 1b(2k72l)
+ \/2 npistng—ny—1 \/2 npis+ng—ne+1

\/nl+3_1\/nl+5b(2k72l) \/nl+3+1\/nl+3+2b(2k72l)
- ) st —np—2 T 9 nrist+n—ny+2

2k+1 2
1
(2k+2) Z Z bgl) ({21 (2% —20) + (i +s)*+n +s+

2
1=0 s=—2k—1
2

zZ,W _
+75 @+ 25+ 1)}bfi’fsff«flnr (26)

Zev/wy/ng + s
Jr
V2
Jrzc\/w\/nl +s+1
V2
7\/m+s—1\/m+s
2
_\/nl+s+1\/nl+s+2
2
ZeJwyng + s — 2y + 5 — 1y/ng + s (ak—a1)
+ \/2 bnr;s+nzfnr73

zc\/w\/nl +s+ 1V +s+2vVn +s+3 (k-2
b
\/2 nr;s+n;—ny+3

(=4l 42k —ny — s) b2k 2l

Ny;s+n;—n,—1

(40 — 2k —my — s — 1) b 72D

nyis+n;—n,+1

b(2k 21)
nyis+n;—n,—2

—A4] + 2k + 2w
( cw)

2 (2k—21)
(4l —2k+ ch) bm;s-i-m—m-‘r?

Vit s =3Vt s =2yt s — Ly + s k-2
4 Ny;s+n;—n,—4

i+ s+ 1y/ng+s+2y/n +s+3n +s+ 4b(2k,21)
- 4 npistn —ny+4

In step 5 we sequentially evaluate the solutions bg?) and 57(1%) of the set of

recurrence relations ([22)), (23)) in each kth order (k= 1,..., knax):
f(2k ﬁ(Qk).
2k 2k
bfm;s;éo ( )/(28)

IFH = 610 — 2%,
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Table 4. The same as in Table[I] but for H;;(r)

j?j H117107

r “2H(® 11562500
*4H< ¥ 1.1675830
+r *6H( % 1.1677930
*SH( ) 1.1677976
+r *mH;jO) 1.1677977

Hao, 1072

3.4687500
3.5283837
3.5299856
3.5300324
3.5300339
3.5300339

Hss, 1072

7.3437500
7.5051513
7.5110492
7.5112738
7.5112827
7.5112831

Huya, 107!
1.2781250
1.3110092
1.3125245
1.3125967
1.3126002
1.3126004

(n.v.) 1.1677977

In step 6, by substituting ([I2) with the coefficients b( calculated at step
5 into the expressions for the matrix elements evaluated at step 4 and taking
into account the above definition r=2E;(r) = r=2(\;(r) + ¢* + f) = wB;(r), i.e.
Ej(?k) = w,BJ(Qk), we produce the output containing the matrix elements as an

expansion in inverse powers of r for k =0,1,..., kmax at J,7' = 1,..., Jmax:

Fmax (2K) Fmax H(zk) s ()(2K-1)
B =Yy Hig (=Y B Qi)=Y a2
k=0 k=1 k=1

The calculation described above was performed by the algorithm implemented
in MAPLE up to kpax = 8. For example, the explicit expression of the desirable

nonzero coeflicients E(%), Hl(fk) = H(% and Qg?kil) = —ngfl) reads as
(j=n+1):
EO _ @ _, o 1 _ 2w n?+n+1
p w(2n+1), B m” — 5 (2n+1)— 5 )
23w n®+n+1
HY = IR VR (28)
H® zey/wy/nn o _ wz2y/n —1y/n
Ji=1 = N ji—2 = 7 9 )
o — _zeVwyn QW , = Vn—1yn
Ji—1 NI ji—2 = 2

Tables [[H4l demonstrate the convergence of partial sums in the asymptotic ex-
pansions (27) of effective potentials Q;;(r) and H;;(r) calculated by the algo-
rithm MATRA to the corresponding numerical values calculated by means of
ODPEVP [9].

Remark 3. As follows from Eq. (28], the reduction of the problem () un-
der the axial symmetry at fixed m by means of the modified angular prolate
spheroidal functions () at large r leads to the asymptotic centrifugal term
(Ej(-z) + Hj(jz-))r_2 = (m? — 1/4)r=2 in the effective potentials (@) of the set
of radial equations (8]). The latter term is characterized by the integer magnetic
quantum number m.
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4 Symbolic Algorithm for Evaluation the Asymptotic
Forms of Radial Solutions

In the procedure ASYMRS, using the above asymptotic expressions of the matrix
elements, the asymptotic forms of the fundamental radial solutions x;;, () of
Egs. () at small and large values of r are calculated, and the needed boundary
conditions for the reduced interval [rpin, "max] are generated. Here we consider
the case of large r.

We find the asymptotic solution x; (r) at large r > ryax in the form

2 0) = (6500 + 5, (0) ) Rl (29)

where p?ﬂ = 2F — Efi‘ is the relative energy with respect to the threshold
value eth = EZ-(S), and the function R(p;,,r) = R(pi,,r) satisfies the differential

equation

&*R(pi,,r) | 2dR(pi,,r) s 2 M,
a2t g T H\pet s ) R,y =0 (30)

In ([B0) the asymptotic centrifugal term Ms/r? with the factor My = m? — 1/4
determines the order v of the desirable solution

R(pi,,r) = Ru(piy,r) = 0 *r Y0 By (pi,, ) + Go(pi, s 7)) /2,

where F,(p;,,r) and G, (p;,,r) are the regular and irregular Coulomb functions
of the half-integer order v = m — 1/2 [11].

Remark 4. In the conventional 3D problem under spherical symmetry using
the angular spherical harmonic functions leads to integer My = (I + 1) and
v =1 [12], whereas in the 3D problem under axial symmetry the angular oblate
spheroidal functions at large r lead to M2 = 0 and v = 0 [6]. However, at small
r in both cases we have My ={(l+ 1) and v = I.

In the case of p;, = 0 and ¢ # 0 the function R(p;,,r) has the form

R(pi,,r) =n/2r~ 12, JV/(\/8qr) - YV/(\/S(]T))/27
while in the case of p;, # 0 and ¢ = 0 it reads as
R(pi,,r) = m'/227 20712 (0,0 1o (pi, 1) = Yo j2(pi, 1) /2.

Here J,» and Y,  are Bessel functions of the first and the second kind [I0] of
the order v/ = /1+4Ms, v/ = 2m at My = m? —1/4 and v/ = 2l + 1 at
My =1(l+1).

In step 1 substituting the function (29)) into Eq. (&), using B0) and extracting
the coefficients for the Coulomb function and its derivative, we arrive at two
coupled differential equations with respect to the unknown functions ¢;;, (7)

and ¥, (1).
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In step 2 we expand the functions ¢j;, (r) and 1;;, () in inverse powers of r:

kmax (k) _ Emax (k) _
Giin(r) =" " Wk g () = 30 Wk (31)

k=0 k=0

After substituting the expansions (27)), (BI) into Egs. (§) and equating the co-
efficients at the same powers of r, we compute a set of recurrence relations with
respect to the unknown coefficients (;55-1- and ¢(k)

(02 28+ ED) o) = 10, (02 —2B+ B )0 =gV, (32)

Jto Jto J%o
where the right-hand sides f (lko ) and gj(fo) are defined by the relations

fii) = 20, (k = Dy (33)
-+Qk—zxk—3)+m@—(E@%+Hﬁﬁ)¢“2>+2¢%: 32

J

— My (k — 2¢(k 3) Z (E(k +Hj(k )¢(k )

Jmax
+ > Z [( 2k — K —3)Q\ ) — “)qbg':ﬁ
J'=13'#j k'=1
(20 100 ]
k k—1
93(13 =—2(k - 1)(155‘1'0 ) (34)

+M2¢§'§;2)+(k(l€71) (BP + 1)) vl
o — 2l — 3 () + )
k'=1

Jmax

b S S (o aal ) ol 2t

J'=13'#j k'=1

It should be noted that these relations differ from the case of My = 0 [6] only
by the terms containing My = Ez(f) + Hl(fz)o
In step 3 from equations [B2) at £k = 0 we get the initial data for the recur-

rence procedure, including the special threshold case 2E = E(O) (p Z20 =0)
O, = Oivias Ujot, = 0o P}, =2E — B[, (35)

The open channels have p?o > 0 whereas the close channels have p?ﬂ < 0. Suppose
that there are N, < jmax Open channels; i.e., p?o >0fori, =1,...N,and pfo <0
for ip, = Ny + 1,...Jmax- After substitution of [BE) into ([B2]) the recurrence
relations for kK = 1,2, ..., knax take the form

(20 - Q) =1 (B0 -EQ)ul =a. 0
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Step 4 performs the calculation of the coefficients gby:j and wj(fo) by a step—
by—step procedure of solving equations (B36]) with r.h.s. determined by 33)), (34]),
for k=1,2,..., knax:

" A " gtk
(b‘i = e ’ wl = Tt y 7& Lo,
Jio E(-O) . Ez(O) Jio EJ(O) E(O)

1o

k+14+6p;,) (k+1)
(BRI — 0, gD = 0y — {¢!) p*) ),

where dp;, =1 at p;, = 0 (threshold case) and dp;, = 0 at p;, # 0.
The calculation was performed by means of the algorithm, implemented in
MAPLE up to kmax = 8. Its output contains the elements at £k = 0,1, ..., kyax.

For example, for ky.x = 1 we have the coefficients ¢§lfo) and ¢§lfo) in the form

(1)
2Qji,
EY — O
2o J

(1) (1) o, R (1)
bii, =0, Vigiy = — (1 - 3> Z onan Joto?

Jjo=max(1,io—2),j0#i0

o) =0, i) = (37)

and substituting the asymptotic expressions ([27)) into the above equation we
arrive at the explicit expression of the desirable nonzero coefficients (b and

¢( (for jmax = G0 +2k, i = no+ 1, (Zliy) = \/w43 ( ), 2l =z2—2.= \/w —2z.):
2w 2
eVno+1 1/, .
1) ZevVno+1l <zo+1‘(Z—zc)2 ZO> ’

21 . >
o)
C o 1 .
11[}1(3—110 : \/n == <ZO -1
¢io+1io - \/2\/w 9
1y,
¢i0+2io__2 9w =y <zo+2‘(z—zc)

(z — z)

@/J(D =" g =— <io—2‘(z—zc)
@ _ L 0pi\ (2o 1 o\ _ L 0P ey
¢ioio 9 <1 3 ) ( 20 tz | = 9 1 3 <lo |(Z ZC) | ZO>Z 3

1vno—1/n, 1
21 .
o = 2 io) - (38)
(1) 1 \/no + 1\/”0 +2

2.>
io) -
z

Remark 5. The obtained results correspond to the asymptotic transformation
of the arguments r, n of the total function 97" in terms of the asymptotic basis
functions @3°(Z;7) from (I2)) at fixed magnetic quantum number m:

Jmax Jmax

d
s (r,m) Z P9 (255 ( Z e (2 <¢azo( )+ ¥ji, (r) dr>R(pz‘m?")

kmdx k ]max
B —k ») (k—p) ,  (k—p) @ _
SRS S 9 SLE] (LAY S )

k=0 p=0 j=1
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Fig. 1. Isolines of the potential energy surface as a function of two independent vari-
ables p, z with shift of center of Coulomb potential along the variable z on z. = 0.4 (left

panel). The binding energy —Ep = 2E — i (Ry* = 5.2 meV) versus position shift

of Coulomb center of impurity by variable z in interval z. € [-0.5,0.5] (aj = 102 ;1)
at ¢ = 1, w = 3 and m = 0 (right panel). Dotted line is variational calculations [,
dash-dotted line is the adiabatic approximation (jmez = 1), short-dashed line is the
Kantorovich approximation (IZI) at jmaz = 2 basis functions, solid line is the Kantorovich
approximation [{@) at jmaes = 6 basis functions, dashed line is the crude adiabatic ap-
proximation (jmez = 1, when the diagonal adiabatic positive correction Hq1(r) = 0 is
neglected).

Taking into account the orthogonality (I4) and completeness > (Z'|j)(j|2) =

§(2' — 2) relations for the asymptotic basis functions ¢§O)(2; ), we obtain the
desirable asymptotic form of the total wave function at p; 2/(2r) < 1 and
kmax = 1:

o) = Yl 3 13 [ l) —

. o d
o, U1z = ze)?|io) ar | B@ics)
©) /5y (as) (2 — z)?
\‘L/W\/T@io (Z)Xioio r—=

%

2r

W o
= s a2 P (B 0Bl )+ Culpi ) (39)

Thus, we obtain the needed compatibility conditions for the asymptotic solutions
of scattering problems in the spherical coordinates (r, 7, ¢) shifted by z. along z
axis and in the cylindrical coordinates (p, z, ¢)

p= 1 (2= 20 12 = 1 — (2 = ) /(2r) + O(2),

including the regular F, and irregular GG, Coulomb functions of the half-integer
order v = m — 1/2 from Eq. B0).

