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SPECTRAL APPROXIMATION OF CONVOLUTION OPERATORS*

KUAN XU' AND ANA F. LOUREIROf

Abstract. We develop a unified framework for constructing matrix approximations to the
convolution operator of Volterra type defined by functions that are approximated using classical
orthogonal polynomials on [—1,1]. The numerically stable algorithms we propose exploit recurrence
relations and symmetric properties satisfied by the entries of these convolution matrices. Laguerre-
based convolution matrices that approximate Volterra convolution operators defined by functions on
[0, 00) are also discussed for the sake of completeness.
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1. Introduction. Convolution operators abound in science and engineering.
They can be found in, for example, statistics and probability theory [14], computer
vision [10], image and signal processing [5], and system control [22]. In applied math-
ematics, convolution operators figure in many topics, from Green’s function [8] to
Duhamel’s principle [23], from nonreflecting boundary condition [11] to large eddy
simulation [27], from approximation theory [26] to fractional calculus [13]. Further-
more, convolution operators are the key building blocks of the convolution integral
equations [1, 16, 4].

Given two continuous functions f(z) and g(x) on the interval [—1,1], the (left-
sided) convolution operator V of Volterra type defined by f(z) is given by

x+1
(1.1) VAW =h) = [ fa=ad o€ -0
For more general cases where f(z) : [a,b] = R and g() : [¢,d] = R withb—a=d—c¢,
the convolution operator can be shown equivalent to (1.1) via changes of variables
and rescaling. Thus we only consider (1.1) throughout without loss of generality.

If f(z) and g(x) have a little extra smoothness beyond continuity, they can be
approximated by polynomials fas(z) and gy (x) of sufficiently high degree so that
I f(x) = far(2)|lo and ||g(z) — gn(z)]|s are on the order of machine precision [26, 7].
In this article, we focus on the approximation of V[f] when f(x) and g(x) are approx-
imated using the orthogonal polynomials of the Jacobi family, e.g., the Chebyshev
polynomials:

M N
(1.2) fu(z) = Z amTm(x) and gn(z) = anTn(x),
m=0 n=0
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where T, (x) = cos(marccosz) for x € [-1,1] is the mth Chebyshev polynomial.

This way, the polynomial approximant A4 n+1(z) of the convolution h(x) can
be written as the product of a [—2,0] x (N + 1) column quasi-matrix! R and the
coefficient vector b = (b, ...,bn)"

(13)  hagna(@) = Rb= | (farxTo)(@) | (fuxTh)(@) | - | (farxTw) () | by

where the nth column of R is the convolution of fy/(z) and T, (z). Besides the
notation we have introduced, asterisks are also used here and in the remainder of this
paper to denote the convolution of two functions. For example, (fys * Ty,)(z) is the
convolution of fy;(z) and T, (z). For convenience, we will also denote by R,, the nth
column of R, i.e., (far * Ty )(z), with the index n starting from 0.

If haryni1(x) and {(far * Tp,)(2) }2_, are translated to [—1,1] by the change of
variables y = = 4 1, they can be expressed as Chebyshev series of degree M + N + 1
and M 4+ n + 1, respectively:

M4N+1
harini(y) = > aTh(y),

k=0
(1.4) M+N+1

(fu*To)(w) = > RiaTi(y), 0<n<N,
k=0

where y € [—1,1] and Ry, = 0 for any k > M + n + 1. Substituting (1.4) into (1.3),
we have

M+N+1 N M+N+1

> aTe)=> bn Y ReaTi(y)
k=0 n=0 k=0
or, equivalently,
c= Rb,

where ¢ = (cg,...,cpin+1)? and Ris an (M + N +2) x (N + 1) matrix that collects
the Chebyshev coefficients of En for 0 < n < N. Since Ry, =0 for k > M +n+1, the
lower triangular part of R below the (M + 1)th subdiagonal is zero (see Figure 3.1).
We shall call R the convolution matrix that approximates the convolution operator
V[f]. What makes R important is the fact that with R available either of b and ¢ can
be calculated when the other is given. Thus our goal is to calculate R accurately and
efficiently.

