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Abstract

Splines are piecewise polynomial functions defined over a partition of the
real number line. When smoothness conditions are placed on splines de-
fined over a given partition, they form a module over the ring of poly-
nomials with real number coefficients. Studying and characterizing bases
for these modules allow us to better characterize bases for splines defined
over two-dimensional regions, which would aid in the construction of roofs
for complex structures (houses, stadiums, obscurely shaped buildings, etc.)
and plane wings. Over the summer, my research group was able to give
a characterization for a basis of one of these modules. This project takes
that basis and characterizes the scalars that would be used to generate any
spline in the module, then gives a complete characterization for all bases
of the module for a specific partition of intervals. This will help in giving a
complete characterization for the module over any given partition of inter-
vals, which will help in the characterization of bases for modules of splines
defined over two-dimensional regions.
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1 Introduction

1.1 Splines

In this paper, we investigate bases for modules of splines over the polynomial
ring R[z]. A spline is simply a piecewise polynomial function defined over a
partition of the real number line into intervals. For example, the function

i <0

is spline defined over the partition of intervals I = (—o0,0) U (0,00) where f;
and fy are both polynomials of one variable (f1, f2 € Rlz]). Also, it does not
matter how many intervals are in the partition. So, a spline defined over the
partition I = (—o00,a1)U (a1, a2) U (ag,as3)U---U(an—2,an—1)U (an—1,00) would
look like

fi —o<z<a

fo a1 <z < ag

I3 az < x < as
fac1 an—2 <z <apq
fn Up—1 < T < 00

where f07f1>f27 .. 'afnflafn S R[CB]

Formally, a spline is defined as follows:

Definition: Let I denote the partition of R, [y Ul Ulg3U---UI, 1 UIl, CR

where I} = (—o00,a1),l> = (a1,a2), I3 = (a2,a3), ..., In-1 = (apn—2,an-1),In =
(an—1,00). A spline over I is a function f : R — R such that
f |Ii: i

for all i € {1,2,...,n} where f; € R[z].

For a spline f defined over I, we write f as an n-tuple, f = (f1, f2, f3,-- -, fa—1, fn)
or as a column
( fi

f2
I3
.fn—l
In

where f; € R[x] is defined over the interval I;.




Some basic examples would be as follows:

- —o< <0
f(m)_{x 0<z<oo

T —oco<x<—1
x2 —1l<z<5h
F@) =9 5s43 5<a<8

22 +5x 47 8<ax <o

—z2 —o<r<-=5

3x —5<x<0
@)=Y 541 o0<z<s

5 <z <oo

For basic splines, the polynomials do not have to match up at the boundary
points a; of the partition. That is, it is not necessary for f;(a;) = fi+1(a;) for
any ¢ such that 0 <¢<n—1.

The point of this research was to characterize scalars and bases for modules
of splines defined over the polynomial ring. I'll get into what modules and bases
are later, as well as how applying certain conditions to sets of splines causes
them to have a module structure, but first, why bother to study these things?
In the single dimension case (splines defined over the number line R) character-
izing their bases has many interesting abstract applications in many different
areas of mathematics.

However, the main purpose of studying the one-dimensional case is to take what
we find and try to apply it to splines defined over a region in R2.

In the same way a spline can be defined over a subdivided region of the real
number line, they can be defined in 2-dimensions over a 2-dimensional region.
For example, a spline can be defined over a region like this:

f

/
\ f
3
)

2

4




where fi, fa, f3, and f4 are polynomials of two variables (i.e. f(x,y)) and will
create a 3-dimensional graph over the given region. Thus, instead of the f;’s
being in the polynomial ring Rlz|, they are in R[z,y|. The two dimensional
region the functions are defined over can be any shape and there can be any
number of subregions.

Characterizing bases in the 2-dimensional case would be incredibly helpful in
the construction of three dimensional objects such as roofs of complex structures
(houses, stadiums, obscurely shaped buildings, etc.) or even plane wings. Splines
are also helpful in approximating general functions, interpolating data, and are
being found to have applications in computer graphics, image processing and
computer aided design.

1.2 Smoothness

Now, let’s focus on splines that are said to be C" over a given partition of inter-
vals I contained in R.
The 7 represents a smoothness condition placed on the spline.

Definition: A C” spline is a spline that has r continuous derivatives.

Since all polynomials are C*° (have infinite continuous derivatives), to see whether
or not a spline is C" we need only consider the boundary points a; for i €
{1,2,...n—1}.

If a spline is C? it matches up on all boundary points a; (i.e. f;(a;) = fiy1(a;)
for all i such that 1 < i < n —1). If a spline is C! then it has one degree of
smoothness, meaning it must match up on all of the boundary points for the
spline and its first derivative, so

filai) = fiv1(ai)
and
filas) = fiii(as)

If a spline is C? then it matches up on all boundary points for 2 derivatives, if
it is C3, 3 derivatives, etc. So if a spline is C™, the following are true:

fi(ai) = fi+1(ai)
filai) = fiy1(as)
(ai) = fi}(a:)

£ @) = 15 (@)
£ @) = 19 (a).



For example, consider:

<0
x> 0.
Since the partition only contains 2 intervals, we need only consider smoothness

at x = 0.
Computing, we get:

fiz) = —=

folz) ==

= f1(0) = 0= f2(0

filz) = -1

fo(x) =1

= f1(0) = =1 # 1 = f5(0).

Thus, this spline has 0 continuous derivatives, and is classified as C°.
A slightly more complex example is the following:

—223 + 162 + 10 —o <z <-—1
flz) = 223 + 4 + 2 —1<2<0

3+ 4z + 2 O<ax<3

922 — 23z + 29 3 << o0.

Computing, we have:

fi(=1) = =4 = fo(=1), f2(0) =2 = f3(0), f3(3) = 41 = fa(3)
fi(=1) =10 = fo(=1), f5(0) =4 = f3(0), f3(3) =31 = fi(3)
[(=1) =12 = fj(-1), f5(0) =0 = f5(0), f5'(3) =18 = f{(3)
(=) =-12#12= f'(-1), f,'(0) =12 # 6 = f57(0), f5'(3) =6 #0 = f1"(3)

This spline has 2 continuous derivatives, and is considered C?2.

This smoothness condition can also be applied to the splines defined over 2-
dimensional regions mentioned in the previous section. The only difference is
that for the two dimensional case, the spline, and its derivatives, must be smooth
along a boundary curve, instead of a boundary point. In this paper, however,
we concentrate only on splines defined over one-dimensional regions.

1.3 The Module C"(I)

When considering all of the C" splines defined over a given partition of intervals
I C R, we get a module structure over the ring R[z|, and the module is written

as C"(I).



To understand what this means, we must first look at the definitions of a ring
and a module.

Definition: A nonempty set R is considered to be a ring with identity ele-
ment 0 if for all a,b,c € R the following axioms hold:

e (a+b)+c=a+(b+¢)
e 0+a=a+0=a (0is the identity)
e a+b=">b+a (+ is commutative)

e for each a € R there exists —a € R such that a + (—a) = (—a) +a =0
(—a is the inverse element of a)

e Multiplication is associative ( (a xb)*xc=ax* (bxc))

e Multiplication distributes over addition: a * (b+ ¢) = (a % b) + (a * ¢) and
(a+b)xc=(axc)+ (bxc)

It is trivial to show that these characteristics hold for the set of polynomials
with real number coefficients (R[z]).

Now, on to modules. For those with some knowledge of linear algebra, a module
M is basically vector space in which the scalars used for multiplication come
from a ring R instead of a field. The scalars from the ring are distributive and
associative with the elements of M. A key difference between modules and vec-
tor spaces, however, is that vector spaces always have bases whereas modules
need not. This is because a ring R is not required to have multiplicative in-
verses, thus it is not always the case that elements of the module can be used
to generate the rest of the module under the defined scalar multiplication. A
module with a basis is said to be a free module, and the modules we deal with
in this paper are all free modules.