It should be noted that at large r the linearly independent functions (29))
satisfy the Wronskian-type relation

W(Q(T);X*(T)7X(T)) = 2100’ (40)
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Fig. 2. Isolines of the ground-state wave function for the values of parameters g = 1,
w = 3 and m = 0. Left panel: z. = 0.4, Right panel: z. = 0.

where W (e; x*(r), x(r)) is the generalized Wronskian with the long derivative

defined as
dx dx* ’
VA o o o *
(x)(dr -x) <dr -x>x-

These relations will be used to examine the desirable accuracy of the above
expansion till kp.x using KANTBP program implemented in FORTRAN [5l7]
for numerical solving the boundary problem of discrete or continuous spectrum.
The symbolic calculations of the above asymptotic expressions were performed
using the codes MATRA and ASYMRS implemented in MAPLE, that generate
FORTRAN codes of subroutines POTCAL and ASYMSC in KANTBP [5]7].

W (e x"(r), x(r)) =r*

5 Test Example

The calculation for the GaAs parabolic quantum well was carried out with the
values of parameters ¢ = 1, w = 3, m = 0, and z. € [—0.5,0.5] in the reduced
atomic units from [I4] by applying the programs KANTBP [5] and ODPEVP [9].
These programs implementing the finite-element method to solve the boundary-
value problems (8)—(II) and (B)—(T) were applied respectively on the grids §2, =
{0(200)1(200)5(200)100} and £2,, = {—1(800)1} with the Lagrange elements of
the order p = 4 between the nodes. In the above grids {2, and (2, the number
of grid elements is shown in the parentheses.

As follows from the theorem [LI3], for the ground state the adiabatic approx-
imation (jmax = 1) gives the upper bound for the energy, while in the so-called
crude adiabatic approximation, when the diagonal adiabatic positive correction
Hy1(r) = 0 is neglected, one gets the lower bound for the energy. The corre-
sponding inverse estimators for the binding energy —Ep = 2E — &' (in units
Ry* = 5.2 meV) in spherical coordinates are presented in Fig. 1. As one can
see, these values are upper and lower estimates of the binding energy from the
variational calculation [I]. The corresponding inverse lower estimators of the
binding energy for increasing number of single-parameter basis functions jpyax
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allow one to analyze the convergence rate of the method used for solving the
boundary-value problem in the two-dimensional domain (see Fig. 2). In partic-
ular, the Kantorovich approximation ) at ja.. = 10 basis functions leads to
the following inverse lower estimation of the binding energy Ep/Ry* = 1.82774.

6 Conclusion

We presented the scheme for solving the boundary-value problem with discrete
spectrum for a parabolic quantum well in the adiabatic representation. The
upper and lower bounds for the energy of the ground state of the systems are
obtained under the conditions of the shift of the Coulomb center in a given range
of the parameter with respect to earlier variational estimates. It is shown that
the rate of convergence depends significantly on the appropriate choice of the
adiabatic basis parameterization taking the specific features of the considered
problem into account. The presented results allow one to estimate the efficiency
of the method and to prove the compatibility conditions ([B9) for asymptotic
solutions of scattering problems in spherical and cylindrical coordinates. The
software package developed is applicable to the investigation of semiconductor
nanostructure models. Further development of the method and the software
package is planned for solving the quasi-2D and quasi-1D boundary-value prob-
lems with both discrete and continuous spectrum, which are necessary for cal-
culating the optical transition rates, channelling and transport characteristics in
the models like quantum wells and quantum wires.
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New Analytic Solutions of the Problem of Gas
Flow in a Casing with Rotating Disc

Evgenii V. Vorozhtsov

Khristianovich Institute of Theoretical and Applied Mechanics, Russian Academy of
Sciences, Novosibirsk 630090, Russia
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Abstract. We analyse the known approximate analytic solution of the
problem of gas flow induced by the disc rotation inside a closed cas-
ing. It is shown that this solution is inapplicable because of the negative
thickness of the boundary layer in the shaft neighborhood. Several new
analytic solutions are obtained for the flow parameters inside the bound-
ary layer of the casing motionless base. To reduce further the discrepancy
between the analytic solution and the direct difference solution of three-
dimensional Navier—Stokes equations it is proposed to account for the
viscous friction force moment on the lateral casing wall. The consid-
eration of this moment has improved considerably the accuracy of the
approximate analytic solution.

1 Introduction

According to [I6], 8 % of the entire produced electric power were consumed
in the former Soviet Union by the ventilators (fans). In this connection, the
problem of the development of highly efficient and economical ventilation devices
for pumping the gases, cleaning the gases and liquids from admixtures, etc., in
various branches of the industry and agriculture is topical.

One can identify the following types of fans: centrifugal fans, axial fans, and
disc fans. The disc fans may be considered to belong to friction machines. They
differ from the conventional centrifugal and axial fans, which are the machines
of dynamic action.

N. Tesla [I7] was the first to propose the application of the friction principle
in fans. Figure [[lshows the simplest (model) disc fan. The upper lid of the casing
has been removed to show more clearly the peculiarities of the disc fan design.
The arrows pointing to the left show the direction of the motion of gas sucked
in the fan, and the arrows pointing to the right show the direction of the motion
of gas ejected from the fan (the discs rotate counter-clockwise). The model fan
shown in Fig. [Tl contains only two discs. In real industrial disc fans, the number
of discs on the shaft may amount to several dozens.

The disc fans are applied both in the industry and in agriculture [1I4l5]12].
The disc machines possess the following merits [5]: simplicity of the design; high
anti-cavitation characteristics; low noise; stability of operation, stable supply of
the gas or liquid.

V.P. Gerdt, E:ZW. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 350-872] 2009.
(© Springer-Verlag Berlin Heidelberg 2009
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Fig. 1. The simplest disc fan

As follows from Fig.[I] the gas flow inside the disc fan cannot be axisymmetric
because of the presence of channels with parallel walls. Therefore, the numerical
modelling of the gas flow inside the fan under study must base on the mathe-
matical model of a three-dimensional unsteady gas flow. In the existing disc fans
the angular velocity of the rotation of discs is low, it ranges from 20 to 100 revo-
lutions per minute (rpm). Therefore, the Mach number of the gas flow, as simple
estimates show, does not exceed 0.05. In this connection, one can use the sys-
tem of Navier—Stokes equations governing the viscous incompressible fluid flows.
For the difference approximation of this system we have used a finite-difference
scheme described in [I8]. Due to the fact that there are solid walls, which do not
coincide with the coordinate lines in the disc fan design, it is convenient to use
the immersed boundary method described in [3] for computation of the gas flow
in such fans.

For the verification of the developed computer code we have used the following
two well-known analytical solutions. One of them is the solution of the problem of
the Couette flow between two coaxial cylinders [7]. If we increase the thickness of
each disc in a disc fan so that all the discs merge into a single rotating cylinder,
we arrive at the known Couette problem. We present below in Section 3 the
results of the comparison of the finite-difference solution by the method of [18/3]
with the exact Couette—Taylor solution. These comparisons point to a correct
work of the method of [I83] implemented by us.

As the second analytical test for the developed computer code we have chosen
an approximate analytic solution obtained by F. Schultz-Grunow [15] for the case
of the rotation of a single disc in a closed cylindrical casing. The main results
of the work [I5] were reproduced subsequently without changes in the book [9]
and in a more shortened form in the book [10].

The computer implementation of the approximate analytic solution [15]
showed that the formula presented in [I5[9IT0] for the boundary layer thickness
do(z) on the motionless casing base yields the negative values of Jp(z) near the
rotor shaft, where x is a dimensionless coordinate. In this connection, we have re-
peated all the derivations of the work [I5] with the aid of symbolic computations
in the system Mathematica. Another example showing the usefulness of symbolic
computations on computer for revealing the errors at the obtaining of analytic
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solutions of theoretical mechanics problems was previously presented in [14]. We
show below in Section 4 that the coefficients of the polynomial representation
of the solution, which were presented in [15], do not satisfy the requirements
formulated in [I5]. In this connection, we propose in Section 5 to search for the
coeflicients entering the analytic solution by the method of least squares. As a
result, a set of coefficients has been obtained, which ensures the non-negativeness
of the boundary layer thickness on the motionless casing base.

The approximate analytic solution was presented in [I5/9/10] in a form in-
volving two polynomials P;(z) and Py(x) of the fourth degree in z. For the
purpose of reducing the value of the objective function of the method of the
least squares we present in Section 6 several new approximate analytic solu-
tions, which we have obtained with the aid of the Mathematica program devel-
oped by us for several combinations of the degrees of polynomials P, and P,
in the interval 4 < Deg(P;),Deg(P2) < 6. These solutions ar compared with
one another as well as with the corrected solution obtained by us for the case
Deg(P1) = Deg(F%) = 4.

2 Governing Equations and Finite-Difference Method

The Navier—Stokes equations governing unsteady three-dimensional laminar
flows of a viscous incompressible fluid in the cylindrical coordinates 6, r, z, where
f is the azimuthal coordinate, r is the polar radius, and the z-axis is directed
along the shaft on which the discs are mounted, may be written as [I§]

vy /Ot = = (1/(pr))0p/00 + (A1g + A1 + A1)ve;
0qr /0t = H2 — (r/p)Op/Or + (A2g + Aar + A22)qr; (1)
Qu. /0t = H3 — (1/p)Op/0z + (Asg + Asr + Aszz)v;

dq,  Ovy ov,

or Tao TTos =0 (2)
where
- 1 Orvgg, B 181}5 B Ovgv, 2v aqr.
U2 o 090 9: 13 007
0 q2 0 Vo(qr aQTUz 2 2v 81)9
H = — T — — .
2 8r(r> oo () =5 by
10gv, Ov?
H = — — z.
3 r Or 0z’
vg | 1 8% 170 ovg\ vy
Al()'UH =V <r2 + 7"2 692 ) 3 Al’l“v() =V |:T (6TT 67,. > — 7.2:| ;
9%
Alzve = 8229,
v O%q. 0 [(vgqy d (10q, d%q,
A29qT - r2 062 - 00 ( r ) ’ AQTqT - Vrar r or ) AquT =V 922 )
v 0%v, 1 0vpv, 5%,

v 0 ov,
A3evz - - ) A3rvz - ror <T or ) ) ABZUZ =V 922

r2 062 r 00
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In [@),@), ve, vy, and v, are the components of the gas velocity vector along the
0—, r—, and z—axes, respectively. Instead of v,, the dependent variable ¢, =
r - v, is used to facilitate the treatment of the problem of the approximation of
the Navier—Stokes equations at point r = 0; p is the pressure, p = const > 0 is
the density of the gas or liquid, v = p/p, u = const > 0 is the coefficient of the
dynamic viscosity of gas.
The boundary conditions for system of equations (), [@):
1°. The boundary conditions on the horizontal surfaces of the rotating disc:

v, =0, vg=wr, v,=0, 9Ip/dz=0,

where w is the user-specified constant angular velocity of the disc rotation.
2°. The boundary conditions on the motionless butt ends of the cylindrical
casing:

v,=0, vp=0, v,=0, 9Ip/dz=0.

3°. The boundary conditions on the shaft and on the vertical butt end of the
rotating disc:

v, =0, wvg=wr, v,=0, JIp/Or= pw?r.

Thus, the boundary conditions on solid walls for velocity components are the
no-slip conditions.

The preliminary velocity field was computed by the one-stage difference
scheme from [6]. We now briefly describe this scheme below. To ensure a short
form of writing the scheme we introduce the notations: g1 = vg, ¢2 = ¢, g3 = v,.
Then the scheme from [6] as applied to system () has the form

(Gi—q")/mn = 0.5 (3H] — H' ") = Gip™ + (Aion + Aipn + Aizn) (G + /") /2, (3)

where ¢ = 1,2, 3, 7, is the time step, n is the time level number, n =0,1,2,...,
Aion, Airn, Aizn are the central difference approximations of the operators Ag,
Ay, Aiz, respectively, on a nonuniform spatial grid; G;p™ is the difference ap-
proximation of the pressure term in the ith equation. A direct solution of the
system of algebraic equations (B]) is computationally very intensive, therefore,
the approximate factorization scheme was used instead of [) in [GUI8I3]:

(I - T;Aieh> (I - ZAirh> (I - 7_2nAizh> Ag;

= 7o [(BH] — H'™Y)/2 = Gip™ + (Aion + Airn, + Aizn)a}] (4)

where I is the identity operator, Ad; = ¢; —¢}*. As was pointed out in [6], scheme
(@) has the second order of approximation in the spatial variables and in time.