Thus far the only attempt to approximate the convolution operator in the same
vein was given by Hale and Townsend [12], who considered the same problem but
with f(z) and g(z) approximated by Legendre series. Their method exploits the fact

LAn [a, b] X n column quasi-matrix is a matrix with n columns, where each column is a univariate
function defined on an interval [a,b], and can be deemed as a continuous analogue of a tall-skinny
matrix, where the rows are indexed by a continuous, rather than discrete, variable. For the notion
of quasi-matrices, see, for example, [24, 3].
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that the Fourier transform of the Legendre polynomial P, (x) is the spherical Bessel
function j,,(z) with a simple rescaling. They also show that (P, * P,)(z) can be rep-
resented as a rescaled inverse Fourier transform of the product j,,(x)j,(z), due to the
convolution theorem. Based on these results, the entries of a Legendre-based convo-
lution matrix are represented as infinite integrals involving triple-product of spherical
Bessel functions and the three-term recurrence satisfied by spherical Bessel functions
finally leads to a four-term recurrence relation satisfied by the entries of this con-
volution matrix. Unfortunately, the Fourier transforms of other classical orthogonal
polynomials do not have a simple representation in terms of spherical Bessel functions
or other special functions that enjoy a similar recurrence relation [6]. Therefore, the
method in [12] cannot be easily extended to the cases where f(x) and g(z) are ap-
proximated using other classical orthogonal polynomials, e.g., Chebyshev, and this is
what this article addresses.

In another work with a similar setting [30], spectral approximations of convolu-
tion operators are constructed when f(x) and g(z) are approximated by Fourier ex-
tension approximants. It is shown that the convolution can be represented in terms of
products of Toeplitz matrices and coefficient vectors of the Fourier extension approxi-
mants, based on which an O(N’(log N')?) fast algorithm is derived for approximating
the convolution of compactly supported functions, where N’ is the number of degrees
of freedom in each of the Fourier extension approximants for f(z) and g(x).

In an investigation carried out simultaneously [17], closed-form formulae are de-
rived for the convolution of classical orthogonal polynomials. However, these explicit
formulae are too complicated and numerically intractable to be computationally useful
for direct construction of R.

In this article, we first generalize the recurrence relation found in [12] to
Chebyshev-based convolution matrices. Instead of resorting to the Fourier trans-
form of Chebyshev polynomials and the recurrence of spherical Bessel functions, we
exploit the three-term recurrence of the derivatives of Chebyshev polynomials to show
a recurrence relation satisfied by the columns of R. Further, a five-term recurrence
relation satisfied by the entries of R can be obtained by replacing columns of R with
their Chebyshev coefficients. With this recurrence relation and a symmetric property,
the entries of R can be calculated efficiently and numerically stably, yielding spectral
approximations to the convolution operators of Volterra type. The accuracy of R
and its applications are shown by various numerical examples. Finally, we extend our
approach to broader Jacobi-family orthogonal polynomials, where the results of [12]
are covered as a special case.

Our exposition could either begin with the Jacobi-based convolution and treat
Gegenbauer, Legendre, and Chebyshev as special cases in a cascade, or start with
Chebyshev, extend to Gegenbauer, and further to Jacobi. We choose the latter,
since most derivations and proofs are much simpler with Chebyshev polynomials and
analogues can be easily drawn to others. Also, the Chebyshev-based convolution is the
most commonly used in practice and, therefore, deserves a more elaborated discussion.

Our discussion is organized as follows. In section 2, we derive the recurrence
relation satisfied by the columns of R. In section 3, the recurrence relation for entries
of R is derived based on that of R. We show a stability issue when this recurrence
relation is naively used for the construction of R and provide a numerically stable
algorithm by making use of the symmetric structure of R. In section 4, we extend
the results of sections 2 and 3 to Gegenbauer- and Jacobi-based convolution matrices.
The main results of this paper are complemented in section 5 by a brief discussion
about the approximation of the convolution operators defined by functions on [0, o)
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using weighted Laguerre polynomials, before we give a few closing remarks in the final
section.