Definition: A module over a ring R (also known as an R-module) is a set M
with a binary operation (normally written as addition) and scalar multiplication
with scalars coming from the ring R, that satisfies the following conditions:

e M is closed under addition and scalar multiplication
e )M is an abelian group under addition*

e Forallae Rand all f.g e M, a(f+g) =af +ag

For allab € Rand all f € M, (a+b)f =af +bf

For all a,b € R and all f € M, (ab)f = a(bf)

If 1 is the multiplicative identity in R, 1f = f for all f € M



*An abelian group is simply a set A, together with a binary operator (normally
addition or multiplication) such that it it is closed (for a,b € A, a +b € A),
the elements are associative and commutative, and there exists an identity and
inverse elements.

Now, we will consider a simple version of C"(I), two splines with the necessary
conditions, and two polynomials from R[x] in order to get a basic understanding
of how addition and scalar multiplication work among the elements. Then, I
will arbitrarily select two splines and two polynomials in order to prove that the
simple example is in fact a module.

Consider the partition of intervals I = (—o00,a1) U (a1, 00)

\V

Z
N\

O —

with smoothness condition r = 1.
For f € CY(I) we write f as a 2-tuple f = (f1, f2) where f1, fo € R[z] are defined
over the partition I as shown below:

f f

1 2

/N
Q) —
NZ

and have the conditions:

(since there is one degree of smoothness).

Let us look at the case when a; = 1, f and g are defined such that f = (2241, 2z)
and g = (6x + 3,223 +7), p(x) = 22 + 32 + 1 and q(z) = 32> + 42 — 6
(p(x),q(z) € Rlz] are the scalars).

Simple computations show that

h(1)=2=

S~

2(1) , 1
(1) . g1
so both f and g have smoothness of degree at least 1, thus f,g € C'(I) for
I =(—00,1)U(1,00).

Now we can play around a little with f, g, p(z), and ¢(z) in order to see how
addition and scalar multiplication work amongst the elements of C*([).

=
—
=
I
I
&h



First, consider f + g:

(f +9) = ((z*+ 1) + (62 + 3), (2z) + (22° + 7))
= ((2* + 6z + 4,22 + 22+ 7)

and we have

(f + 91 (1) =11 = (f + g)2(1)
(f +9)1(1) =8 = (f + g)a(1)
so (f +g) € CY(I) as well. Next, consider p(z), f, and p(z)f to look at scalar
multiplication (p(x) being the scalar):
p(z)f = (2% + 3z +1)(2* + 1,22)
= ((@® 4+ 3z + 1)(2* + 1), (2% + 3z + 1)(22))
= (2° + 42® + 2% + 3z + 1,22 + 622 + 22)

And we have:
p(z)f1(1) =10 = p(z) f2(1)
p(x) f1(1) =22 = p(z) f5(1)
so p(z)f € CY(I).

For p(z), f, and g, we can see that

p(@)(f+g) = (2 + 3z +1)(2* + 62+ 4,22% + 22+ 7)

=((2® + 3z + 1)(? +6x+4) (2% 4+ 3z +1)(22° + 224+ 7))
(2% + 3z +1)((2® + 1) + (6 + 3)), (2«7 + 3z + 1)((22) + (22° + 7)))
(23 + 324+ 1)(2® 4+ 1) + (2® 4 3z + 1)(6z + 3),

)
1)
)
2343z +1)(22) + (23 + 32+ 1)(223 + 7))
)
(

(x + 3z +1)(2* + 1),

2% 4+ 32 +1)(22)) + (2 + 3z + 1) (62 + 3), (2 + 3z + 1) (223 + 7))
=(23 + 32+)(z® + 1,22) + (2 + 3z + 1) (62 + 3,223 + 7)

=p(z)f + p(z)g

and for p(z),q(x), and f:

(
(
(
(
(a”
(
(a”
(

(p(x) + q(2))f = (2* + 32 + 1 4 32° + 42 — 6)
=23f +3xf + f+32%f +daf —6f
= (@ 4+ 32+ 1)f + (322 + 4z —6)f
=p(x)f +q(z)f
and

(p(z)q(z))f = p(x)(g(x)f) simply by multiplicative associativity.

10



The additive inverses of f and g would be —f = (—2? — 1,-2z) and —g =
(—6x — 3, —223 — 7), and the multiplicative identity would be (1,1).

Next, let’s look at arbitrarily selected f,g € C1(I) and p,q € R[z], and let
a1 be an arbitrary boundary point on the partition of intervalsl I instead of

having a; = 1. Let f = (f1, f2) and g = (g1, g2).
Since f,g € C1(I) they satisfy

First, we will look at (f + ¢g) = (f1 + 91, f2 + 92):

(fi +g1)(a1) = fi(a1) + g1(a1) = fa(a1) + g2(a1) = (f2 + g2)(a1)
and

(f1+91)(a1) = (fi + g1)(an)
= fi(a1) + g1(a1) = f3(a1) + ga(a1)
= (f3+g5)(a1) = (fa + g2)'(a1)

so (f +g) € CY(I) and C*(I) is closed under addition.

For scalar multiplication, consider pf = (pf1,pf2):

pfi(a1) = p(fi(a1)) = p(f2(a1)) = pfa(ar)

and

pfilar) = p(fi(ar)) = p(fs(a1)) = pfa(ar)

so pf € CH(I) and C(I) is closed under scalar multiplication.
With p, f, and g we have:

p(f+g)=p(fi+g1, f2+g2)
= (p(f1 +g1), p(f2 + g2))
= (pf1+ pg1,pf2 + pg2)
= (pf1,pf2) + (P91, pg2)
= p(f1, f2) + (91, g2)
=pf +Dpg

11



and with p, ¢, and f:

(r+a)f=@+a(f1.f2)
=((p+a)f1,(p+ ) f2)
= (pf1 +afi,pf2 +af2)

= (pf1,pf2) + (af1,qf2)
= p(f1, f2) + a(f1, f2)
=pf+af
and

(pa) f = (pg)(f1, f2)

(p

= ((pq) f1, (pa) f2)
= (p(af1),p(af2))
af1,qf2)

af)

p(
p(
Thus, the elements of R[x| are distributive and associative with the elements of

ci(I).

For the characteristics of an abelian group, we know that it is closed from above
(showed f,g € C"(I) = (f +g) € C"(I)), we know the elements are associative
and commutative since polynomial addition is associative and commutative, the
identity element is (1,1), and for all f = (f1, f2) € C"(I) the inverse element is

—f=(f1,=f2)
This all proves that C'!(I) is a module over R[z].

As stated earlier, when considering f € C"(I) where I is a partition of in-
tervals such that I = (—o0,a1) U (a1,a2) U (ag,a3) U -+ U (ap_1,00), we write
f=(f1,f2, f3,..., fn) where f; (1 <i < n) is the polynomial defined over the
ith interval of the partition (see picture below):

and we know that

12



for all 4 such that 1 <7 <mn —1.

In her paper [2] Lindsey Scoppetta provides a proof showing, that C"(I) is
a finitely generated module over R[z|, and then characterizes a basis for the
module.

Definition: A module M is said to be finitely generated if there exists a finite

number of elements s1, s9, S3, ..., s, in M such that {s1, 2, 83,...,$,} generate
M.

This simply means that this set of elements can generate the rest of the el-
ements of M by means of scalar multiplication with the elements of the ring
along with addition and subtraction.

If one can find a generating set S = {s1,s2,53,...,5,} of M, S might form
a basis for the module M. A basis for a module M is simply a generating set
that is linearly independent, and here we provide definitions for linear indepen-
dence and bases.

Definition: A set of module elements si, s9,...,s, € M is said to be linearly
independent if there is no combination of non zero elements a1, @s,...,a, € R
such that

151 + agse + -+ oSy, = 0.

If there exists such a combination of non-zero ring elements such that the above
condition holds, the set is not linearly independent, and is said to be linearly
dependent.