The intermediate velocity field does generally not satisfy the continuity equa-
tion. In order to ensure the conservation of mass the field of intermediate veloc-
ities is corrected at the second fractional step by the formula

(@*" = @) /70 = —Gip"" ()
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where the pressure correction ¢™*! is computed in the way to obtain a divergen-
ce-free velocity field at the (n + 1)th time step. To this end let us apply the
divergence operator to the both sides of equation ({):

(Vhag ™t = Vi) /mn = —=ViGip™ T, (6)

where the difference operator V, is a difference approximation of the divergence
operator on the left-hand side of equation [@): Vg = %q(} + %qf + r%q;, and
L, = VG, is the difference approximation of the elliptic operator VG, =
889 (i g}:) + 8ar (rgf) + rgzzf. In view of the requirement Vg™ = 0, equa-
tion (@) is the Poisson equation for ¢"*!. Having found ¢"*! by solving equa-
tion (), we compute the pressure p"*! by formula [I8I3] pnt1 = pm + "+ —
(71 /2)v L™ L. The solution of the system of equations (@) was found with the
aid of three tridiagonal inversions. The Poisson equation () was solved with
the aid of the spectral/difference method described in [8]. Since the solution is
2m-periodic in the variable 6, the discrete Fourier transform in 6 of the differ-
ence equation (Gl) was at first performed. The obtained system of linear algebraic
equations for the complex coefficients of the discrete Fourier transform was then
solved by the method of matrix sweep [I3]. The direct and inverse discrete Fourier
transforms were implemented with the aid of the algorithms of the discrete fast
Fourier transform described in [I1].

3 Couette Flow

Let us present the formulas of the exact solution for the Couette flow in the gap
between two coaxial cylinders in the particular case when the internal cylinder
rotates, and the external cylinder is at rest (see Fig.[2l). We preliminarily perform
the nondimensionalization of variables by formulas

Fig. 2. Two coaxial cylinders in the Couette flow problem

z % Vo
r = z = ”[}9:
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where the superscript * stands by the dimensionless variables, Ry is the radius
of the internal cylinder, g,y = wR2, w is the angular velocity of the rotation
of the internal cylinder. Denote by R3 the dimensional radius of the external
cylinder. The Couette flow is known to be stationary, that is the components
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of the solution vector of the Navier—Stokes equations (), (2) do not depend on
time ¢ [7]. Besides, the flow under consideration is axisymmetric, that is it does
not depend on the variable 6. Let us write the exact solution formulas for the
particular case of the Couette flow under consideration:

R*Q_ *2
) = T ) =0, ) =
*271 R*4 1
p ) = - | (L) cemn| )

where p = p* (R}, 2*) = p*(1, 2%).

The steady-state solution of the Couette flow problem was obtained by the
finite-difference/spectral method described in Section 2 in combination with the
steadying method. As a criterion for convergence to the stationary solution,
the satisfaction of the following inequality was verified at the end of each time
step: |E* (t"T1)— E*(t")| < 10™%, where E*(t) is the dimensionless kinetic energy
of the gas lying in the gap between the cylinders, t" is the value of time at the nth
time level. The exact value Ef; of the kinetic energy was found with Mathematica

to be
1 H R 27
;h = / / (/ (’U;Q + ’U:Q + ’U:Q) d9> rdr
2 Jo 1 0

1 H* R} 21 4 *2717 *4 4 *41 *
= / / /1};21" dr |df|dz = 7 3R32 Ak n(R?’)WHf (9)
2Jo 1 0 4(R3%2—1)2

where H* is the dimensionless height of the cylinders.
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Fig. 3. Computational grid Fig.4. The dimensionless kinetic
in the (z,y) plane energy of gas E” = E™(t")

The computational grid in the interval [Rz, R3] was nonuniform and was clus-
tered near the walls of cylinders with the use of the function tanh. The grid was
uniform along the 6— and z—axes. Figure Bl shows the grid in the plane of the
Cartesian coordinates x,y, where © = rcosf, y = rsinf. The numerical results
presented in Figs. M and [l were obtained on the mesh of 65, 30, and 13 nodes
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along the 0-, -, and z-axes, respectively. The angular velocity of the internal
cylinder rotation w = 10 rpm, the Reynolds number Re=121.71, Ry = 0.04 m,
R3=0.10m, H = 0.03 m.

The dotted line in Fig. @ shows the graph of the kinetic energy obtained by the
finite-difference method described in the foregoing section after the execution of
1700 time steps. The dashed line is the exact stationary value Efj according to
the right-hand side of equality ([@). It is seen from Fig. @ that 1700 time steps
proved to be sufficient in the given computational example to reach the steady
regime.

" 025] p

0.8 0.2

0.6 0.15

0.4 0.1

0.2 . 0.05 .
12141618 2 2224 12 1416 1.8 2 22 24

(a) (b)

Fig. 5. Profiles of the difference solution (dotted lines) and exact solution (solid lines):
(a) the azimuthal velocity vg; (b) the pressure p*

Figure [l shows the difference solution profiles for v; and p*, from which it
is seen that the finite-difference method described in Section 2, which was im-
plemented in a FORTRAN code, ensures a high accuracy of the results on a
relatively crude grid of 65 x 30 x 13 nodes.

4 Implementation of the Schultz-Grunow Procedure with
Mathematica

4.1 Boundary Layer of the Casing Base

An approximate analytic solution of the problem of steady flow of the gas or
liquid in a closed cylindrical casing was derived in [I5]. This flow was induced by

Fig. 6. The closed cylindrical casing with a single internal disc on the shaft
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the disc rotation inside the casing. Figure [6] shows the closed cylindrical casing
with a disc inside it; a part of the casing front vertical wall has been removed to
show the interior.

Following [15] we will assume that the gas flow inside the cylindrical casing
is steady and axisymmetric. The latter assumption implies that the derivatives
of the solution components with respect to the azimuthal coordinate  are equal
to zero. Therefore, the Navier-Stokes equations (), (2] take the following form
in the case under consideration:

e (e )
ot e =[5 () 2], .
T s B
A -

where u = v, v = vg, w = v,. Following [I5J9IT0] we now obtain from equations
([@IO)—(@3) several useful integral relations. Let us rewrite the left-hand side of
equation (0] as
ou  v?  O(uw) ow
— — . 14
Yor Ty + 0z Yoz (14)

. . P . ;] 2
Let us multiply the both sides of the continuity equation (I3) by w: ugy + % +

u%lz" = 0, from where we have

u, =-u_, — . (15)

Replacing the term udw/9dz in ([4) in accordance with formula (I3 we obtain
the equality

ou  v?  O(uw) ow  dw?)  w?  v? O(uw)

U — + —u = + — + .

or r 0z 0z or r r 0z
Let us denote by do(r) the thickness of the boundary layer on the motionless
base of the casing. Let us replace the left-hand side of equation (IQ) with the
right-hand side of equation (I6]), then multiply the both sides of the obtained
equation by r dz and integrate over z from zero to do(r). We take into account
the fact that

(16)

"0 iz =T 0 (rutyde - Pt 17
grar(u)z—gar(ru)z—gu z. (17)

Following [I5] we further assume that there is no radial motion of gas at the
external edge of the boundary layer z = §p(r), that is u = 0 at z = §p. Besides,
due to the no-slip condition on the casing motionless base, we have that u = 0,
w = 0 at z = 0. With regard for these conditions and equation (7)) we obtain
from (I0) the first integral relation:
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do

d/dr <r [ZJUQdZ) - ?’UQdZ = —vr (0u/0z),_, — (r/p) ({(ap/ar)dz. (18)

We now rewrite the left-hand side of equation (1) with regard for (I3)) in the
form 2 (uwv) + 2 (vw) + 2"Y and, multiplying the both sides of () by r2dz,
integrate over z from zero to do(r). Using (I3)) and integrating by parts we obtain
the second integral relation

d/dr (7'2 60fmuv dz) — @r*(d/dr) <7 ?udz) = —vr? (0v/0z2),_ (19)
z=0"
0 0

We have used here the boundary condition at the boundary layer edge z = o (r):
v(r, z) = Or, where @ is a constant angular velocity of the rotation of the external
flow in the gap between the boundary layers as a quasi-solid body [I5J9IT0], this
quantity will be determined below from the condition of the equality of the
moment of friction forces in the liquid on the disc surface to the viscous friction
force moments on the casing butt ends and on the casing lateral wall.

The following velocity profiles were taken in [I5] as the approximate ones:

u = —uo(r) {1 B (2 50?1") - 1)2}’ v=re {1 B <1 - 50?7")>2}’ 20)

where ug(r) is the maximum radial velocity inside the boundary layer, which is
unknown for a while. and the minus sign affecting it is taken because the radial
velocity component on the casing base is directed from the periphery to the axis.

Let us substitute the representations ([20) for v and v into the integrals en-
tering the left-hand sides of equations (I8) and (I9)), and let us calculate these
integrals with the aid of CAS Mathematica:

u = -u0*x(1 - (2z/del0 - 1)°2; v = r*xtx(1
itgrl = Integratel[u~2,{z,0,del0}]; itgr2
itgr3 = Integratel[u*v,{z,0,del0}]; itgrd

z/del0)"2;
Integrate[v~2,{z,0,del0}];
Integrate[u,{z,0,del0}]

Here and in the following, t = @. The CAS Mathematica has produced the
following results for the integrals:

50 50
[u?(r, 2)dz = (8/15)doud; [ v2(r,2)dz = (8/15)dr>&%;
0 0

do

({ u(r, z)v(r, z)dz = —(7/15)dpr@up; ?u(r, z)dz = —(2/3)dpug. (21)

According to (I8) and (I9]), we will also need the expressions for the first deriva-
tives of functions (20)) with respect to z at z = 0. Let us calculate them with the
aid of the CAS Mathematica:

duz0 = D[u,z]/.z -> 0; dvz0 = D[v,z]/.z-> 0

(0u/0z) =0 = —4ug/do; (00/0z) =0 = 21 /dp. (22)
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We obtain for the derivative dp/dr in the external flow the following equality
from equation ([I0Q):

op/or = pv? /7. (23)

On the other hand, relation v(r,z) = @r holds in the external flow, therefore,
we obtain from (23): Op/dr = po?r. This derivative and the integral of it enter
equation (8], therefore, it is also necessary to insert in the Mathematica program
the corresponding symbolic computations:

dpdr = p*t"2*r; itgrp = Integratel[dpdr,{z,0,del0}];

do
[ (Op/or)dz = dord®p.
0

Using the integrals calculated above we are now ready to obtain from the first
integral relation (I8) the first ordinary differential equation. Following [I59I10]
we introduce the function @(r): &(r) = ug(r)dp(r). It is convenient to account
for the variability of quantity §; with the aid of the following transformation
rules for integrals (21)):

ruledu0 = {del0 -> delilr], u0 -> ®[rl/delllrl};
itgriv = itgrl/.ruledul; itgr2v = itgr2/.ruledul
itgr3v = itgr3/.ruledul; itgrdv = itgr4/.ruledul

It is now easy to compute the left-hand side of equation ([I8):
eql = D[r*itgriv, r] - itgr2v + w*r*duz0 + r/p*xitgrp

As a result we obtain the left-hand side of the first ordinary differential equation:

7 S22 drugy 8D2%(r)  8rd%(r)dy(r)  16r®(r)® (r)
0 —

15 82 1560(r) 1562(r) + 1560(r) (24)

If we multiply this expression by 15/8 then we can easily see that the expression
will be obtained, which coincides with the left-hand side of the first equation of
system (11) from [I5]. The prime by do(r) and @(r) in (24]) means the differenti-
ation with respect to r. To reduce the amount of further symbolic computations
it is desirable to get rid of rational coeflicients in (24)). This was done with the
aid of the following Mathematica-commands:

eql = Expand[Simplify[15*dell[r] 2*eql]l]; Print["eql = ", eqll
eql =Tr?02535 —60rvd(r) +850 (1) (r) — 8rd? (1) 8} (1) + 16750 (r)B(r)®' (r). (25)