2. Recurrence satisfied by convolutions of Chebyshev polynomials. We
start with the following recurrence relation that can be derived from the fundamental
three-term recurrence relation of Chebyshev polynomials.

LEMMA 2.1. Forn >0, the nth Chebyshev polynomial T,,(x) can be written as a
combination of the derivatives of T,,—1 and Ty 41,

1 dTnJ,_l (JI) 1 dT‘|n71|(.’IJ) 1
2n+1) dz  2(n—-1) dz n# 1L

(2.1a) T.(z) =
4 dz ’ o

which by integrating we have the recurrence relation of Chebyshev polynomials and
their indefinite integrals:

To1(2)  Tin-y(@)
(2.1b) / Ta(t)dt = 2(0+1)  2(n—1)°
Ty(x)/4, n=1.

n# 1,

Proof. The proof can be found in many standard texts on Chebyshev polynomials.
See, for example, [18, p. 32]. 0

Like the convolution of functions defined on the entire real line, the convolution
operator V[f] also enjoys commutativity:

z+1 z+1
(2.2) / f( — gyt = / f(Hg(e —)dt, z € [-2,0]

-1 -1
which can be shown by a change of variables with T'= = — ¢.
Our first main result is the recurrence relation satisfied by the convolutions

of a Chebyshev series and Chebyshev polynomials, which follows as a consequence
of (2.1a).
THEOREM 2.2 (recurrence of convolutions of Chebyshev polynomials). The con-

volutions of Chebyshev polynomials and the Chebyshev series far(x) given in (1.2)
recurse as follows:

(2.3a) [ R [ ' ruat

(2.3b) /foftTl £)dt = //M t)dtd(z + 1 /fM

Yy Yy z+1 y
(2.3¢) [ ule = 0Ta(0dt =4 [ 1 +fM(:c—t)T1(t)dtd(x+l) + [ Dbyt

-1
and forn > 2,
x+1

/ylfM(:ct)TnH(t)dt2(n+1)/y Far(e — H)Tu(O)dtd(z + 1)

—1J-1

+n+1/ szit) " 1( )dt+2( 1)n/ny(t)dt,

L Ja

(2.3d)
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where x € [—2,0] and y =2+ 1 € [-1,1].

Proof. Let us first show (2.3d) by differentiating f n+1(a: — )T (t)dt with
respect to x. The Leibniz integral rule gives

x+1 x+1 T _
(2.4) i/ Tn+1(x—t)Tm(t)dt:/ TussT =8 iyt 4 (1) T (4 1),
dz/_; 1 dx
where T, 1(—1) = (=1)"*! is used. Similarly, we have
d [t AT,y (x — ¢ _
@5 5[ a0t [ I e (0 T,

By combining (2.1a), (2.4), and (2.5), we have

d x+1 r+1
A @ — T ()t = 2(n+ 1) / To(z — BT (1)dt
dz ) 4 -1
n+1d [ 2( n”
— T, — T, 1
n—1lde) , " 1@ — )T (t)dt + 1 m(z+1)

Noting that all the terms are polynomials of x + 1, we integrate with respect to z + 1
from —1 to an arbitrary y € [—1, 1] to get rid of the derivatives:

[ Bemomoa] | =2oen [ [ e oo )

-1
z+1=y

pntl [/:HTn 1z — )T (t )dt] + 21" /y Ty (t)dt.

z+1=y

rz+1=—1

n—1 er1=—1 1 J

Since f nil( — t)T, (t)dt vanishes at © = —2, the last equation becomes

/yTn+1(:n—t)T (t)dt n+1//m+1 x—t) T (t)dtd(x + 1)

+”“/ Ty i(z — DT ()dt+2( 1)1 /mi(t)dt.

n—1J_4 -1

Here, we have intentionally left the variable z in the integrands of the first two single
integrals without replacing it by y — 1 in order to keep the integrands neat.