Definition: A basis for a module M is a set (denoted B) of linearly inde-
pendent elements of M (denoted {b1,bo,bs,...,b,}) such that B generates M.

Basically, if B = {b1,b,...,b,} is a basis for a module M, then by,ba,..., by

are linearly independent and there exist some a1, s, ..., a, € R such that
arby + agby 4+ -+ anby, = f

for any f € M.

13



In her paper [1], Lauren Rose proves that all modules of single variable splines
have bases.

1.4 Boundary Splines and the Module C)(]?)

In this section, I will introduce and describe boundary splines. A boundary
spline is simply a regular spline, except over the first and last intervals of the
partition (I?) the spline is defined to be 0 and there is a minor change in the
way the smoothness conditions are applied.

To construct I, we look at the two infinite regions of any partition I, and
we split them into two parts with new boundary points ag and a,,. The bound-
ary spline defined over I° will be defined to be zero over the two new infinite
regions of the partition. Also, the smoothness conditions at the two new bound-
ary points may be different.

For example, first consider the partition I = (—o0, a1)U (a1, 00) as shown below:

\V

Z
N\

QO —t

The corresponding I° is written I® = (—o0, ag) U (ag, a1) U (a1, az) U (az, oo) and
will look like this:

az

\V

Z
N\

o—

[
|
ao

A boundary spline defined over I° will be defined as 0 over (—oo, ag) and (az, o0).
For a partition with an arbitrary amount of intervals I = (—o0,a1) U (a1, az) U
(az,az) U+ U (an—2, an-1) U (an-1,0)

14



and a boundary spline defined over I° will be defined as 0 over (—oo,ag) and
(an,o0). Also, instead requiring the splines to be CT over I, we require them
to be C"P) over I°.

Definition: A C("P) spline over I° is a spline that has r-continuous deriva-
tives (is C") at all interior boundary points a; (1 <7 <n — 1) and p-continuous
derivatives (is CP) at the two exterior boundary points ag and a,, (p <r).

For example, over the partition of intervals I = (—o0,a1) U (a1,00) we origi-
nally required a spline to be C" at a;.

r

C

1 N\
|
a

£
N\

-

A boundary spline defined over the corresponding I° has to be C” at aq, but it
must also be CP at ag and as (p < r). So, it will have smoothness conditions
that looks like this:

r p

c’ ® C

l
|
ao

\V

Z
N\

o—f
o—+
N

Thus, for the spline f = (f1, f2) defined over I, we will have

fi(ap) =0 fi(ar) = fa(ar) falaz) =0
filao) =0 filar) = f3(a1) f3(az) =0

fPa0) =0 fPa) = fPa) P (as) =0

) = 157 an)
7 (an) = 157 ().

We still write the splines as an n-tuple, so a spline f € C/(rp) (I‘;) for 10 =
(=00, ap) U (ag,ar) U (a1, az) U (az,a3)U---U(an—2,an-1) U (an-1,an) U (an, o)

(0 —o <z < aqg

J1 ap < v < ap

) a; <z < ap
flx) =4

fac1 ap2 <z <ap

fn an—1 <z < ay

0 a, < <00

15



will be written as f = (f1, f2, f3,-- -, fn—1, fn) and will look like this:

AN

And for the arbitrary case where f = (f1, fa, f3,- -, fa_1, fn) and I° = (=00, ag)U
(ag,a1)U (a1, a2)U(ag,a3)U---U(ap—2,an-1)U(an-1,an) U (an,c0) we will have

f1(ag) =0 i—1(a1) = fi(a1) fa(an) =0
0

1(ao) = fl_i(a1) = fi(a1) f(an) =0
P20 =0 fP(a) = P @) fP(an) =0

0@ = 17 )
O a) = 17 (@)

where 2 <7 <n—1.

1.5 Important Summer Results

During our workshop last summer at Bard College, my group worked to charac-
terize bases for the module C'"?)(I%). An interesting part about bases for C"(I)
and C"P)(I%) (also proved in [1]) is that for C"(I) bases will have the same
number of elements as the partition I has intervals and bases for C("?)(I°) will
have the same number of elements as the partition I® has interior intervals.
Thus, a basis for C"(I) or C"P)(I%) where

I = I I I I I

and

I’ = |

will have 6 elements (B = {b1, by, b3, b4, b5, b6}).

In order to understand my group’s results as well as how we proved them, we
must define the polynomial @) € R[z]. However, first it is necessary to define the
Algebraic Condition for Continuity that holds true for all modules C"(I) and
Ccrp)(19),

16



As stated before, a spline f € C(P) (I%) defined over a partition I’ has to be
p-times smooth at the exterior boundary points ag and a, and r-times smooth

at all interior boundary points a1, a9, ..., Gn—1-
ct c c C cr c cf
1 ] 1 ! | | I AN
T T T I I I I /
ap aq ap as " " " an2 ant1 @n

In order to determine whether or not this is true, the following algebraic condi-
tion can be checked. Since we are working over a single-dimensional partition
I%, we can define a linear polynomial that represents a vertical line at all of
the boundary points a; (where 0 < i < n) as (x — a;). For simplicity, we let
li = (1‘ — ai).

Theorem 1: Let I be a partition with n—1 intervals and let f = (f1, f2, f3,..., fn)
be a spline defined over I. Then, f is C" if and only if

UY) fi = fim

for all 7 such that 0 < i <n.
For proof, see Theorem 3.0.18 of [2].

This Theorem, with a couple of small additions, holds true for C/(rp) splines,
and we get:

For any given I°, f = (f1, f2, f3, ..., fn) is C"P) if and only if
10— fi=h
U fi = fi
l?r)z—i_l |fn -0= fn

for all ¢ such that 0 <i <n — 1. Now, we can define the polynomial Q.
(The notation l;“ | fi — fi+1 simply means that l;“ divides f; — fi+1, or more
simply, l;’“ = aff; — fiy1) for some a € R where R is the polynomial ring R[z]).

Definition: Let I° be given. The polynomial Q is defined as the product

n—1

Q=" (et

=0

For example, consider I° = (—oo, —2)U (=2, —1)U(—1,0)U(0,1)U(1,2)U(2,c0)
so that a C'""P) spline over I° has the following smoothness conditions:
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The polynomial @ for the module C?)(I%) will then look like this:
Q — (x + 2)p+1(x + 1)7"+1 (QS)T—H(SU . 1)7“—}-1(1: _ 2)p+1
For I° with n + 1 intervals, (I = (—00,ag) U (ag, a1) U
U

(a1,a2)U,...,U(apn—2,an-1) U (an_1,an) U (an,o0)) the smoothness conditions
will look like

1

p p
c c c° C cC' C" C
. : : ; ) ) : Y,
ap aq as az - - . an2 an- an

and the polynomial Q for C"?)(I%) will look like this:
Q= (z— ao)p'H (x— al)rﬂ(m — ag)T’Jr1 N an_g)”rl (x— an_l)T'H(:U — an)pH.

Next, we must introduce determinants. A determinant is a value associated with
a square (n x n) matrix which can be computed from the entries of the matrix
by a specific arithmetic expression. When taking the determinant of a basis B
for a module M we write the determinant as

det[bl, bQ, ey bn]

where the row vector b; represents the ith column of the matrix form of B and
det[by, by, ..., by] € R[z]. I will go over how to compute the determinants we use
a little later in this section.

We can now introduce the following proposition, a proof of which can be found
on page 10 of my group’s paper.

Proposition: A linearly independent set B = {by, ba, b3, ..., b, } with by, ba, b3, ..