The computation of the left-hand side of the second ordinary differential equation
by the substitution of formulas (2I) and [22) into (I9) is carried out similarly
with Mathematica:

eq2 = Simplify[D[r"2*itgr3v, r] - t*r 2«D[r*itgrdv, r] + v*r'2*dvz0];
eq2 = Simplify[eq2]; eq2 = Expand[15dell[r]*eq2/(t*r 2)];
Print["eq2 = ", eq2];

eq2 = 30rv — 116¢(r)®(r) + 3rdo(r)®'(r). (26)
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We further tried to apply the Mathematica-function DSolvel...] for finding
the solution of system eql = 0, eq2 = 0. This function was unfortunately unable
to find the exact general solution of this nonlinear system. In this connection,
we apply in the following an approximate procedure described in [I5], that is
we introduce the new independent variable x = 1 — (r/b), where b is the casing
radius. Let us introduce the notations: @(z) = ®(b — bx), o(x) = So(b — bx).
We now derive the left-hand sides of the both ordinary differential equations
for &(x) and do(x) by applying the relations d(r) _ (@)  dz _ _1dP()

_ dr dx dr b dx
d‘sgy) = —ll) dégg(cw). This was realized in the Mathematica program as follows (we
present the program fragment only for the transformation of the first equation,

the transformation of the second equation is performed in the same way):

eql = eql/.r -> b*(1 - x)

eql = eql/. {delilb (1 - x)] -> delll[x], dell’[b(1 - x)] -> -dell’[x]1/b};
eql = eql/. {Plbx(1 - x)]1 -> P[x], &' [b*x(1 - x)] -> —P [x]1/b}

eqlt = eql/. {deli[x]— &[], dell’ [x]— §ylx], t— ©};

Print["eql = ", TraditionalForm[eqit]];
eql = TH20*(1 — 2)%63 (x) + 88° (x)dg () — 16(1 — z)P(z)d' ()5 ()
— 60b(1 — 2)vd(x) + 8(1 — 2)P*(2)5) (2); (27)

eq2 = 30b(1 — z)v — 11®(x)do(x) — 3(1 — x)do(2)P' (2).

Here and in the following, the bars over &(x) and dg(z) are omitted for the sake
of notation brevity.

Following [15], we now search for the solution of system eql = 0, eq2 = 0 in
the form of the series

D =a"(co+crx+ e’ +..)), do=aP(dy+dix+dox® +...). (28)

The exponents n and p in (28]) were then chosen in [I5] from the requirement
that the exponents in the system eql = 0, eq2 = 0 differed from one another by
unity; this gives n = 3/4, p = 1/4. It was observed in [15] that if one specifies
expressions (28) in the form

D = .TZ\/I/UN)(CO +01.T+02.T2 + ), 50 = xi\/g(do +d15€+d2$2 + ), (29)

then one obtains for determining the coefficients c¢; and d; the polynomial equa-
tions whose coefficients depend only on ¢; and d;. The case was considered in
[15] when @ and &y involve the fourth-degree polynomials in z:

&(z) = 2340V Py (z), dolx)= x4 \/V/(:)PQ(.%')7 (30)
where
Ny ‘ Na ‘
Pi(z) =) cial, Pylx) =) dja’, (31)
=0 =0

N; = Ny = 4. The substitution of B0) and BI)) in the left-hand sides 27)) was
implemented by us with Mathematica as follows:
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P1
P2

cO + cl*x + c2*%x"2 + c3*x"3 + c4*xx74;
dO + dixx + d2*x"2 + d3*x"3 + d4*x"4;

Fi = b*Sqrt[t*v]*x"(3/4)*P1;

del2 = Sqrtlv/t]l*x"(1/4)*P2;

dfix= D[Fi,x]; eq2r = eq2/. {®[x] -> Fi, &' [x] -> dfix, deli[x] -> del2}
Expand[4eq2r/b]; eq2r = eq2r/.\/z Viv — v,

eq2r = Expand[Simplify[eq2r/v]]; Print["eq2r = ",eq2r];

ddel2x = D[del2, x];

eqln=eql/.{dell[x]-> del2, #[x] -> Fi, &¥'[x] -> dfix, dell’[x] -> ddel2x}
eqlr = Expand[x” (-3/4)*eqln/b"2];

Expand [PowerExpand [Simplify[eqlr*Sqrt[t/v]1]11];

Expand [Simplify[eqlr/v/t]]; Print["eqlr = ",eqlr];

eq2r

eqlr

eqlr
As a result of these symbolic computations, equations eql = 0, eq2 = 0 have
reverted into the following polynomial equations:

M1 ]\/12
> A(X)ak =0, > Bi(X)ak =0, (32)
k=0 k=0

where X = (co,c1,c2,c3,¢4,do,dr,do,ds,dyg), My = 14, My = 9. It is easy to
obtain the expressions for the coefficients Ay (X) and By (X)) with the aid of the
following Mathematica commands:

pol = eqlr; npl = Exponent[eqlr, x]; np2 = Exponent[eq2r, x];

Print["npl = ", npl, "; np2 = ", np2];

A = {eqlr/.x -> 0}; B = {eq2r/. x -> 0}; Print["A(0) = ",A[[1]1];
Do[aj = Coefficient[pol,x"j]; AppendTol[A,ajl;

Print["A(",j,") = ",ajl, {j, npl}];

pol = eq2r; Print["B(0) = ",B[[1]]1];

Do[aj = Coefficient[pol,x"j]; AppendTo[B,ajl;

Print["B(",j,") = ",ajl, {j, np2}];

As a result we obtain the expressions for Ay and By, in ([B2). We present below
the formulas for Ay and By only for kK =0, 1.

Ag = —60cq — 10c2dy + 7d3;
Ay = 60co — 60c; + 18cady — 36¢ocr1dy — 14d3 — 2c3dy + 21d3dy;
Bo =120 — QCOdo; B1 = —120 — 3500d0 - 2101d0 - 900d1.
The coefficients c¢;, d; in ([BI]) were computed in [I5] from the requirement that the

both equations [B2]) are identically equal to zero. This means that the following
systems of polynomial equations were solved:

Ae(X)=0, k=0,...,M;; Bp(X)=0, k=0,..., M. (33)

As a result, the numerical values of the coefficients ¢;,d; in (29) were found in
[15] so that

@ = 23/ bVv(3.04 — 4.64x + 2.8392° — 2.8552° — 1.814x%); (34)
o = x'/4\/v/5(4.385 — 5.845x 4 4.01522 — 4.462° — 1.292%).  (35)
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However, the computation of the numerical values of the coefficients Ay and By
with the numerical values of ¢; and d; found in [I5] shows that they are different
from zero:

ruleSG = {cO0-> 3.04, cl-> -4.64, c2-> 2.839, c3 -> -2.855, c4 -> -1.814,
do -> 4.385, d1 -> -5.845, d2 -> 4.015, d3 -> -4.46, d4 -> -1.29};

A[[j11/.ruleSG; jO= j- 1; Print["ASG(",j0,") = ",ajl,{j,np1+1}];
B[[j]]1/.ruleSG; jO= j- 1; Print["BSG(",jO,") ",ajl,{j,np2+1}]1;

Dol[aj
Dol[aj

Ap = 2.5662, A= —15.6054, Ao = 23.6544, ..., A7= —14429.8, ..., A14= —15.0268;
By = 0.0264, By = 0.6296, ..., Br = —668.551, Bs = —24.5247, Bo = 30.4208.

We will need in the following a formula for the moment M; of friction forces
of the fluid on two motionless butt-end casing walls each of which is a disc of
radius b = R3 in order to determine the angular velocity w. It is assumed here
and in the following that the disk lies in the casing middle. According to [15]
and with regard for (22)) and (B0), the above total moment for the both butt
ends is expressed by the formula

B Ov B L1 —2)3
M, = 2/ 27r ,u( ) -dr 87T,uwb/0 50(z) dz

z=0
(1 - )3z~ 1/4
—87wwb4\/ / ?) dx. (36)

At the numerical computation of the integral on the right-hand side of ([B6]) it
was accounted for the fact that Pz(x) has the root z* = 0.746836. As a result,
the numerical value of the integral 87 [j (1 — )32~ 1/*/Py(x)dx was found with
the aid of the Mathematica function NIntegratel[...] to be equal to 3.4048249.
On the other hand, the value of the integral under consideration was found by
a graphical technique in [I5] and amounted to 3.387.

4.2 The Boundary Layer of the Disc

Let us now proceed to the consideration of the boundary layer of the disc rotating
with angular velocity w. Following [15] we assume the presence of the constant
angular velocity @ < w in the co-flow of the external liquid, which rotates as
a quasi-solid body. Denote as in [I5] by s the distance between the motionless
casing base and the lower horizontal disc surface. Following [I5] let us introduce
the coordinate Z = s — z, so that Z = 0 on the lower horizontal surface of the
disc. We now specify as in [I5] the following polynomial representations for u
and v near the disc surface:
. z 2 N Z\2

u:uo[l—(25—1) }7 v:wr—(w—w)r[l—(1—5> }, (37)
where v is a new unknown maximum radial velocity, 6(r) is the thickness of the
boundary layer of the disc. We omit in the following the bar over z for the sake of
brevity. The integral relations (I8) and (I9) retain the same form, one must only
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replace §p with §. Similarly to the foregoing we at first calculate in symbolic form
the integrals and the derivatives entering (I8)) and ([IJ). Substituting the found
expressions into (I8) and ([I9) we obtain the system of two ordinary differential
equations for §(r) and ug(r):

1 4 - 7T 5. drvuy 8 8 -
- 5w2r25— 15wr2w6+ 15r2w25+ 5 0 155u02+ 15ru026’ 15r5u0u0 :3(8);
2w7’31/+2r3&)1/+3 250" 4+ 2550 +1 *5/ x5 (38)
- wrou reodu wrdu rou
5 5 5 0715 "5 5 ¢
1 | /
+5wr35u3 - 5r3@5u3 =0. (39)

Unlike the case of the boundary layer of the motionless casing base, the system
B3), B9 has a particular solution of the form 6(r) = ¢1,ud = cor, where ¢
and co are constants. For the sake of brevity, we omit the corresponding frag-
ment of our Mathematica program and present the obtained nonlinear algebraic
equations for the determination of c1, co:

6c2ca — (3/4)cEw? — Awd + (7/4)c20* + 15cv = 0; (40)
(4/5)cicow + (8/15)ctcad — 2v(w — @) = 0. (41)

Equation (IJ) is linear in cg, therefore, finding ¢y from (@Il), we substitute the
found expression in ({@Q) and find ¢;:

150(w — @) v Y150 il/65;—1

co = ; c = . 42
? 5 ' V2+3e\ e+t (42)

2¢3 (3w + 2w)

This result coincides with the one obtained in [15]. Let a be the disc radius. The
friction moment on the rotating disc is [I5/910]

a s 2m
Mg:fgllﬂ'u(w—wﬂédr \/150 \/ \/2+3 \/
(43)

It remains to determine the unknown angular velocity w of the fluid rotation in
the casing far from solid walls. To this end, the requirement of the equality of
two moments was used in [I5J9JT0]: the moment M; decelerating the fluid on
the butt-end walls, which is determined by formula (B8], and the moment Ms
([@3), which decelerates the disc. But the radius of the cylindric base b enters the
expression for M. It was assumed in [I5] that the gap between the disc and the
casing wall is small. Then b = a, and one can resolve equation M; = My with
respect to w:

egM =3.404825-2Pi/(150.7(1/4))*(zet-1)*Sqrt [2+ 3zet]l*((zet+7/3)/
(6zet- 1))~ (1/4)
sol = NSolvel[egM == 0,zet]; z0 = zet/.sol[[1]]; z2 = 1/z0

We have introduced here the notation zet = w/@. As a result, it turned out that
w/& = 1.89321 so that ©@/w = 0.528202. According to [I5I9I10], ©/w = 0.54, so
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that the quasi-solid kernel between the boundary layers rotates according to
[I5/9IT0] at about halved angular velocity in comparison with the disc.

It is convenient for the following to introduce two dimensionless parameters:
the Reynolds number Re= R3w/v and the number 8 = &/w; B = 0.54 in the
case of the solution (34)), B3) from [I5]. The formula for the thickness §(r) of
the boundary layer of the horizontal surface of the rotating disc may then be

written as
Ry V1so [ 6-p
VRe v26+3 \[1+1p

We show in Fig. B the graphs of the functions z = o (r) and z = §(r) for the case
when Re = 1288, Ry = 0.092 m, s = 0.031 m, w = 20 rpm in (B3) and {@d]). As
can be seen in Fig.[8 the lower and upper boundary layers do not intersect. The
thickness do(r) described by formula (B3] is negative in the shaft neighborhood.
This contradicts the physical meaning of the boundary-layer thickness: it should
always be non-negative.