By the commutativity (2.2), we are free to swap the arguments x — ¢ and ¢ in all
convolutions to have

[Tm( — ) Topr (t)dt = 2(n + 1) / /I+1 (z — t)Tp(t)dt d(z + 1)
n+1 - 2(—1)" (¥
+ [1T (2 = )T ()t + = — / T (£)dt.

n—1 1

Finally, (2.3d) is obtained by linearity.
We can show (2.3b) and (2.3c) similarly and obtain (2.3a) by noting that
To(z) = 1. O

Theorem 3.3 reveals a recurrence relation satisfied by the columns of R. To see
this, we replace fflﬂ fa(z — )T (t)dt or [V far(z — )T, (t)dt in (2.3) by the much

compacter notation Ry, (y) to have
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(262)  Roly) = / far(t)dt,
o) R = [ Ro(@)d7 — Roly).

(2.6¢) Raly) = 4 /_ yl B (3)di + Ro(y),

@60 Buna(y) =20+ ) [ R@5+ T R+

—1
Of course, the terms in (2.6) are continuous functions of y and would not be useful
for numerical computing until they are fully discretized.

3. Constructing the convolution matrices. In this section, we show the
discrete counterpart of the recurrence relation (2.3) or (2.6) based on which the con-
volution matrix R can be constructed. We begin with the integration of a Chebyshev
series.

LEMMA 3.1 (indefinite integral of a Chebyshev series). For Chebyshev series
o(z) = ijo o, T;(x) with x € [—1,1], its indefinite integral, when expressed in terms
of Chebyshev polynomials, is

J+1

/ o(t)dt = 3 @ T(x),
:

with the coefficients

QWL 9 i<+,
2j
» Q2 1
aj = (&%) ?a J=1
J+1
Z(_l)k+1&k’ Jj=0,
k=1

where aj11 = a2 = 0.
Proof. This is a straightforward result of (2.1b). A slightly different version of
this lemma can be found in [18, section 2.4.4]. d
Now we have all the ingredients for computing the entries of R. By (2.6a), R. o are
the Chebyshev coefficients of the indefinite integral of fas(z) subject to Ro(—1) = 0.
We state this as a theorem with the proof omitted.

THEOREM 3.2 (construction of the zeroth column of R). The entries of the
zeroth column of R are

0, k>M+1,
Q-1 — Qk41
- T 2<k<M+1,
2k ’ +
(3.1) Ry = ag — %’ k=1,
M+1 ‘
(_1)J+1Rj,07 k= 07
j=1

with aAp+1 = A +2 = 0.
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With the zeroth column of R, we can recurse for the subsequent columns as
suggested by (2.6b), (2.6¢), and (2.6d).

THEOREM 3.3 (recurrence of columns of R). For 1 < k < M+ N, the entries of
R have the following recurrence relation:

1 1

(3.2a) Ri1=—Rio+ 2kR;€7170 - ﬁRk+1,0,
2 2
(32b) Rk;,g == Rk)() + %kal,l - %Rk;_t,_L]_,
and when n > 2,
2(-1)" n+1 n+1 n+1
(3.2¢) Ry = —— 1 R0+ — 1Rk,n71 + TR;“L” - TRkJrl,n;

where the prime denotes that the coefficient of the term is doubled when k = 1.
For anyn > 1,
M+1
(3.2d) Ron = Z (=17 Rj .

j=1

Proof. Substituting into (2.6b) the Chebyshev series of Ry(y) and Ry (y) gives
M+N+1 y <M+N+1 ) M+N+1

Z R 1 Ty(y) = / Z Ry 0Ty (y) | dy — Z Ry 0Tk (y),
k=0 -1 k=0 k=0
where Ry o =0 for kK > M + 1 and Ry = 0 for £ > M + 2. Replacing the integral
term by its Chebyshev series using Lemma 3.1 and matching the T} (y) terms for each
k> 1 gives (3.2a).