CP)(1%) forms a basis of C"P)(I?) if and only if

Q | det[by, bo, b3, ..., by].
So consider C"?)(I%) where I® = (—oco,—1) U (—1,0) U (0,1) U (1,00). Then,
the linearly independent set B = {by, by} where by, by € CP)(I%) is a basis for
C(P)(19) if and only if

Q= (x+ 1)p+1(x)’"+1($ — 1)erl | det[by, bo]

18
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and where I° = (—00, ao) U (ag,a1) U (a1,a2)U, ..., U(an_1,an) U (an, 00), the
linearly independent set B = {by,bo,...,b,} where by, by,...,b, € CP)(I%)
forms a basis for C(""P)(I°) if and only if

Q= (z—a))’ Mz —a)™ ... (& —an1)" Tz — a,)P | det]by, by, ..., byl

Using this Proposition, my group was able to prove the following Theorem about
c(r0) (I%):

Theorem 2: Let I be given, let

go(a;) = (x — ao)((x —ap)r" — (x — ai)’"H)

and let

gn(a;) = (z — an)((as —ap)z" — (z — ai)rﬂ)-

Then the vectors

b1 = {go(a1), gn(a1), ..., gn(a1)}
ba = {go(az), go(az), gn(az), ..., gn(az)}

bi = {QO(CLi)v "'790(ai)agn(ai)v "'7gn(ai>}

bn—l = {90(0’71—1)’ "'790(aTL—1)7gn(an—1)}
bn = {(‘T - a())(JI - an)a (‘T - ao)(l’ - an)v sy ('r - aO)(‘T - an)}

form a basis B = {by, by, ..., b, } for C("0)(I?).

In order to understand how this basis works and what it ends up looking
like, we will consider the simple cases of C(09(I%) and C9)(1%) where I? =
(—o00,—1) U (=1,0) U (0,1) U (1,00).

We know that a basis for these modules will be a linear independent set of
the form B = {b1,b2}. Also, we know that the polynomial @ for these modules
will look like this:

Q — (m + 1)p+1(x)r+1(x _ 1)p+1.

So, for C00)(19),
Q=z(x+1)(r-1)

and for C(10)(19),
Q=2 z+1)(z—1).

19



From the Theorem, we know that for C'(*0) (%)

go(ai) = (z +1)((z — 1)a" — (x))
= (z+1)((z - D1 = (2))
=(x+1)(z—1—2x)
= (z+1)(=1)
=—(x+1)
and

gnlai) = (z = 1)((z +1)2° — (x))

So we have

by dz (90(a1), gn(ar1)) = (=(z + 1), (x = 1)), by = ((z + 1)(z — 1), (z + 1)(z — 1))
B={(=(z+1),(=-1),(z+1)(z-1),(x+1)(xr—1)}

For C1:0)(1?)

go(ai) =

S0 = (o) ga(01)) = (e 1) aa=1): b2 = (@11, (4 1(o-D)
B={((—z(z+1),z(x—1)),(z+ 1)(z —1),(x + 1)(x — 1))}.

To show these are bases, we need only prove that @ | det[b, bo].

20



For these scenarios, it is easy to compute det[by, bo]. First, put B = {b1,bs}
into matrix form, so for C(*9) (%),

_f —(z+1) (z+1)(z-1)
B‘( v 1 (x—i-l)(a:—l))'

To take the determinant of a 2 x 2 matrix (which is the only type of determinant
we will take in the entirety of this paper) where matrix A looks like

(1Y)

and a, b, c, and d are elements of the ring R that the module M is defined over,
we do
det(A) = ad — be.

Thus, the determinant of B is simply
det(B) = —(z+1)(z+1)(z—1) = (z —1)(z+ 1)(z —1).
Now, we can manipulate det(B) as follows:

—(z+D)z+)(z-1)—(z—-1D(x+1)(xz—1)

= (2?4 20+ 1)(x—1) = (2* =20+ D) (z+1)

= (B3 42+ -2 —20-1)— (@3 -2 +x+2° 22 +1)
=3 -2 —xt+a?r2 1 -3 +22% —x—2®+ 201

= —22% + 22

= —2z(z% — 1)

=2z(x+1)(x—1)

and since Q = z(z + 1)(z — 1) we get
det(B)/Q = —2.

So it is clear that @ | det(B), and B is a basis.

Similarly for C-0)(1%), we put B into matrix form to get

_(—aet 1) @@ 1)
B—< xz(x —1) (x—l—l)(x—l))'

Then compute det(B):
det(B) = —z(z+ 1)(z+1)(xz —1) —z(x — 1)(xz + 1)(x — 1)
and by virtually the same method, manipulate det(B) to get

det(B) = —22%(z + 1)(z — 1).
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Since Q = z%(z + 1)(x — 1), we have
det(B)/Q = -2
s0 Q | det(B), and B is a basis for C(1L9)(9).

For the remainder of this paper, the only I’ used was such that had 2 inte-
rior intervals (I° = (—o0, ag) U (ag, a1) U (a1, az) U (ag, o0)).

Thus, the bases considered are all of the form B = {b,bs} for the module
C('I‘,O) ( I ) ]

Also, without loss of generality, one can assume that one of the a}s in any par-
tition of intervals I is equal to 0. For the partition described above, we will
assume that a; = 0. Thus, we will be working with the partition of intervals
1% = (—00,a0) U (ag,0) U (0, az) U (ag, 00).

For the basis described in the Theorem above, it was possible to character-
ize what the scalars from R|x] looked like as well as provide another basis that
can be used to generate bases for the module C'9)(19).

2 Scalar Characterization

We now have the partition of intervals I° that looks like this:

N
A\

1
|
ao 0 apy

where a¢ and a9 will either be given or represent arbitrary constants.
Thus, we know that any spline f € C"0(I°) must be of the form f = (F|, F) =

((& = ao) f1(2), (x — az) f2(x)) for any fi(z), f2(x) € R[z] such that:

F1(0) = F»(0)
Fy(0) = F5(0)
FY'(0) = F5(0)

FUY0) = 50
F7(0) = F(0).

Also, for any f € C("0)(I°%), we know for any basis B = {b, by} the following is
true for the scalars p(x), q(x) € R[x]:

p(@)br + q(2)by = [ = (F1, F2) = ((z — a0) 1 (), (z — a2) fo(2))-

With this, is it possible to completely characterize what p(x) and ¢(x) look like
for the basis of C("9)(I°%) characterized during my group’s summer research.
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For a basic example, let’s consider C(%0)(1%) where I® = (—o0, —1) U (=1,0) U
(0,1) U (1,00). We know that a basis for this module is

B={(=(z+1),(z-1),(z+1)(z-1),(x+1)(zx—1)}

So, we know for any f € C(09(I%), we will have f = (Fy, Fy) = ((z + 1) f1(x),
(z — 1) fa(z)) for any fi(z), folx) € R[z] where

F1(0) = F»(0)
and the equation
—(z+1) (x—=1)(x+1)\ _ [((z+1)fi(x)
o (7)) o (00 ) = (6 e
will have a solution for p(z), ¢(z) € R[z]. This equation generates the system of
two equations with two unknowns:

—p(x)(x+ 1)+ qx)(x - D(z+1) = (z+1)f1(z)
p@)(z—1) +q(@)(z - 1)(z +1) = (z — 1) fa(z)

which can be simplified to

—p(x) + q(z)(x — 1) = fi(z) (1)
p(@) +q(z)(z +1) = fa(x). (2)

Add equation (1) to equation (2) in order to solve for ¢(x) and get

a(e)(@ = 1) +a(@)(@ + 1) = file) + fo(a)
a(@)(@ = 1)+ (@+ 1) = 1@) + (o)
o) — 1+ 2+ 1) = f1(2) + fala)
a(w)(22) = f1(2) + fa()

o) = D)+ o)

Since F1(0) = F»(0), we have

(0+1)f1(0) = (0 - 1) fa(x)
f1(0) = —f2(0)
f1(0) + f2(0) =0

which shows there is no constant term in the numerator of ¢(z). So, the x in
the denominator of g(z) will cancel, showing ¢(x) € R[z].
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Substitute ¢(z) into equation (2) to get
pa) + (PEELE) o) = )

n fl(f)($+1);;3f2($)($+ 1 _ Fol2)

fil@)(z+1) + fo(x)(z + 1))
2z

p(x)

p(&) = fole) - (
b))~ A+ 1) — A+

p(z) o
p() = fo(x)(2z — x —213): — filx)(x+1)
o) 2 =1 oo +1)