5= (44)

5 A New Solution for Ny = N, = 4

Let us identify several shortcomings of the Schultz-Grunow’s solution (see for-

mulas (34)) and (33))).

(i) Near the shaft, the thickness do(r) of the boundary layer of the casing
base is negative according to (B5]). This is seen in Fig. §l and can also be easily
proved mathematically as follows. Let us denote by R, R2, and R3 the radii of
the shaft, disc, and the cylindrical lateral casing wall. For real disc machines, the
inequality Ry < Rj is satisfied. Then the corresponding value z = 1—(r/R3) =~ 1
on the shaft surface. Substituting the value z = 1 into (33]) it is easy to see that
50(1) < 0.

(ii) Formulas (B4) and (35) do not ensure the satisfaction of the no-slip con-
dition u(Ry,z) = 0 on the shaft surface. Let us indeed consider the formula
ug(r) = &(r)/do(r). The quantity ug(r) can vanish at r = Ry if and only if
&(1 — R1/R3) = 0. Since x &~ 1 at r = Ry, we obtain from (34) that in order
to ensure the equality & = 0 at » = Rj it is necessary that P;(1) = 0. But
P (1) = —3.43 # 0 according to ([B4)).

(iii) Formulas (34]) and (35]) do not ensure the satisfaction of the no-slip con-
dition w = v = 0 on the motionless vertical circular wall of the casing (r = R3),
see also Fig. [

(iv) The procedure for determining the angular velocity @ of a quasi-solid fluid
rotation between the lower and upper boundary layers described in [I5/9/T0] does
not account for the viscous friction force moment on a circular lateral casing wall.

Below in the present section, we will construct such a solution of the prob-
lem under consideration, in which the above shortcomings are eliminated. We
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Fig. 7. Surface v = v(r, ) in accordance with the Schultz—Grunow’s solution [15]

begin with eliminating the shortcoming (ii). It is easy to account for the no-slip
condition ¢(1 — R1R3 ") = 0 by specifying & in the form

&(z) = 2*/*0vVvo(1 — Ry /R3 — x) Py (), (45)
where
— Nl_l .
Pi(z) =Y ¢, (46)
j=0

Representation (45]) has a shortcoming at its practical use: the coefficients c;
and d; will now depend on a specific value of the ratio ¢ = Ry/R3. We will,
therefore, proceed as follows: let us assume that the ratio R;/R3 is small, and
we neglect it by specifying @(z) in the form

(x) = 2 0Vvo(1 — )Py (x). (47)

Substituting expression {7) and the expression for dp from B0) into the left-
hand sides of equations (27]) we obtain a system of 25 polynomial equations (B3]
for nine unknowns cg, ¢1, ¢a, ¢3, do, d1, da2, d3, dg. Thus, [B3) is the overdetermined
polynomial system. A widely accepted method for solving such systems is based
on the method of least squares [2]. Let us introduce the objective function F(X)

by the formula
M1 ]\/12

P(X) =Y [A(X)P + > _[Bu(X). (48)
k=0 k=0
The solution X* of system (33]) is then sought for from the requirement of the
minimization of function {8): F(X) — min. Note that on the numerical values
cj,d; entering (B4) and (BH), the function F(X) takes the value F' = 6.0625-10°%.
To find the minimum of function @8] we have applied the Mathematica func-
tion FindMinimum[...]:

FindMinimum [Funp,{c0,3.04},{c1,-4.64},{c3,-2.855},{c4,-1.814},
{d0,4.385},{d1,-5.845},{d2,4.015},{d3,-4.46},{d4,-1,29},
MaxIterations->175, WorkingPrecision -> 20]

As the initial guess for the point of the minimum of F(X) we have taken the
values of ¢;,d; from (B4) and (BH). It turned out that 30 iterations used by
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default in the method of numerical minimization implemented in the function
FindMinimum[. . .] are not enough to determine the point of the minimum X*
with the required accuracy. Besides, we had to increase the working precision of
computations from the default precision 16 to precision 20.

Table 1. Convergence dynamics of the function (@8]

Nyt 30 100 150 175
F* 1.405-10° 1.722 - 10* 4.513 - 10% 4.513 - 10®

In Table 1, N;; denotes the user-specified number of iterations, F* = F(X™*).
It can be seen that the process of the numerical minimization has converged
already by 150 iterations. Further iterations have not led to the alteration of F™*.
It is also seen in Table 1 that the final value of F* obtained after 150 iterations is
by about five decimal orders lower than the value of F' obtained on those values
of ¢; and d;, which were computed in [I5]. As a result of executed computations,
the numerical values of ¢;, d; were found, which provide the minimum of function
([@]) so that the corresponding approximate analytic solution for ¢(x) and d¢(z)
now has the form

B4 = 2340V (1 — x)(2.703488 — 1.644563z +0.9090182% 4 0.0214192°); (49)

80,44 = 2V/4\/1/©(4.064651 —5.1989752+4.0053592%0.5633742:°—0.047782z).

(50)
The subscripts 4,4 by @ and ¢ in (@) and ([B0) point to the fact that the degrees
N; and Ns of the employed approximating polynomials P; (z) and Pe(x) in (31
are Ny = 4 and Ny = 4.

Although the ratio Ry /Rj3 is assumed small, nevertheless at » = Ry the factor
1—2 = Ry /R3 # 0. Assume that the coeflicients ¢; depend weakly on € = Ry/R3.
We can then retain in the formula for @4 4 those numerical values of coefficients
c¢;j, which were found in the limit as e — 0, and replace the factor 1 — x with the

factor 1 — g; — x for the purpose of the exact satisfaction of the no-slip condition
u(Ry,2) =0:

gl —1)(2.703488 — 1.6445632 + 0.90901822 +0.021419z%).
’ (51)
It is easy to see from (B0) that do.4,4(1) > 0, that is we have eliminated also the
shortcoming (i). We believe that this shortcoming has been eliminated owing to
the solution of the problem of minimizing function (@8) with machine accuracy.
As can be seen in Fig. 8 the boundary layer thickness dg 4.4(r) (see formula
0)) on the motionless casing base slightly reduces with the decreasing distance
r from the shaft surface.
Let us proceed to the elimination of shortcoming (iii). As can be seen from the
approximate analytic representation [B7)) of the solution for the boundary layer

Byq =240V vo(1 -
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Fig. 8. The curves z = d(r) by different formulas: solid line is z = do(r) according
to [15], the dotted line is z = do,4,4(r), the dashed line is z = s, the dash-dot line is
z=15—0(r)

of the disc, it uses the boundary condition v = wr on the disc surface. But this
condition is applicable only in the interval [Ry, Ra]. Let Uy = (u(r, 2),v(r, 2)) be
the vector of the approximate analytic solution in the interval [Ry, Rs], that is we
restrict the domain of the applicability of this solution by the given interval. Let
us expand the solution U = (u,v) into the Taylor series in the interval [R2, R3]
with respect to point r = Ro:

3U(R2, Z)
or

It follows from(B2) that at small values of the gap between the disc and the
casing (which is typical of disc fans) the linear approximation

U= U(RQ, Z) + (T — RQ) + O[(T — RQ)Q], re [RQ, Rg] (52)

U(r,z) = Ar+ B (53)

may be an approximation, which is satisfactory in terms of accuracy. It is easy
to find the expressions for the constant vectors A and B in (B3] with regard
for conditions U (R3, z) = (0,0), so that we obtain the following formula for the
approximate analytic solution U (r, z) in the interval [Ry, R3):

Ul(r,z

) _ {Ud(T’, Z), Rl S T S RQ; (54)

Ud(RQ,Z) . (7“ — R3)/(R2 — ‘Rg)7 R2 S r S R3.

It is easy to see that the solution U determined by formula (54]) satisfies the
no-slip condition U(R3, z) = (0,0).

Let us now find the expression for the viscous friction force moment on the
circular lateral wall of the casing for the purpose of eliminating the shortcoming
(iv) of the solution from [I5]. Let us take a strip of height dz on the cylinder
surface. The viscous friction force moment equals 27b dz - bu(9v/Ir)|r—p on this
elementary strip. The integral moment Mj3 of the viscous friction force on the
surface of the cylinder of height H is M3 = [ ¢(r, 2)dz, where @(r, z) = 2mb?pu -
(0v/0r). To account for the presence of the boundary layers and the disc in the
interval 0 < z < H let us partition this interval into several subintervals:

s—0 s s+d s+d+0 H
M3 = ({ pdz + f5<pdz+ [ pdz+ [ wdz+ [ @dz,
— s

s s+d s+d-+0
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where d is the disc thickness. In the interval (0,s — d) we have according to
B4) the expression v(r, z) = @Ra2(r — R3)/(R2 — R3), Ra < r < Rs, therefore,
81}/87’ = UNJRQ/(RQ — Rg),

s—§8 H

[ wdz+ [ pdz=—4mb*ui(s — )Re/(R3 — Ry). (55)

0 s+d+06

We further obtain with regard for formulas (37) and (54]) that

s s+d+0

[ edz+ [ @dz=—(4/3)7b*ué(w + 20)R2/(Rs — Ry). (56)
s—0 s+d
And, finally, at the calculation of the remaining integral in the interval [s, s + d|
we assume that in the gap [Rz, R3] in front of the disc the gas flow differs little
from the Couette flow. Replacing R; with R in formula (§) and calculating
Ov/0r from () we obtain:

s+d
| @dz = —2mb*uwRy - 2R3d/(R3 — R3). (57)

The quantity @ was found in [I5] by solving the equation My = M;, where the
expressions for M; and My are given by formulas ([B8) and {3]). We now take
into account also the moment M3 and will determine @ from the equation

My = My + Ms. (58)

Substituting into (B8] the expressions (B6l), ({@3), (EE)—(E0) and multiplying the
both sides of the obtained equality by A;(¢/Re)'/2/(ub’), where Ay = Ry /b,

we arrive at the equation

2m A JCHT \/g -
%510@1)\/2+3c\/6<_31_11+47r Rexl[xg—xla

+ I8¢+ 2)], 2, +4mARACY2/[(1 = M)V Re). (59

where I} = 87 [o(1 — 23)z= Y4/ Py(x) dx, Ny = s/b, A3 = d/b, ( = w/®, § =
3(r)/ (A1) = [¢/(Re(2 +3¢))]"/? - [150(6¢ — 1) /(¢ +7/3)]/%.

Equation (59) was solved at given parameters \; and Re numerically by the
bisection method. For example, at R; = 0.005 m, Ry = 0.092 m, R3 = 0.104 m,
s = 0.031 m, d = 0.01 m, w = 20 rpm, and when the gas inside the casing is
air, the value 844 = 1/¢ = 0.345 was obtained from (BI)) so that & = 0.345w.
Subscripts 4,4 by [ indicate that Ny = Ny = 4, where N; and Ny are the de-
grees of polynomials P (z) and Py(x) entering ([B0). Figure 0 shows the graphs
v = v(rg, z) in two different sections r = const: section r ~ 0.57(R; + R2) lies
in about the middle of the interval [Ry, Ra|, and section r &~ 0.93Rz lies near
the disc butt end. Solid lines in Fig. [0 show the new analytic solution for v at
Ba.4 = 0.345; the dashed line is the analytic solution of [I5], 8 = 0.54. The dot-
ted line in Fig. [0 is the numerical solution of the problem under study, which
was obtained by the difference/spectral method described in Section 2 at the
same input data as the analytic solution. The stationary difference solution was

~
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Fig. 9. Graphs of v = v(ro, 2): (a) 70 = 0.05534 = 0.57(R1 + R2); (b) ro = 0.08606 =
0.93R>

obtained by the steadying method on a non-uniform spatial computational grid
which had 65, 41, and 51 nodes along the 6-, r-, and z-axes, respectively. The
analytic solution of [I5] (8 = 0.54) overestimates the values of the velocity
component v(r, z) in the region of the quasi-solid fluid rotation.

olololelolole]

Fig. 10. Flow patterns in the casing axial section: (a) the streamlines; (b) the velocity
vectors

The flow patterns presented in Fig. [[0] were obtained with the aid of the
difference/spectral method described in Section 2. The behaviour of streamlines
agrees qualitatively with the one presented in [10].