The recurrence relations (3.2b) and (3.2¢) can be derived similarly from (2.6¢)
and (2.6d), respectively. The entries in the zeroth row are set using (3.2d) so that
R,(-1)=0. O

The calculation of R could have been as easy as suggested by Theorem 3.3: cal-
culate the zeroth column of R following (3.1) and recurse using (3.2a), (3.2b), and
(3.2¢). Unfortunately, (3.2¢) is not numerically stable even in an absolute sense.

Ezample 1. To see the instability, we take a randomly generated Chebyshev
series of degree 10, i.e., fy = 2717?:0 T (x), with |a,,| < 1, and compare the
entries in columns 1 to 50 calculated recursively using Theorem 3.3 with the exact
values computed symbolically using MATHEMATICA. Figure 3.1 shows the entrywise
absolute error. The error in the entries above the main diagonal grows very rapidly,
which is similar to what is observed in [12] for the Legendre case. In fact, the rounding
errors in Ry_1, and Ryy1,, in (3.2c) are subject to an amplification by the factor
(n+1)/k, which is larger than 1 above the main diagonal. The recursion snowballs the
errors introduced in each use of (3.2c) very quickly, resulting in the computed values
soon to become totally garbage. In the worst scenario, an error could be magnified
n folds in the nth recursion and blows up at a rate of factorial. For instance, the
absolute error in the entry at the top right corner of R in Figure 3.1, i.e., Ry 50, is
O(10%°), while the true value is about 1073 in this example.

Indeed, (3.2c) is useful only for calculating the entries on and below the main
diagonal, that is, the entries in the region labeled by A in Figure 3.2. To circumvent
the instability, we make the following critical observation, which is similar to the one
made in [12] for the Legendre-based convolution matrices (see section 4.1.1).
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20 107
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<101

61

Fi1G. 3.1. Error growth when recursing using (3.2c). The entries of R below the dark line are
exactly zero.

Fic. 3.2. The convolution matriz R defined by an M -Chebyshev series is an almost-banded
matriz with bandwidth M + 1 plus M + 1 rows at the top. The construction of R starts in region A
(the main diagonal and the first M 4+ 1 subdiagonals) by columnwise recursion from the left to the
right using (3.2a), (3.2b), and (3.2c). The entries in region B (the first M + 1 superdiagonals) are
obtained by symmetry (3.3). With the padding region CP, the recast recurrence relation (3.4) allows
a stable rowwise recursion for the entries in region C (the top M + 1 rows) from the bottom to top.
All remaining entries are exact zeros.

THEOREM 3.4 (symmetry of R). For M +1<k,n<N,

(_1)n+kk,

(3.3) Ryi = R

We find it easy to prove Theorem 3.4 by deducing it from the analogous result of
the Jacobi-based convolution matrices and, therefore, defer the proof to section 4.2.

Theorem 3.4 shows the symmetry of R up to a scaling factor, apart from the
top and the bottom M + 1 rows and the first M + 1 columns. In Figure 3.2, the
symmetric part of R is marked by the dashed lines. The important implications of
this symmetry are (1) this (N — M) x (N — M) symmetric submatrix of R is banded
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n
0 1000 2000 3000 4000 5000
0

10-50
10-100
10-150

10 200

10-250

< 10-30

(a) M =10, N = 50. (b) M = 1000, N' = 5000.

Fia. 3.3. Entrywise error of the nonzero entries of R obtained using Algorithm 1. The dark
lines circumscribe the region outside which entries are exact zeros.

with bandwidth M +1; (2) the entries in region B can be obtained stably and cheaply
by rescaling their mirror images about the main diagonal; (3) the entries of the top
M +1 rows of R, i.e., region C', can then be calculated by the same recurrence relation
given by (3.2¢).