Again, since F1(0) = F»(0), we get
F1(0) = F2(0)
= F»(0) — F1(0)
f2(0)(0=1) = f1(0)(0+1) =0

showing that there is no constant term in the numerator of p(x), which is enough
to show p(z) € R[z]. So we have

(@) _ fo(@)(z — 1)2—xf1(9«“)($ +1)

=0
=0

and

FEEEICEY .G

To see how these work, consider the spline f = (z + 1,22 — 2z 4 1) € C(00(19).
Fi=z+land b =22 -20+1=(z—1)(z 1),
so fi(x) =1, fo(x) =2 —1 and

(r—1)(x—-1)— (1) (x+1)

p(z) = 5
-2+ 1-2-1
N 2x
_xzf?)az
2z
_x—3
2
So p(z) = (3)z — 3 € R[z] and
1+x-1
q(z) = —
o
T2
_1
T2



so ¢(z) = 3 € R[z].
So, for fi(x) and fa(z) we can see how the 2z in the denominator of p(x) and
q(z) cancels out, and we have p(z), ¢(z) € R[z].

For a more general example, consider C'(0:9) (I%) with the arbitrary I° = (—oc0, ag)U
(@0,0) U (0,a2) U (az,00). Using our basis characterization, we know that

B = {(—az2(z — ap), —ao(z — a2)), ((z — ao)(z — a2), (x — ao)(x — az2))}

is a basis for C("9) (%), and the equation for p(z), ¢(z) € R[z] and f = (Fy, Fy) =
((x — ap) fi(x), (x — a2) fo(x)) € C ’"p)(I‘S) will be

—az(z +1) (x —ao)(x+a2)\ _ ((z—ao)fi(z)
p(z) <—a0(a: — 1)) +a(@) <(:c —ap)(x + a2)> - <(ac — ag)fg(a:))
This generates the system of equations

—p(z)(az)(z — ao) + q(x)(z — ao)(z — az) = (z — ao) f1(x)
—p(z)(ao)(z — az) + q(x)(z — ao)(z — az) = (z — az2) f2(x)
which simplifies to
—p(z)(az) + q(x)(z — a2) = fi(x) (3)
—p(z)(ao) + q(x)(x — ap) = fa(x). (4)

Solve equation (3) for p(x) and simplify to get

a2

Then, substitute equation (5) into equation (4) and have

<q (z — az) )) (a0) + q(z)(z — ag) = fa(z)

—q(z)(x — 02)(%) + fi(2)(a0) + q(z)(x — ao)(a2) = f2(x)(az2)

q(2)((z — ao)(az) = (z — a2)(a0)) = fa(x)(az) — fi(x)(ao)

—q(z)((a0 — az)(x)) = fa(z)(az) — fi(x)(ao)
(z) = fi(@)ao — fo(x)ag

(ap — az)x

q(z
Since we have Fi(0) = F5(0), we know

f1(0)(0 — ap) = f2(0)(0 — a)
—ap f1(0) = —azfz( )

—apf1(0) + a2 f2(0) =
f1(0)ag — f2(0)az =0
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So there is no constant term in the numerator of ¢(z), and ¢(z) € R[z].
Next, substitute ¢(z) into equation (5) and solve for p(z):

hi@)ao)—fa(@)(a2) (1 _ 4.y — fi(z
I (G a1 (az)< )~ hi@)
_ Ji(@)(ao)(@ — a2) — fo(x)(az)(x — az) — fi(z)(ao — a2)(x)
(ao — az)(z)(az)
_ S1(@) ((a0) (z — az) — (a9 — az)(x)) — fo(x)(az)(x — a3)
(ao — az)(z)(az)
_ [il@)(@ — ao)(az) — fo(x)(az)(z — as)
(a0 — az)(x)(az)
fi(@)(@ = ao) = fo()(z — az)

(ap — az)x

p(r) =
Again, we know F}(0) = F5(0), so

f1(0)(0 — ao) = f2(0)(0 — az)
f1(0)(0 = ap) — f2(0)(0 — az) =0

and there is no constant term in the numerator of p(x), showing p(z) € R[z].
So we end up with

fi(x)(x = ao) — fo(2)(x — as)

p(x) =

(ap — az)x
and
o(2) :f1(a:()ao_— fa(z)as
ap — az)T

If we look at C(1.0) (15) where I is the same as in the previous example, we
know

B = {(—agz(r — ap), —apz(x — az2)), ((z — ao)(z — az), (x — aop)(z — a2))}

and

We use a nearly identical method to show that

_N(@)(x = a0) = fo(2)(x — a)

p(x) - (a() o CLQ)JZ‘Q
and
o(2) _fl(dz)ao_— fa(w)az
ap — az)T
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F1(0) = F»(0) = f1(0)ag — f2(0)az = 0, so there is no constant term in the
numerator of ¢(x) and ¢(x) € R[z].

Also, F1(0) = F»(0) = f1(0)(0 — ap) — f2(0)(0 — ag) = 0, so there is no constant
term in the numerator of p(x) and we know

F1(0 (0)
F1(0) = F5(0)

(f1(0)(0 — ag))" — (f2(0)(0 — az))" = 0.

So, there is no = term in the numerator of p(z) and p(z) € R[z].

I
o
!

—~

This allows us to then prove the following Theorem:

Theorem 3: For C"0) (%) where I’ = (—00, ag) U (ag, 0)U (0, az) U (az, 00), the
basis given by Theorem 2 is

B = {(—a22"(z — ag), —apx" (z — az)), (z — ao)(z — az), (x — ao)(z — az2))}
and will have scalars of the form

_Ni(@)(x = ao) = fo(2)(z — as)

p(x) (a() _ a2)$r+1
and
o(2) :fl(ﬂf()ao_— fz(ZC)GQ.
ap — az)T

Proof:
Since f = (Fy, Fy) € C0)(1%), we know

Start with the equation

() <—a2x7"(3: - ao)) +q() <(a: —ap)(x — a2)> _ <($ —ap) f1 (33))

—apz" (z — ag) (z — ap)(xz — a2) (z — a2) fa(x)

which generates the system of equations

—p(x)age” + q(z)(z — az) = fi(x) (6)
—p(x)aor” + q(x)(z — ao) = fa(x) (7)
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Solve equation (6) for p(z) and get
q(z)(x —az) — fi(x)

asx”

p(x) =

Now, substitute equation (8) into equation (6) and we have

B (q(x)(x — )~ fi()

asx”

> apz” + q(z)(x — ap) = fa(x).
The z"’s cancel, so we are left with

<q(1‘)(fv —az) = f1(x)

a2

) ao + q(z)(z — ao) = f2(x)

and then by the exact same steps that were shown earlier in the section we end
up with
fi(@)ag — fa(z)as

(ap — a2)x

q(z) =

Now, we substitute g(z) into equation (8) and get

(M) @ — ) - fi@

p(z) = p—

_ fi@)(z — ag)ao — fi(x)(ao — ag)x — fa(x)(x — as)ay

(ap — az)(az)x™ !
_ fi@)((z — ag)ag — (ap — az)x) — fo(x)(x — az)as
(ap — az)(az)x™*!
_ fil@)(ae(z — ag)) — fo(z)(z — az)ay
(ap — az)(az)x™!

p(z) = f1(@)(x — ag) — fo(x)(x — a2)

(aO — a2)$7"+1

F1(0) = F»(0) = f1(0)ap — f2(0)az = 0, so there is no constant term in the
numerator of ¢(z) and ¢(x) € R[x].