6 Further Solutions for the Boundary Layer of the Casing
Base

For the purpose of a further reduction of the value of the objective function (@8]

of the least-squares method we present in the following the analytic solutions

for the boundary layer of the motionless casing base for the cases when Ny > 4,

Ny > 4, N1 + Ny > 8, where N7 and Ny are the degrees of polynomials (BI).

For example, in order to obtain with the aid of our Mathematica-program the
solution for the case N7y =4, N, =5 it is sufficient to replace the line

P2 = dO0 + dil*x + d2*x"2 + d3*x"3 + d4*x74;
with the line
P2 = dO + di*x + d2*x"2 + d3*x"3 + d4*xx"4 + d5*x75;

As in the case of Ny = Ny = 4, the Mathematica function FindMinimum was used
for computing the vector X* providing the minimum of the objective function.
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Table 2. The values of F(X™) and On,,n, for different N1, N2

N1 4 4 5 5 5 6 6
Ny 4 5 4 5 6 5 6

1073 F(X ™) 4.51 2.56 2.08 2.05 1.48 1.33 1.32
BNy, Ny 0.345027 0.345057 0.345056 0.345045 0.345062 0.345046 0.345045

Table 2 presents the values of F(X™*) for different N7 and N,. It can be
seen that a significant reduction of the value of F(X™*) has occurred at Ny = 5,
N5 = 6 in comparison with the case Ny = Ny = 5. However, at a further increase
in N7 and N3, the reduction of the optimal value of the objective function F(X)
at the point of minimum X* slows down.

We present below, by analogy with the case N; = No = 4, the forms of the
functions @(z) and do,n, N, (x) describing the gas flow in the boundary layer of
the casing motionless base.

1°° Ny =4, Ny =5

By5= 3" 0Vvo(1 — A\ — 1)(2.856340 — 1.570379x + 1.074781z> + 0.0824722°);
045 = o/*\/v/5(4.185028 — 5471901z + 3.871863z> — 0.997633z°

— 0.353929z" — 0.064053z°) .
2°. Ny =5, Ny = 4
_ 3/4 ~ 2 3
Bs5.4= 2 bVvo(1 — A1 — x)(2.787174 — 1.625395x + 0.964173z> — 0.005921
— 0.044119z");
054 = o/ */v/5(4.110059 — 5.462528z + 3.745126x> — 1.0384962° — 0.328643z") .
3°. Ny =5, Ny =5
@55 =2 bVro(1 — A1 — x)(2.810254 — 1.6119667 + 0.99532327 + 0.014495z°
— 0.035890z");
055 = o/ \/v/@(4.132542 — 5.483389z + 3.764532z% — 1.055980z>
— 0.351856z" — 0.015801z°) .
4°. Ny =5, Ny =6
®s.6= 2>/ bVvo(1 — A\ — z)(2.876983 — 1.619852x + 1.0764462° + 0.077721°
— 0.007302z*);
0,56 = o/ \/v/0(4.188974 — 5.648875z + 3.795984x% — 1.1974022>
— 0.549613z" — 0.1621252° — 0.0304552°) .
5°. Ny =6, Ny =5
B 5= 2/ bVvD(1 — A\ — 2)(2.844606 — 1.647739x + 1.0168512 + 0.0214772°
— 0.050451z" — 0.019380z°);

0,65 = o/ *\/v/0(4.156011 — 5.637994x + 3.744278z> — 1.2153392°
— 0.552950z" — 0.138877z°) .
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Fig.11. The curves z = Jdo(r) by different formulas: (—) N1 = N2 = 4; (— — —)
Ny =4, No =5, (- )Nt =5 Ny =4 (—-—-—=) N1 = N2 =5 (A A A)
N1=5,N2:6; (DDD) N1=6, N2=5, (<><><>) N1=N2=6

6°. Ny =6, No =6

Bo.6= 2 0V (1 — A1 — x)(2.848314 — 1.646002z + 1.022749z> + 0.0267542°
— 0.046820z" — 0.018012z°);
0.6.6 = /v /5 (4.159553 — 5.642342z + 3.748718x% — 1.2169712>
— 0.556802z" — 0.1435302° — 0.0027782°) .

Table 2 also presents the values of the ratio By1,n, = @/w corresponding to the
given Ny and Nz. The Bn1,n, values were obtained as in the foregoing section
by the numerical solution of equation (B9). The geometric parameters Ay, ..., A\
were the same as for N1 = Ny = 4 in all the above computations for different Ny
and Na. It can be seen from Table 2 that the coefficient Sy, v, depends weakly
on N1 and N,. But since the coefficients of equation (59) depend on Aq, ..., Ay
and Re, at a variation of any of these parameters it is natural to expect also a
variation of the coefficient Oy, n, = 1/C.

Figure [[1 shows the curves z = 0o, n, n,(r) for different Ny, No. The value @
for each specific pair (N1, N2) was specified by formula @ = 8, n,w, where the
values of fn, n, were taken from Table 2. It can be seen in Fig. [[1] that for all
considered Ny, No, the boundary layer thickness do(r) on the motionless casing
base reduces with reducing polar distance 7.

7 Conclusions

We now draw several conclusions from the above.

1. The analytic solution for the flow parameters inside the boundary layer
of the casing motionless base, which was obtained in [I5], is inapplicable for
verification of the numerical solutions obtained by the numerical integration of
the three-dimensional Navier—Stokes equations (I), (2)) because of the negative
thickness of the boundary layer in the shaft neighborhood.

2. Several new analytic solutions are obtained for the flow parameters inside
the boundary layer of the casing motionless base when the values of N1, Ny are
within the limits 4 < Ny, Ny < 6. The common feature of all these solutions is
that the boundary layer thickness do(r) on the casing motionless base reduces
with reducing polar distance r.
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3. It is proposed to take into account the viscous friction force moment on the
lateral casing wall. This has improved considerably the accuracy of the approx-
imate analytic solution.

References

1. Baev, V.K., Bazhaikin, A.N., Frolov, A.D., Takeda, K., Hirano, Y.: Air cleaning
from ammonia in agricultural-purpose rooms. Ecology and Industry of Russia 11,
13-16 (2005) (in Russian)

2. Draper, N.R., Smith, H.: Applied Regression Analysis. John Wiley & Sons,
New York (1998)

3. Fadlun, E.A., Verzicco, R., Orlandi, P., Mohd-Yusof, J.: Combined immersed-
boundary finite-difference methods for three-dimensional complex flow simulations.
J. Comput. Phys. 161, 35-60 (2000)

4. Fomichev, V.P.: Device for Gas Cleaning. Patent RU No. 2229658 C2, Moscow
(2004) (in Russian)

5. Khaidarov, S.V.: Experimental Investigation of Heat and Mass Exchange in Di-
ametral Disc Fans. Ph.D. Thesis, ITAM SB RAS, Novosibirsk (2000) (in Russian)

6. Kim, J., Moin, P.: Application of a fractional-step method to incompressible
Navier—Stokes equations. J. Comp. Phys. 59, 308-323 (1985)

7. Kiselev, S.P., Vorozhtsov, E.V., Fomin, V.M.: Foundations of Fluid Mechanics with
Applications: Problem Solving Using Mathematica. Birkhauser, Basel (1999)

8. Lai, M.C., Lin, W.-W., Wang, W.: A fast spectral/difference method without pole
conditions for Poisson-type equations in cylindrical and spherical geometries. IMA
J. Numer. Anal. 22, 537-548 (2002)

9. Loitsyanskii, L.G.: Boundary Layer Aerodynamics. Gos. izdatelstvo tekhniko-
teoreticheskoi literatury, Leningrad, Moscow (1941) (in Russian)

10. Loitsyanskii, L.G.: Laminar Boundary Layer. In: GIFML, Moscow (1962)
(in Russian)

11. Morozov, V.A., Kirsanova, N.N.; Sysoev, A.F.: A complex of algorithms for fast
Fourier transform of discrete series. In: Numerical Analysis in FORTRAN, issue 15,
pp. 30-51. The Moscow State Univ., Moscow (1976) (in Russian)

12. Prikhodko, Yu.M.: Investigation of Flow and Heat Exchange in Diametral Disc
Fans at Low Reynolds Numbers. Ph.D. Thesis, ITAM SB RAS, Novosibirsk (2008)
(in Russian)

13. Samarskii, A.A., Gulin, A.V.: Numerical Methods. Nauka, Moscow (1989)
(in Russian)

14. Schacht, W., Vorozhtsov, E.V.: Implementation of Roe’s method for numerical
solution of three-dimensional fluid flow problems with the aid of computer algebra
systems. In: Ganzha, V.G., Mayr, E.W., Vorozhtsov, E.V. (eds.) Computer Algebra
in Scientific Computing/CASC 2004, pp. 409-422. Techn. Univ. Munich, Munich
(2004)

15. Schultz-Grunow, F.: Der Reibungswiderstand rotierender Scheiben in Gehé&usen.
Zeitschr. fir angew. Math. und Mech. 15, 191-204 (1935)

16. Solomakhova, T.S. (ed.): Centrifugal Ventilators. Mashinostroenie, Moscow (1975)
(in Russian)

17. Tesla, N.: Turbine. US Patent No. 1061206, May 6 (1913)

18. Verzicco, R., Orlandi, P.: A finite-difference scheme for three-dimensional incom-
pressible flows in cylindrical coordinates. J. Comput. Phys. 123, 402-414 (1996)



Hybrid Solution of Two-Point Linear
Boundary Value Problems

M. Youssef and G. Baumann

German University in Cairo,
Mathematics Department,
New Cairo City,

Egypt
Maha.YoussefQGUC.edu.eg, Gerd.BaumannQGUC.edu.eg

Abstract. We discuss a general approach to solve linear two points
boundary value problems (BV) for ordinary differential equations of sec-
ond and higher order. The combination of symbolic and numeric methods
in a hybrid calculation allows us to derive solutions for boundary value
problems in a symbolic and numeric representation. The combination
of symbolic and numeric calculations simplifies not only the set up of
iteration formulas which allow us to numerically represent the solution
but also offers a way to standardize calculations and deliver a symbolic
approximation of the solution. We use the properties of distributions
and their approximations to set up interpolation formulas which are ef-
ficient and precise in the representation of solutions. In our examples
we compare the exact results for our test examples with the numerical
approximations to demonstrate that the solutions have an absolute error
of about 107*2. This order of accuracy is rarely reached by traditional
numerical approaches, like sweep and shooting methods, but is within
the limit of accuracy if we combine numerical methods with symbolic
ones.

1 Introduction

The solution of boundary value problems is central in engineering applications
such as mechanical structures, electrical circuits, hydrodynamic and thermal
systems [1]. A great deal of problems is formulated as boundary value problem.
There are a large number of methods currently available to solve these type of
problems numerically and there seems no need to add another one. However, if we
look at the approaches used in these methods we observe that results are either
gained by crude brute force methods which lack accuracy but are simple to use
or highly sophisticated methods which use special procedures applicable only for
a specific kind of problems [5, 4, 9, 2, 3]. To bridge this gap between numerical
and analytic calculations we discuss a hybrid approach which combines the
clearness of analytical representation and the efficiency of numerical calculations.
The approach we use is based on analytic functions and the generalization of
functions to distributions.

V.P. Gerdt, E.-W. Mayr, and E.V. Vorozhtsov (Eds.): CASC 2009, LNCS 5743, pp. 373-391] 2009.
(© Springer-Verlag Berlin Heidelberg 2009
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The central function we will use in our approximations is the scaled sinc
function defined by

sinc(z) = sin(rz) .

(1)

™

And the shifted Sinc represented by

S(z, k) = sinc <x *hkh ) (2)

where k is an integer number k € Z and h the step length of the shift.

The idea of Sinc methods is to represent a function by Sinc approximations.
A function can be approximated by using shifted Sinc functions by a linear
superposition of these functions. The basic relation is given by the following
expansion

u(w) = i uksinc<xhkh> 3)

k=—M,

where M, and N, are the lower and upper limits of the discrete approximation
interval, h is the step length of the discretization and uy, represents the expansion
coefficients of the function u[11]. If we deal with differential equations not only
the unknown function u is needed but also derivatives of this function of different
orders are needed. This means we have to handle terms including derivatives of
u with respect to the independent variable z such as & u(@)

dx+
Using (3) we can represent higher order derivatives by

) _ 3w - <sinc(xhkh>>. (4)

Equation (4) represents the higher order derivative symbolically. In fact, we
are interested in a numerical representation which means we have to collocate
the real line. This collocation is shown in the following relation representing a
discrete version of (4).