When (3.2¢) is used to calculate the entries in the top M + 1 rows, we rewrite it
so that calculation is done by rows, going upward from the bottom of region C' to the
top:

n
(3.4) =1 = —252—_1)1Rk,o - nﬁ T ftkn-1+ nLHRk,nH + Ry41,n,
where the double prime indicates that the term is halved when k = 1. This new re-
currence relation is numerically stable in region C'. In contrast to (3.2c), the rounding
errors are now premultiplied by k/(n—1) or k/(n+1), which are less than or, at most,
equal to 1 above the main diagonal. Therefore, the rounding errors are diminished in
the course of recursion, rather than amplified.

It is worth noting that when recursing for the top M + 1 rows using (3.4), we
have to start with entries beyond the first NV + 1 columns of R, so that all entries
in the “domain of dependence” of the zeroth row are counted on. This suggests a
triangle-shaped zero-padding region, labeled by C? in Figure 3.2.

We summarize the stable algorithm described above in Algorithm 1.

Example 2. Now we recompute the same R in Example 1 using Algorithm 1 and
plot the entrywise absolute error in Figure 3.3(a). With the stabilized algorithm, the
maximum error across all the entries is now 2.12 x 10716 in this example.

Ezample 3. In Figure 3.3(b), we show a similar example with M = 1000 and
N = 5000. Again, a is generated randomly with |a,,| < 1. The largest entrywise
error across all the entries of R is 1.28 x 10715,

A curious observation we made in the last two examples and other experiments
that we carried out is that the magnitudes of the entries in a convolution matrix
have an enormous range of orders. In Example 2, even though the entries of @ are
all O(10~1), the exact values obtained symbolically using MATHEMATICA show that
some entries of R can be as small as O(1071%). Therefore, it makes little sense to talk
about the relative error of the computed entries, since we cannot expect to be able
to compute O(10~1) values accurately in a relative sense by using O(10~!) data in
floating point arithmetic.
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ALGORITHM 1. Construction of the convolution matrix R.

1: Construct the nonzero entries in the zeroth column R. o using (3.1).

2: Calculate the nonzero entries on and below the main diagonal (Region A) using
(3.2a), (3.2b), and (3.2¢).

3: Calculate the nonzero entries above the main diagonal (Region B) in rows M + 1
to N using (3.3).

4: Recurse for the entries above the main diagonal in the top M + 1 rows (Region
C) using (3.4).

In Example 3, the magnitudes of the entries vary from O(10~!) to O(107) with
p < —324. The most minuscule entries are not even representable by the IEEE floating
point arithmetic? [15]. This also suggests that we should confine our discussion to
absolute accuracy only.

Although the gargantuan discrepancy in the magnitudes of the entries denies any
attempt to compute them accurately in a relative sense, the convolution matrices
constructed using our stable algorithm give accurate approximations to the convolu-
tion operators in the absolute sense and work perfectly fine when used for calculating
har+n+1(2) or solving convolution integral equations, since it is also only sensible to
discuss absolute accuracy in these cases.

We close this section with a classic example from the renewal theory [4, Example
1.4.3), [9].

Example 4. Tt can be shown that the Volterra convolution integral equation

(3.5) u(z) = f(z) + /OI flx —t)u(t) dt, z €10,2],

where the convolution kernel

has a unique solution

1 1 3 3 .
u(z) = 373 <cos g;v +V/3sin \2[:10) e 32/2,

We first test the use of convolution matrices as a means of approximating the con-
volution function h(x). To do so, we approximate f(x) and u(z) by Chebyshev series
fu(z) and uy(x) of degree 16 and 17, respectively, to machine precision uniformly
on [0,2]3 and then form the convolution matrix R using the Chebyshev coefficients
¢/ of far(z). The product of R and uy(x)’s Chebyshev coefficients c* returns us
the Chebyshev coefficients of Ay n+1(x) = (far * un)(z), which should be a good
approximation of (f * u)(x) = u(z) — f(x). Indeed, the pointwise absolute error in
har+n+1(z) is displayed in Figure 3.4(a), where the largest error is approximately
1.10 x 10716.