Also,
F1(0) = F5(0) = f1(0)(0 — ap) — f2(0)(0 —az) =0
F1(0) = F3(0) = (f1(0)(0 — ag))" — (f2(0)(0 — az))’ =0
F'(0) = F5'(0) = (f1(0)(0 — a0))"” = (f2(0)(0 — a2))" =0

FY0(0) = BV(0) = (41(0)(0 — a0)) 77 = (£2(0)(0 - a2))" 7V = 0
F{7(0) = B3 (0) = (1(0)(0 = a0))™) = (f2(0)(0 — a2)) ™ =0
This shows that there are no constant, z,z2,...,2" ", or 2" terms in the nu-

merator of p(x), which shows p(x) € R[], proving the Theorem.
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3 The Generating Bases

Let’s go back to our basis for C(0:9(1%) where I’ = (—oco, —1)U(—1,0)U (0, 1)U
(1,00). We have

B [ [(—(z+1) (x4 1)(x—1)

Since by, by € CO0(19), if G = {G1, Gy} is another basis for C'(%0)(19) then it
can generate both by and bs.
So, there must exist polynomials a, 5,7, 4 € R s.t.

by = aG1 + BGe (9)

by = ’)/Gl + MGQ. (10)
It must be such that Gy,Gy € CO9(I%) in order for G to be a basis, so we
know that G1 = (g1(z+1),g2(x — 1)) and G = (g3(z + 1), g4(x — 1)) such that

91(0) = g2(0) and g3(0) = g4(0) for some g1, g2, g3, 94 € R[z]. Thus, equations
(9) and (10) can be written as

(D) =a (2t ) e (2 D)

and
(CEne ) = () wn (et ).

These generate the system of 4 equations with 4 unknowns:

—(r+1) =agi(r+1) + Bgs(x + 1)

r—1=ag(z—-1)+ Bg(z—1)

(x4 1)(z = 1) =~vg1(x + 1) 4+ pga(z + 1)

(x+1)(z —1) = vg3(x — 1) + pga(z — 1)

that can be simplified to

—1=ag1 + By (11)
1 =ags + Bga (12)
(= 1) =vg1 + pgs (13)
(@ +1) =792 + pga. (14)

To solve this, start by multiplying equation (11) by + and equation (13) by —«
to get

-y = avg1 + Bvg3
—a(z — 1) = —ayg — augs.

29



Add the two equations together and get

—y —a(x —1) = Bygs — augs
—(v+alz—1)) = (By —au)gs
(v +a(@—1)
By —ap

Next, multiply equation (12) by v and equation (14) by —a and we have
v = avg2 + 94
—a(z +1) = —ayg2 — apga
and add these together and solve for gq:
v —a(z+1) = Bygs — apga
v —alz+1) = ga(By — ap)

'y—oz(x—i-l).

g4 =
By —au
Then, we multiply equation (11) by p and equation (13) by S and get

—p = apugr + Bugs
—B(x — 1) = =fyg1 — Burgs

and add them together and solve for g to get

o= —(p+Bx-1))
ap—pBy

Then, by looking at the pattern between g1, g3, and g4 we can infer that
_p—Bx+1)

ap — By
This means that G = {G1, G2} looks like

(z+1) (7@;&(2;1))) (z+1) (*(vg'yoi(z;l))>

-n() )\ een ()

where oy # [, and since g1, g2, g3, 94 € Rz], deg(apu—pv) = 0. When o, 8,7, i1
satisty these conditions, The set G = {Gy, G2} will form a basis for C(*9) (%),

g2

G =

As an example, consider the case where a = x — 2,8 =z — 6,7 = = + 2,
and p =z — 2.
We have

ap=(r—2)(x—2)=2”—4dr+4+42° 4z —-12=(z—6)(z+2) = By
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and
deg(ap — Bv) = deg(16) =0

so the two conditions hold, and we end up with

o ($_|_1) 7124{66:):74 (m—f—l) 12*12633*‘1’4
(. — 1) (=eibetd) |7\ (- 1) (222 ’

It is easy to check and see that Gy, Gy € C(O0(1%) and for C(%0)(1%), we know
that Q@ = z(x + 1)(z — 1).

So, to check that G is a basis, we compute det(G) and get
1
det(G) = <256) (. +1)(—2? + 62 — 4)(x — 1)(2® — 2z — 4)

- (2;6> (@ + 1)(2% — 20 + 4) (3 — 1)(—22 + 62 + 4)

_ (2;6) (4 1)@ — 1)((—2? + 62 — 4)(2? — 22 — 4)

— (o 4+ 62 + (e — 22 +4)
_ (2156) (2 + 1)(z — 1)(~320)
1

_ <8> (@) (@ + 1)(= — 1).

Thus, det(G)/Q = —%, G is a basis for C(*9) (%) and with different o, 8,7, and
w’s that satisfy the necessary conditions we can generate all bases for c(0.0) (1 ‘5).

Now, let’s look at C(09) (%) where I® = (—o0,ag) U (ag,0) U (0, as) U (az, o0).
We know that B = {by,bs} is

B —az(x — ap) (x — ap)(z — ag)
B= { (—ao(a: = a2)> ’ <(x —ag)(z — a2)> } '
So, for G = {G1, G2} where G1 = (g1(x—ao), g2(z—az2)), G2 = (g3(x—ao), ga(z—

az)) and «, 8,7, u € R[z] the equations

b1 = aG + BG2
by = vG1 + pGa

will generate the system of 4 equations

—az = agi + fBg3 (15)
—ap = ags + 394 (16)
(x —az2) = yg1 + pg3 (17)
(z —ao) = 792 + 9. (18)
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To solve, we go through the same method as before and start by multiplying
equation (15) by v and equation (17) by —« to get

—az = avgr + vgs
—a(z — az) = —ayg1 — apugs.

Add them together and solve for g3 to get

(a —vy)ag — ax
Py—an

g3 =
Next, multiply equation (16) by v and equation (18) by —a and we have

—yao = avg2 + Sy94
—a(z — ap) = —ayg2 — apgs
which we add together and solve for g4 to get

(¢ —y)ag — ax
By—ap

94 =
Then, multiply equation (15) by p and equation (17) by —f to get

—paz = augr + Bugs
—B(z — a2) = —Bv91 — Bugs
which we add together and solve for g; and have

(B —wag — Bx
ap—pBy

91 =
Finally, multiply equation (16) by u and equation (18) by —f to get

—pag = apge + Bugs
—B(x — ap) = —Bvg92 — Buga

which we add together and solve for go to get

_ (B—wap — Bz
g2 = .
o — By
Thus, we end up with
o [ [ (T (oo (e
(v — az) (255" (v — az) (205"

Once again, it is easy to check that G1,Go € CO0(I%), and we know that
ap # By and deg(ap — fvy) = 0, so ap — By is a constant. Also, we know
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Q = z(z — ag)(z — ag) for COO(9),
Let ap — fy = k € R and compute det(G):

4et(G) = (z — a0) (& — 2) (15)((8 — W)z — B (@ — 7)ap — @)

~ (&~ a0) &~ a2) () (8 — wan — fr)((@ — 7)az — )
= (&~ a0)(w — 02) () (8 ~ 1z — ) (o~ 7)o — )
~ (B~ mao — Br) (@~ 7)az — )

= (v — ao)(x — a2)(

~ (o = a0)(o — )
—afe -~ an)(o - aa) (720, =%2))

Sodet(G)/Q = (M), G is a basis for C(09)(1%) and with different o, 3,7, p €

R[z] such that au # B~ and deg(ap — ) = 0 it is possible to generate all bases
for C(0:0)(79).

When considering C(19 (1) for I = (—o0,ag) U (ag,0) U (0,a2) U (ag, c0) we
know that the basis from Theorem 2 is

p={ (T ()
Thus, the equations

b1 = aGy + BGs
by = vG1 + pGa

will generate the system

—agr = agi + g3 (19)
—apr = ags + Boa (20)
(z —a2) =v91 + pgs (21)
(. —ao) =792 + 1194 (22)

and then, by virtually the same method as in the previous two examples, we can

show
o [ (o= (S (o () |
(2 — o) (P (x — ay) (O

Once again, it is simple to show that Gy, Go € C10 (1) (I will go through the
steps to do so in the following proof) and, with Q = z?(z — ag)(z — ag) for
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C19)(1%), we can show that

det(G)/Q = _(aok_“?)

proving that G is a basis for C(10)(1°).