N,
dfu(x) - ar (. x —kh
dxc* |w:mh = Z Uk dx (SlIlC ( h )) |w:mh (5)

k=—M,

with p € Ng and — M, < m < N,.

Combining (3) and (5) in differential equations will result into a sinc represen-
tation of an ordinary differential equation. Using this truncated Sinc expansion
guarantee that the error will exponentially decaying (as we will see in section 3)
which is not available in other truncated expansion like truncated Fourier series
expansion.
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2 Methods of Calculations

To use Sinc functions to approximate derivatives in any kind of differential equa-
tion for an arbitrary order we start with the one dimensional representation of
derivatives using (3) and (5) as basis to start with. First the scaled and shifted
Sinc functions are defined in Mathematica by,

sincScaled[x |:=Sinc[rz]

and the related shifted Sinc function by
—kh
S[x ,k ]:=sincScaled [a: h ]
which are used in the definition of the derivative (5).

derivativeMatrixElements[orderx List, min List, kin List]:=
Block[{resl1,t2, h, ¢, x, ¢, k, m}, Fold[Plus, 0,
MapThread [(resl =

(h#l (8{¢[w],#1} (sincScaled [M}jkh} ))) Lz — plmh)}/ . Bllx ] — =
t2 = Limit[res1, k — m];

Fold[Times ,1,

Map|[Apply[KroneckerDelta, #]&,

Complement|[Transpose[{min, kin}], {{#2, #3} }]]]

Piecewise[{{t2/.{k — #3,m — #2}, #3 == #2} {resl/.{k — #3,m —
42}, #3 £ #2}},

0])&, {orderx, min, kin}]]]

The relation for derivatives delivers a symbolic expression for a piecewise
function depending on the discrete indices m and k. An example for a second
order derivative is given next

derivativeMatrixElements(2, m, k)

2
-7 k=m

3
on2 Sin( w(hm’—hk)) Sin(-rr(hm’fhk)) 2hCOS(7r(hm’7hk))
mh < 7r2(hm7hhk)3 — ek~ w(hmfhhk)2 k#m

The matrix representation of this function for a 3 x 3 discretization is,

MatrixForm|[Table[derivativeMatrixElements({2}, {m}, {k}), {m, 1, 3},

{k,1,3}]]

w2 1
3 22 T2
2 =7 2
1 23 _71'2
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A graphical representation of the second order derivative a so called Toeplitz
matrix, is shown in Figure 1. Figure 1 shows a 15 x 15 matrix representing a
symmetric array of numerical values shown in different colors. One property of
Toeplitz matrices is that they are "symmetric" about the main diagonal which
is obvious from Figure 1.

10

15

1 5 10 15

Fig. 1. Graphical representation of the content of a 15 x 15 Toeplitz matrix. The
graphical representation shows the characteristic symmetric property.

So far we discussed only some of the important basic components of the Sinc
method. In the following we will summarize the overall frame of the calculation
steps. We will present the structure of the related calculation algorithm in an
object oriented program based on FElements [15], step by step.

2.1 Representation of the Algorithm

In this section we will set up a scheme for the total calculations which can
be divided into several classes of tasks. The different classes found in analyzing
the algorithm are implemented in an object oriented programming environment
called Elements developed in Mathematica [15]. The different classes used in
the implementation are listed below. For each class we give a short descrip-
tion expressing which part of the calculation is represented in this part of the
calculation.

1. BasicParameters Class: A collection of all the influencing parameters in
the calculation like a, v, Mx, d, ax, bx, etc...
Manifold Class: A collection of independent and dependent variables.
subvarietyOfExtendedJJetBundle Class: The subvariety of the jet space de-
fined by the differential equation.
4.  conformalMapping Class: Different conformal mappings and their inverses
for different types of boundary values.
5.  sincFunctions Class: The function used to represent the expansion basis
and the representation of derivatives.

W
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6. collocationTransform Class: A collection of functions that generate the dis-
crete representation of the equation.

7.  collocationMatrices Class: A collection of functions that create the needed
matrices.

8. EigenSolution Class: The representation of the solution.

9. SolutionFunction Class: The solution of the BV problem.

The use and application of these classes is straight forward. The following ex-
ample demonstrates the application of the classes and the derived objects for a
specific problem. The example equation we use to demonstrate the steps of the
calculation is a second order singular BV problem given by

1

| a2 dpu(x) 4 Tzu(z) = 1 — 2* (6)

O zu(x) +

with u(1) = 0 and u(6) = 0.

This second order equation is defined on a two dimensional manifold with
variables {z,u}. This manifold is defined as an object derived from the class
Manifold

manl = manifold o new[{X — {z},U — {u}}]
< Object of Manifold >

In the prolonged space a subvariety defined by the differential equation is
defined by a jet bundle. In practical terms we define this jet bundle by the fol-
lowing derivation of an object from the class subvariety OfExtenededJetBundel.
This object uses the manifold object manito represent the geometric structure
of the space where the differential equation lives in

subVarl = subVarietyOfExtendedJetBundel
onew HmanifoldM — manl,

1
1 —x2

modelParameters — {}H

subvariety — {8x1xu[x] + Oxulx] + Txu[x] ==1 — x2},

< Object of SubVarietyOfExtendedJetBundel >

For a boundary problem we need to specify the constraints under which we are
going to solve the equation. This part of information is related to the basic pa-
rameters used in the calculation. The lower bound of elements in the collocation
step is set to Mx = 8. The boundaries are located at x = 1 and x = 6. Parame-
ters as 7 = 0 and d = 1 are used to guarantee an efficient convergence (see the
discussion in Section 3).

bl = basicParameters o new[{ax — {1},bx — {6},Mx — {8},d — 1,y — 0}]

< Object of BasicParameters >
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The step length h = \/md /(| M,|) used in the calculation can be derived from
the object of basic parameters to be

bl o steplengthHx[ |

(%}

2

using default convergence parameters @« = 1 and d = 1. Note that the current
value of h is not a small number. The interval of the boundary problem is finite
and thus needs the specific conformal mapping for finite intervals to represent
Dirichlet boundaries. The object of conformal mappings uses the object with

basic parameters to ensure that the step length and the boundary values are
used in all transformations

¢l = conformalMapping o new|[{intervalObject — b1, manifoldObject — man1}]

<Object of ConformalMapping>

The mapping is selected automatically depending on the type of boundary values
we specify, finite or infinite. For the current example we have the conformal map
and its inverse as the two transformations

cl o conformalMap] |

(e[ )
o}

& 6—=x
The inverse mapping is given by

cl o inverseConformalMap] |

1+ 6e”
{ 1+4+e® }
Both transformations depend on the boundary values at a,, = 1 and b, = 6. The
next step is to derive an object which contains information on sinc functions. The

sincFunction class uses information contained in two objects, basic parameters
and conformal mappings. An instance of the sinc class is thus generated by

sinc01 = sincFunctions o new[{intervalObject — bl, conformalObject — c1}]

< Object of SincFunctions >

From this object we can derive for example the elements of the Toeplitz matrix
for second order derivatives.

sinc01 o derivativeMatrixElements(2, j, k)

7\'2

- k=j
7h 2h? sin(”(h'j,:hk)) _ sin("(hj;h'k)) _ 2h cos(ﬂ(hj;h'k)) k 7& .
72 (hj—hk)3 hj—hk w(hj—hk)? J
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The first element of the piecewise function represents the diagonal elements of
the matrix and the second line denotes the off diagonal elements of the Toeplitz
matrix. The next step is to combine both branches, the differential equation and
the solution representation, and derive information for the collocation transfor-
mation. The collocation transformation incorporates the jet space properties and
the basic parameters which are used in the definition of this object.

colTr1l = collocationTransform o new[{jetBundelObject — subVarl,

intervalObject — b1}]
< Object of CollocationTransform >
Functions defined in this class are able to use the original equation and generate

a discrete representation of this equation by using the transformations

coltrl = colTr1 o collocationTransformation] |

{{z — éz[z]}, {u — Function[{z}, gl[z]u[¢z[z]]]}, {g] — Function[{x},1]}}
¢(x)

h
which allows us to incorporate the boundaries of a conformal mapping ¢(x). If the
discretization is applied by using the inverse conformal mapping ¢, z, = ¥(hk),
we find the discrete version of the equation.

The transformation introduced for the dependent variable is u = g(x)u (

degs = colTr1 o discreteSymbolicCollocationTransform| |

u'[hamz] oz’ [x[hama]]
1 — ya[hozma)?

o2’ [Yx[hamz]]*v” [hamz] + v’ [hama]pa” [Ya[hamz]] == 1 — Yz[hamz]® }

{Tulhema]ypx[hama] +

Where hx is now the step length and mx is the collocation index along the z-axis.

Knowing the symbolic equation and its discrete version we can go on to gen-
erate the matrix representation of this equation, this is generated next based on
the collocation properties and the sinc function properties

colMat1 = collocationMatrices o new[{collocationTrafoObject — colTr1,

sincFunctionObject — sinc01}]
< Object of CollocationMatrices >

The collocation matrix class allows to represent the original differential equation
in matrix form (result suppressed).

egsl = colMatl o replaceDerivatives| |;

The next class uses the collocation matrix object to derive an instance for the
collocation equations and allows to derive the solution.
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eigSol = eigenSolution o new[{collocationMatricesObject — colMat1}]

< Object of EigenSolution >

sol01 = eigSol o solution] |;

This object generates the linear collocation equations and provides a function to
solve these equations. In addition the solution is represented in a symbolic way.
In addition to the symbolic expansion, the coefficients are numeric results based
on the solution of the linear collocation equation.

The following lines represent the total calculations combined in a single func-
tion applied to problem (6). In fact the solution is a mixture of numeric and
symbolic expressions, and in combination a hybrid representation of the solu-
tion. The solution for (6)

1
eq01 = 9, zulz] + 1— g2 dzulz] + Tru[z] == 1 — 22

u'[z]

1 a2 +u"[zr] ==1—2?
-z

Txulx] +

is gained by applying BVDSolve to this equation. The total number of steps
presented so far are collected in this single function BVDSolve. It generates the
classes and objects as discussed and offers a single interface to the user.

sol01 = BVDSolve[{eq01}, {u}, {z}, {{1}, {6}}, {20},1,0];

The gained solution can be used in a graphical evaluation of the result as shown
in Figure 2.

The solution derived shows a chitter at the boundaries. This behavior is due
to the low number of collocation points, 20, used in the calculation. This chitter
indicates that the solution derived with this resolution is not "stable" and that
the approximation is far away from the actual solution. To demonstrate that a
solution becomes "stable" we increase the number of collocation points for the
interval division and thus decrease the step length h.

sol011 = BVDSolve[{eq01}, {u}, {z}, {{1}, {6}}, {60},1,0];

The result of the calculation is shown in the following plot which does not show
the chitter at the endpoints of the interval as before.

Since we do not know an exact solution of this problem the question rises
how to measure the accuracy of a Sinc approximation. Before we deal with this
problem let us generalize the method to higher order BV-problems. In addition
we will verify convergence formulas derived by Kowalski et al, Lund and Bowers
16, 17).
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Fig. 3. Solution of the BV problem 8, su(z) + , ' . 0su(z) + Tzu(z) = 1 — 22 u(l) =
0,u4(6) = 0 with a constant scaling function g(z) = 1 and a the lower collocation
boundary with M = 28

2.2 Higher Order BV Problems

There is not much information available in literature for higher order boundary
value problems solved by sinc-methods. For a sixth-order BV problem El-Gamel
et al [13] discussed a sinc-Galerkin method. They demonstrated the application
to a specific problem and discussed the convergence properties for this specific
type of equation. Bialecki in his paper [9] comments on higher order BV prob-
lems and states a general formula but does not discuss details of convergence
or calculations. Here we will use the already known algorithm for second order
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equations and extend this algorithm to an arbitrary higher order algorithm for
linear equations. The theoretical procedure is similar to the method presented
for second order equations. The method for higher order is different from the
second order method with respect to the incorporation of the boundaries and
the discretization of derivatives. In this paper we deal only with the case where
Dirichlet boundary conditions are specified, and all derivatives vanish at the
boundaries. The derivatives are represented by using (5) as a general formula.
The following example for a fifth order singular boundary value problem will be
used to demonstrate the method.

O zu(x) + 1 flx2 Opz,2,m,20(T) + 27:Exu(a:) =1—2z2 (7)
with «(1) = 0 and u(6) = 0.

We selected this equation by arbitrarily specifying the order and setting the
coeflicients to expressions which are singular either at the boundary at x =1 or
at a point in the domain of the independent variable x = 2. The final result of
this calculation is shown in Figure 4. In Mathematica we define the equation

by,

65
eq02 — Ozox gz(agz ox 82U($) 4 7‘7:“(:1:) =1— $2
1—22 Oz Oz 2—z
u(5)(:1:) " Taru(x)
=1— 22
1—22 +ul(@) + 22—z .

and derive the solution, with the function
sol02 = BVDSolve[{eq02}, {u}, {z}, {{1}, {6}}, {160}, 1,0];

A graphical representation of the solution with m = 160 follows by using the
results as shown in Figure 4 (output suppressed).

To estimate an error of the discretization we use this high discretization as
reference. In addition we generate three different approximations with lower dis-
cretization of the fifth order BV problem. We start with m = 20 and double the
approximation order twice. The three solutions are compared with the approxi-
mation m = 160 by means of the error formula

e = w160 — (™) (8)

For this formula we assume that m=160 represents the reference solution.
The three solutions follow for m = 20, m = 40, and m = 80 by

s0l022 = BVDSolve[{eq02}, {u}, {z}, {{1}, {6}}, {20},1,0];

501023 = BVDSolve[{eq02}, {u}, {z}, {{1}, {6}}, {40},1,0];

501024 = BVDSolve[{eq02}, {u}, {z}, {{1}, {6}}, {80},1,0];
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1 2 3 4 5 6

Fig. 4. Solution of the fifth order boundary value problem (30) with m = 160

Formula (8) is used to generate an overview of the local error. From Figure 5, it
is obvious that the local error decreases if we increase the approximation order.
The magnitude of the mean error at m = 20 is about 10~! while for m = 40
the magnitude is 10™* and with m = 80 we have € ~ 1076. This shows that
the local error decreases fast if the approximation order is increased toward the
reference value m = 160. This behavior is expected because the sinc-collocation
approximation shows an exponential convergence to the true solution[11].

0.01

107

1076

(1) — 3,160

1078

Fig. 5. Relative errors |u%?) — 4™ | for the solution of the fifth order boundary value
problem (7)

3 Convergence of the Collocation Method

To estimate the error in a Sinc calculation there is a large number of references
for analytic results available [10, 17]. In practical applications it is much more
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Fig. 6. Local error of the calculation based on the (y — yex) 2 for different approxima-
tion orders m = —M + N + 1. The error decreases rapidly with increasing the total
approximation order.

efficient to compare the convergence of a numerical procedure by changing some
of the influencing parameters and measure the effect of influence. On the other
hand it is much more reliable if we can compare a derived numerical solution with
an exact symbolic solution. We will take the route to compare the numerical
results with exact solutions knowing that an exact symbolic solution is rarely
available in practical applications. As a symbolic example to demonstrate the
errors generated in practical calculations we reexamine the well known example
by Lybeck and Bowers [18], which is given by

_ _ (4 ‘4 9.3 _ 2
Op,zy(2) + Opy(z) + y(x) o5 (z* —22° — 29 2% + 62z + 38) (9)

with y(—1) = 0 and y(4) = 0.
The exact solution of this equation is given by the fourth order polynomial

Pita) = () (@ 10— 0 (10)

satisfying the boundary conditions. We used BVDSolve to solve the BV problem
with fixed convergence parameters « = 3 = 1 and d = 1. The squares of the error
(y — yex) 2 are shown in Figure 6 by changing the total number m of collocation
points to see the influence of the step length h on the solution. We observe that
if m € [3,143] then the error reduces dramatically. Above m > 160 we again
observe oscillations in the error which are due to the finite standard number
representation in Mathematica. If the precision of the number representation
in Mathematica is increased in the calculations the oscillations disappear for
m > 160.
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Fig. 7. Global error based on the norm ||y — yex||2 of the calculation with respect to
the scaling exponent A of the scaling function g(z) = (dz¢(x)) ~

Another point of interest in estimating the error is the influence of the scaling
function g(z) = (0,¢(x)) ~* introduced in the class collocation. Due to the dis-
cussion in the literature [9, 11, 12], the scaling function is useful to symmetrize
the numerical schemes. We examined different scaling exponents A to see how
the different scaling properties influence the error in a Sinc collocation calcula-
tion. In addition of changing the total number of collocation points we changed
the scaling exponent systematically in an interval from A € [1/2,1/1200]. A
sub-sequence of calculations is shown in Figure 7. According to the theoreti-
cal prediction in [11] the errors should decrease exponentially like a stretched

exponential function
€ ~ /me O™ (11)

with a stretching exponent of v = 1/2. If the total number of collocation points
is increased the error should decrease. However, the observation in numerical
calculations is that the global error defined by

b
e = |y — vexll? :/ (y — yex) 2z (12)

only decreases continuously if A = 0, corresponding to a constant scaling function
g. For the other cases with 0 < A < 1 we observe a plateau in a lin — log plot of
the global error. This means that in principal for larger A the global error cannot
be changed by increasing the total number of collocation points but reaches a
finite value which is nearly independent of m. The exponential decay of the
global error is present only for g = 1. We verified this by fitting the gained error
estimations to the function log(e) = —ém” + a + } log(x) where 6, a and ~ are
the slope of the decay, the intercept of the error with ¢ and the deviation from
the pure exponential decay. The parameters for the fit in our calculations are
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0 = 3.93067, v = 0.536966, a = —1.24904. The deviation from the theoretical
decay with v = 1/2 is 0.036. .. which is quite close to the expected theoretical
value.

The calculations and the fitting to the theoretical prediction show that the
stretched exponential decay of the error occurs only for A = 0 where the theoret-
ical and experimental results are in good agreement to each other (see Fig. 7 line
and dots). For all the other cases the theoretical expectation does not fit to the
actual results. From a practical point of view this means that sinc collocation
methods are most efficient for A = 0.

4 Applications

This section contains two examples to demonstrate the behavior and the appli-
cation of the method to practical engineering problems. some of these problems
are nonsingular models while the others are singular ones which are solvable by
the traditionall approaches only if the method is adapted to the singularity. But
her we have a unique approach for both singular and nonsingular cases.

4.1 Non-uniform Bar with Distributed Force

Let us consider a standard application in mechanics to determine the elongation
of a bar subject to acting forces and fixed endpoints. Such kind of problem is
standard if the mass distribution and the force is constant. However, if we allow
a spatial variation of the mass density and the force along the bar we have to deal
with problems which may have singularities along the bar or at the endpoints of
the bar. Let us consider the specific equilibrium equation

d du
e (@) = @ (13)
for a non-uniform bar subject to homogeneous Dirichlet boundary conditions.
The bar is subject to an external force f depending on the location z of action.
The function ¢ = ¢(z) and f = f(z) represents the stiffness and force distribution
along the bar, respectively. For further use of this equation we define the following
symbolic equation to change the two properties and derive the solution for these
different models.
du(x)

eqsBar = — aaz (c(m) o ) = f(2)

—c(z)u’(z) — c(x)u" (z) = f(x)
where wu is the deflection at distance z from the left end of the bar, and ¢(x) and
f(x) are functions that depend on the applied load, the geometry of the bar, and
its elastic properties. The simplest model we can derive is a bar with constant
mass distribution normalized to 1 and a constant force f = 1 homogeneously
distributed along the bar. The related equation can be derived by
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eqBarl = egsBar/.{c — (z +— 1), f — (x — 1)}
—u(z) =1

This simple equation is solved under homogeneous Dirichlet conditions by ap-
plying the established function from above to the equation eqBarl. The solution
in a symbolic representation follows with

solBarl = BVDSolve[{eqBarl}, {u}, {z}, {{0}, {1}}, {22}, 1,0];

The solution is represented by the sinc-function expansion with numerical coef-
ficients derived from the collocation representation of the continuous problem.
So far the equation bears no problems neither in the differential equations nor
at the boundaries, there are no singularities at all. The next choice for the mass
distribution with ¢ = log(x) /(1 — x2) and f(z) = 1 introduces singularities at
the boundaries

eqBar2 = eqsBar/. {c . (:1: — ;"f(:z,) f = (z— 1)}

log(z)u” (x) 1 2zlog(z)\ ,,
T (:c(l —2) T fx2)2)“ (@) =1

This choice generates a special kind of second order differential equation which
we solve by adding the boundary conditions

solBar2 = BVDSolve[{eqBar2}, {u}, {z}, {{0}, {1}}, {22}, 1,0];

The two different solutions of the BV problems are shown in Figure 8. The figure
shows that the boundary conditions are satisfied for the two models. Model 1
with constant densities shows a symmetric solution around the midpoint of the
boundary interval as expected. Model 2 shows a negative elongation which is
more pronounced in the upper part of the interval. All solutions derived with 22
collocation intervals show a continuous and smooth behavior.

4.2 Non-uniform Beam

Unlike a bar, which can only stretch longitudinally, a beam is allowed to bend.
Let 0 < x <[ represent the reference position along a horizontal beam of length
l. To further simplify the model, we shall ignore stretching, and assume that the
atoms in the beam can only move in the transverse direction, with y = u(x)
representing the vertical displacement of the atom that starts out at position x.

The strain in a beam depends on how much it is bent. Mathematically, bending
is equal to the curvature of the graph of the displacement function u(z), and is
computed by the classical formula

(14)
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Fig. 8. Solution of the BV problem for a non-uniform bar with boundaries
u(0) = u(l) = 0. The models have the following mass densities and forces ¢ =

{1,log(:c) /(1 — :c2) }, f =11, 1}, respectively.

Since we are only willing to deal with linear systems, we assume that the deriva-
tive (u') < 1 of the tangent line is nearly horizontal. Then

K~ (15)

The next step is to formulate a constitutive relation between stress and strain.
Our small bending assumption implies an elastic Hook’s law relation

w(z) = c(z)u” (16)

where the proportionality factor ¢(x) > 0 measures the stiffness of the beam at
point z. In particular, a uniform beam has constant stiffness, ¢(z) = ¢. Finally,
the differential equation governing the equilibrium configuration of the beam
will follow from a balance of the internal and external forces resulting to

8 (c(@) a2
ox oz
(@) () + 2¢ (2)u® (z) + e(x)u® (z) = f(z)

We conclude that the equilibrium configuration of the beam is characterized as
a solution to the fourth order ordinary differential equation.

Let us concentrate first our efforts on the uniform beam, of unit length, so
c¢(x) =1and f(x) = 1. The beam equation simplifies to

) - s

eqgsBeam =

eqBeaml = eqsBeam/.{c — (z +— 1), f — (z — 1)}

(u®(z) =1



Hybrid Solution of Two-Point Linear Boundary Value Problems 389

Imposing the boundary conditions u(0) = u(1) = 0 we have
solBeaml = BVDSolve[{eqBeaml1}, {u}, {z}, {{0}, {1}}, {22},1,0];
Assuming again that f(z) =1 and c¢(z) =1/(1—2?) we end up with the
singular equation
1
eqBeam2 = eqsBeam/. {c — (z — :1:2) - (x— 1)}
4au® (z)  u®(2) 2

22 ,
(1—22)2  1—22 ((1§z2)3+(17x2)2>u () =1

Again we assume that the end points of the beam are not deflected so that we
can apply the solver to this setup

solBeam2 = BVDSolve[{eqBeam?2}, {u}, {z}, {{0}, {1}}, {22},1,0];

The elongation of the beam with the different models for the stiffness and the
external force are shown in the following Figure 9.

non—uniform beam

0.0025 |
model 1
0.0020 -
0.0015 |
> [ model 2 ]
0.0010 | ]
0.0005 |
o.oooo/ R B B g
0.0 0.2 04 0.6 0.8 1.0

X

Fig. 9. Solution of the BV problem for a non-uniform beam with boundary conditions
u(0) =u(l) =0

As expected the homogeneous model is symmetric while the singular model
shows some asymmetric shift due to the singularity.

5 Conclusions

The paper introduces a combination of symbolic and numeric calculation based
on Sinc methods. The combination of symbolic and numeric calculation in a
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single tool allows us to set up a procedure which represents the different steps by
classes. The object oriented concept of introducing classes is naturally represent-
ing the way of calculation and allows a direct implementation of the calculation
steps. The approach is not only restricted to second order BV problems but can
be extended in a straight forward way to higher order equations. The solution
steps based on sinc-methods guarantee an exponential convergence of the nu-
merical calculations. This means that the number of collocation steps can be
reduced to a minimal number of steps if an accuracy of a specified magnitude
is required. Sinc collocation method have the property that they converge very
rapidly thus we gain an efficient way to do numerical calculations.

Note: Due to the limited space all calculations in this paper have been
compressed.
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