With this in mind, we can prove the following Theorem:

Theorem 4: For C"9(I%) where I° = (—o00,ag) U (ag,0) U (0, as) U (as, o)
and «, 3,7, pn € R[x] such that ap # Sy and deg(ap — f) = 0, the set

o R (x — ag) ((@=yeaos
) (@ = an) (Gpmlao=be) |7\ (5 — g,) (le=1za0—az
2 ap—PBy 2 By—ap

forms a basis for C("9)(I%). Furthermore, all bases will be generated in this way.
Proof:

We must first verify that Gy, Gy € C"0)(I9). Since p = 0, we need only check
that G1(ag) = 0, Ga(ap) = 0, G1(a2) = 0, and G2(az) = 0 in order to verify that
G1 and Go are CP at x = ag and x = ay. Then, to prove G; and G5 are C" at
x = 0, we use the Algebraic Condition for continuity to show that

(= 0)"" =2"" | gi(z — ao) — g2 — a2)

and

(x—0)* = 2" | g3(z — ag) — ga(x — az)

It is clear that g1 (z — ag) and g3(z — ag) both equal 0 at = ag and go(z — as)

and g4(x — az) both equal 0 at x = ay. Thus, it is also clear that G and Gy are
CO at z = qp and = = as.

Since deg(ap — ) =0, we let ap — Sy =k € R, and we can compute

g1(z —ap) — g2(x — az) = <_(CL2]€W> Pins!

which is divisible by !, and

93(3? — (10) — 94(.'17 — CLQ) = <W> 'Y$T+1

which is also divisible by z"*!. Therefore, Gy and G are C" at = = ag, and we
know that Gy, Gy € C0)(19).
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Now, to verify that this is a basis for C("0)(I%) for all a, 8,7, € R[z] such
that au # By and deg(ap — Bv) = 0, compute the determinant of G:

4et(G) = (& — a0) (& ~ a2) (35)((8 — ")z — B)((@ — 72" — )

(6~ pa")ao — 52) (@~ 1a")az — ax)
= (¢~ a0)(x — ) (75)(((8 — pa")az — B) (o — Ao — )
~ (8~ pa"ao ~ B)(( — 2" a2 — 0x))

= (¢~ a0)(x — 1) (75)((8 — pa") ) (a0 — a2) — fler — ") (g — a2))

— (z — ao)(z — a2)(

ki)(ao — az)(afzr — apx™ — aBz + Byat)
(a0 — ) (~R) (&)

= 2"z — ap)(z — a) (W)

= (z — ao)(z — az)(

= (z — ap)(x — az)(

We know that for C0(1%), Q = 2"t (x — ag)(z — as), so
det(G)/Q = (W) .

Therefore, G is a basis for C(™0)(I?).

To prove the ”furthermore” statement, start with our Theorem 2 basis B =
{b1, by} for CO)(19):

p-{(Crm ) (Lwe )}
Let G = {G1,Go} where G1 = ((g1(z — ao), g2(x — a2)) and Go = (g3(z —

ag), g4(x — az)) be an arbitrarily selected basis for C("0)(I°). Since by, by €
C(r0)(19), the equations

b1 = aG1 + BG2
by = vG1 + pGa
have a solution. These generate the system of equations
—azx" = ag1 + Bys (23)
—apz" = ags + Bga (24)
(z — az) = vg1 + pngs (25)
(z —ag) =792 + pga (26)
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As before, multiply v to equation (23) and —a to equation (25) and get

—agyz’ = aygi + 5793
—a(z —az2) = —ayg1 — augs
and add them together and solve for gs:

(¢ —yz")ag — ax

g3 =
By —ap

Next, multiply v to equation (24) and —a to equation (26) for

—agya" = ayg2 + B94
—a(z — ag) = —avgs — apgs
and add them together and solve for g4:

(a —yz")ag — ax

gs =
By —au

Then, multiply equation (23) by p and equation (25) by —f to have

—agpz” = apgr + Bugs
—B(z — az) = —Bvg91 — Bugs
and add them together and solve for g;:

(B — pa")az — Bz
ap — By
Finally, multiply u to equation (24) and —f to equation (26) for

g1 =

—appur” = gy + Bugs
—B(z — ao) = —Bv92 — Buga
and add together and solve for go:

(B — pa")ag — Bx
ap—pBy

92 =

So we have

(z — ag) (B—pz")as—pz

e (@ ag) ((lepprlescee
“= (z — ag) ((Bmpzao=Bz) |7\ (5 g,) (la=1zDao—az
2 ap—py 2 By—op

Since we derived the basis G from the elements of the basis B = {b1,b2}, we
know that G can be used to characterize all bases for C'("0)(I9).
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5 Summary

This project focuses on Module Bases for Splines with Boundary conditions.
However what splines, modules, and bases are is unknown to most outside the
world of mathematics. Thus, in order to explain what exactly I am doing with
my project, I will start at the most basic level possible.

A function in mathematics is a relation between a set of inputs and a set of
possible outputs with the characteristic that each input can have only one pos-
sible output. Most of the time, functions are viewed in the z-y-plane, which is
simply a grid that has a horizontal (z) and vertical (y) axis. In this scenario, a
function will typically take inputs from the z-axis, and return y-values. Which
is why a function is often expressed as f(x) = y.

The z-value is plugged into f, f does something to x, and then returns a y.

So when viewed in a graph, the points that a function outputs have coordinates
(z, f(z)). Meaning, the z-value represents how far to the left or right a given
point will shift, whereas f(z) represents how far up and down a point will shift.
Frequently, functions can be executed for all values of x on the z-axis, so when
viewed as a graph, a function is an infinite series of points that connect and
appear as a curve. For example, pictured below is the graph of the function
f(x) =23 - 52+ 6:

w: T.182444 y: 342.111818

+
o> 5.

This function takes an x value from the x-axis, cubes it, subtracts 5 times the
z-value, adds 6, and then moves however much the resulting value is on the
y-axis, and places a point there. For example:

When plugging in —3: f(—=3) = (=3)> = 5(—=3)+6=(-27)+154+6 = —6
When plugging in 0: f(0) = (0)> =5(0)+6=0+0+6=6
and when plugging in 2: f(2) = (2)> —5(2)+6=8—-10+6 =4

38



When doing this for every z-value, the result is the squiggly line (or curve) pic-
tured above. Also, many different mathematical operations can be used to define
functions other than polynomials (z* — 3z + 6 is a polynomial). For example
f(z) = cos(x) or f(x) = |z| are functions.

My project focuses on sets of what are called splines. Splines are simply piece-
wise polynomial functions. Polynomial function means that the function must
be defined as a polynomial (like 2® — 3z + 6, 2° — 1, 412° + 3222 — 142 — 64,
etc.) and piecewise means defined over subdivisions of the x-axis. Thus, instead
of the function being defined as one thing over all of the z-values, it will change
based on where you are on the z-axis.

So consider the partition of intervals I = (—o0,1) U (1,00) (which is simply
splitting the z-axis into all numbers greater than 1 and all numbers less than 1)
and the piecewise function shown below:

-'"._ -
".," al
A el A oasl
\""-. 5r d-amazl
.1. -
LY L
", B
, 4
N,
-\"'\.x -
, 5
\ 2k
'\.N i
., - o
-L_H\_ ._-J_.-' o y
1 1 L e S —y 4 ] L i 1
-3 -2 -1 s 1 2 T 3

When x is less than 1 (in other words, x is in the interval (—oo, 1)), the function
used is f(x) = 2%, however, when x is greater than 1 (z is in the interval (1, 00)),
the function used is f(x) =2 — x.

Also, it does not matter how many intervals are included in the partition. So,
a spline defined over the partition I = (—o0,a1) U (a1,a2) U (ag,az) U --- U
(an—1,an) U (an,o0) would look like

fi —o <z <a

fo a1 <z < ay

f3 as <z < as
@) =1

fac1 ap—2 <z <apq

fn ap—1 < T < 00
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where f1, fa,..., fn_1, and f,, all represent polynomials. More examples of

splines follow:
—x <0

f(x):{:c x>0

T —o<zr<-—1
22 —1<z<5
F@) =9 5:43 5<z<8

22+ 5+ 7 8<x< oo

—z2 —o<r<-=5

3x —5<x<0
@)=Y 541 o0<z<s

5 < <oo

For basic splines such as these, the y-values of the functions do not have to
match up at the boundary points of the partition (i.e. f;(a;) = fi+1(a;) does not
have to be true for any a; where a; represents a boundary point of the partition
of intervals, and 0 <¢ <n — 1.

My project focuses on splines that are said to be C" over a given partition
of intervals. The r is a whole number that is greater than or equal to 0 that rep-
resents a smoothness condition placed on the splines. For r = 0, the spline must
simply match up on the boundary points of the partition (so fi(a;) = fi+1(a;)
for all 7 such that 0 < ¢ < n —1). For example, define the partition I to be
(—00,0) U (0,00) and consider the spline:

—x <0

f(x)_{x >0

Since the z-axis is only subdivided into 2 intervals, we need only consider what
happens at x = 0. Since —x and x are both 0 at z = 0, the spline is continuous,
and fits the condition imposed by C°. We can then say that f(z) € C°(I) where
1 is the interval defined above.

For r = 1, the spline must have 1 degree of smoothness, meaning it must match
up at the boundary points of the partition for the spline and its first derivative.
So we will have

filai) = fiv1(ai)
filai) = fiii(aq)

for all ¢ such that 0 < ¢ < n — 1 where f/(a;) denotes the derivative of the
function at the boundary point a;. The derivative of a polynomial function f(x)
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is simply another function which graphs the slope (or rate of change) of every
point of f(z), and it is often written f’(x). For example, for f(z) = 3z + 4, the
slope of the function is 3 everywhere, so f/(z) = 3. For a function where the
slope is not constant, the derivative is also a function of . For example, when
f(z) = 323 + 42 — 6, the derivative is f/(z) = 922 + 4.

Anyway, as r increases, so does the level of smoothness, and the number of
derivatives the spline must remain connected on. So for » = 2 it must match up
on 2 derivatives, for r = 3, has to match up on 3, etc.

A slightly more complex example is the following spline:

—22% 4+ 162 + 10 —o0 < x<—1
) 223 + 4w+ 2 ~1<z<0
F@) =93 34wt 0<z<3
922 — 23z + 29 3< T <00
Computing, we then have:
fi(=1) = =4 = fa(=1), f2(0) =2 = f3(0), f3(3) = 41 = f4(3)
fi(=1) =10 = f3(=1), f5(0) =4 = f3(0), fs( )= =f4(3)
1(=1) =12 = f3(=1), f7(0) =0 = f5(0), f5(3) =18 = f;(3)
(1) = =12 #12 = f3'(-1), f3"(0) =12 # 6 = £3"(0), f3'(3) = 6 # 0= f;"(3)

This spline matches up on 2 derivatives, and is considered C?.

When looking at the set of splines that are considered C”" over a partition
I with n intervals, it is written as C"(I) and for f € C"(I) we write f =
(f1, f2, fa, ..., fn) where each f; (1 < ¢ < n — 1) is the polynomial function
defined over the ith interval of the partition I (see picture below):

and we know that
filai) = fiv1(ai)
filai) = fii1(as)
fi(ai) = fi1(aq)

S

8 @)
fz—i—l( )

£ (a) =
£ (ai) =
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for all ¢ such that 1 <4 < n—1. In her paper ” Modules of Splines with Boundary
Conditions,” Lindsey Scoppetta provides a proof showing that C" () is a finitely
generated module over the ring of polynomials with real number coefficients.

A ring R, in mathematics, is a set of numbers along with two binary opera-
tions (normally addition and multiplication) such that addition is associative
and commutative (i.e. for all a,b, and ¢ € R, (a +b) +¢ = a + (b + ¢) and
a+b = b+ a), there is an identity element such that 0 +a = a+0 = a
for all a € R, for every a € R there is an inverse element —a € R such that
a+ (—a) = (—a) + a = 0, multiplication is also associative, and multiplication
distributes over addition (a*(b+c) = (axb)+(axc) and (a+b)*c = (axc)+(bxc)).

A module M, in mathematics, is a set of tuples (like a spline where f =
(f1, f2, f3, ..., fn)) such that the elements that make up the tuples come from a
ring R, and scalar multiplication is defined in M where the scalars come from
the ring R (scalar multiplication being when an element from the ring R is mul-
tiplied by an element of the module M). The scalars from the ring R are also
distributive and associative with the elements of M, M is closed under addition
and scalar multiplication (meaning if you add any number of elements of M to-
gether or multiply an element of M by a scalar from R then the result will still
be an element of M), there is a multiplicative identity in M (so if the identity
is 1, then for all m € M, 1*m = m x 1 = m), addition for elements of M is
associative and commutative, and there exists an additive identity and additive
inverse elements.

A finitely generated module M is a module that has a set of elements s1, s, ..., 8, €
M such that the set can generate every element in the module by means of scalar
multiplication and addition and subtraction amongst the elements.

An interesting characteristic about modules is that some have bases (and for
future reference, all the modules worked with in my project have bases) and a
basis is a generating set where all of the elements of the set are linearly inde-
pendent.

A set of module elements s1, s9,...,s, € M is said to be linearly independent if
there is no combination of non zero ring elements a1, ao, ..., a, € R such that

151 + agse + -+ - + aps, = 0.

Over the summer, I did research with a group at Bard College and we focused
mainly on the module C""?)(I%) which is the same thing as C"(I), except every
spline in C("P)(I%) is defined to be 0 on the first and last interval in the partition
((—00,ap) and (ay,o0)) and the spline has to be p times differentiable at the
boundary points ag and a, and r times differentiable at all boundary points a;
in between (and p < r). During this time, my group was able to completely
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characterize a basis for the module C'("0) (%),

When I decided to extend our research on this topic for my Capstone project,
my advisor and I were able to completely characterize what the scalars would
look like for the basis for C("0)(I°%) in the case where I° is partitioned into two
finite intervals, as well as completely characterize all bases for C(?)(I%) in the
two interval case.

In the single dimension case (splines defined over subdivisions of the z-axis)
characterizing their bases has many interesting abstract applications in many
different areas of mathematics.

However, the main purpose of studying the one-dimensional case is to take what
we find and try to apply it to splines defined over a region in R2.

In the same way a spline can be defined over a subdivided z-axis, they can be
defined in 2-dimensions over a 2-dimensional region. For example, a spline can
be defined over a region like this:

where f1, fa, f3, and f4 are polynomials of two variables (i.e. f(z,y)) and will
create a 3-dimensional graph over the given region. Thus, instead of the f,’s
being in the polynomial ring Rlz|, they are in R[z,y|. The two dimensional
region the functions are defined over can be any shape and have any number of
subregions.

Characterizing bases in the 2-dimensional case would be incredibly helpful in
the construction of three dimensional objects such as roofs of complex struc-
tures (houses, stadiums, obscurely shaped buildings, etc.) or even plane wings.
This is because these complex structures can be difficult to characterize math-
ematically. However, if the area they are being constructed over is divided up
into individual regions, it can greatly simplify characterization. Thus, character-
izing bases for the 2-dimensional case would make it possible to mathematically
generate equations for these structures.
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Splines are also helpful in approximating general functions, interpolating data,
and are being found to have applications in computer graphics, image processing
and computer aided design.
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