Next, we take u(x) as unknown and solve for ¢* with the knowledge of fys(x). This

examines the use of convolution matrices in solving convolution integral equations.
2The smallest subnormal number in the current IEEE floating point standard is 2 x 1071074 =
—324
4.94 x 10 .
3These optimal degrees are determined using the adaptive chopping algorithm [2] of CHEBFUN [7].
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F1G. 3.4. An example from renewal theory: (a) The pointwise error of the computed Chebyshev
approzimant to the convolution integral on the right-hand side of (3.5). (b) Spectral convergence of
the computed approzimant to u(zx) in (3.5) using convolution matrices of increasing sizes.

We construct the (N 4 18) x (N + 1) convolution matrix for N = 1,3,5,...,25 and
denote by R" the square matrix formed by the first N + 1 rows. Solving

(I—RN)Qu :QfN

gives us ¢, where ¢/ is the vector formed by the first N + 1 entries of ¢/, obtained
by truncation or zero-padding. Figure 3.4(b) shows the maximum pointwise error of
un(x) = ny:o ctT,(z) for increasing N. What we see is a spectral convergence as
the size of discretization increases. When N = 17, the largest pointwise error in [0, 2]

decays to 1.39 x 10716, effectively of machine precision.

4. Other classical orthogonal polynomials. To derive the recurrence rela-
tions in sections 2 and 3, we have only used the properties of Chebyshev polynomials
that are also shared by other classical orthogonal polynomials. It is, therefore, natu-
ral to see how the results in the last two sections extend to Gegenbauer and Jacobi
spaces. For convergence theory of Gegenbauer and Jacobi approximants, see, for
example, [28, 29, 31].

4.1. Convolution matrices in Gegenbauer space. Gegenbauer polynomials
C’T(LA) (x), also known as ultraspherical polynomials, can be defined using the three-term
recurrence relation [25, section 4.7]

(4.1) 2(n+ N)aCWM(z) = (n+1)CY, () + (n+ 22 — 1)CY, (2)

with C(fl) () = 0 and C(SA) (x) = 1, under the constraints A > —1/2 and A # 0. The
following lemma, parallel to Lemma 2.1, can be derived using (4.1).

LEMMA 4.1. For any integer n, Gegenbauer polynomials satisfy the following re-
currence relation that can be written in derivative or integral forms:

2n+ NCV(@) = = (0X ()~ O, (@)

(4.2)
[ o= gy (bt - i)

where C)(z) = 0 for n < 0.
Proof. See [25, section 4.7]. d

We omit the proofs for the next two theorems as they are analogous to those of
Theorems 2.2, 3.2, and 3.3.
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THEOREM 4.2 (recurrence of convolutions of Gegenbauer polynomials).  For
Gegenbauer series far(x) = Z%:o amcr(,i‘)(z),

/_ yl Fu(z — )V (p)dt = /_ yl Far(t)dt

and the convolutions of fur(z) and C’T(B‘)(x) recurse:

Y y o+l
/ Far(@—)C) (D)t = 2(n + ) / (@ —)CN(@)dtd(z + 1)
(43) —1 Y —-1J-1 )
+ / far(z — ), ()t + SW / far(t)dt,
—1 —1

where x € [-2,0], y=x+1 € [-1,1] and

(D" A+ n)(2A = D
(n+1)! '

SN = 2

Here, (+)y, is the Pochhammer symbol for ascending factorial with (a),, == a(a+1)(a+
2)---(a+n—1) and (a)p :== 1.

THEOREM 4.3 (construction of RN).  The entries of the zeroth column of R
are

0, k>M 1,
Ap—1 Ap41
' M1
1 (2X);
> (_1)J+1—( j,)J R, k=0,
j=1 )

with apr+1 = apr42 = 0. Forn > 0,

n—+ A
E+A—1

n+ A )

N o) pW) (M)
(4.4b) Ry i = S§ )Rk,o +R 1+ ErALl kel

A
Rl(e—)l,n -

where R:(’)L)l are understood to be zeros.

Similar to the Chebyshev case, the Gegenbauer-based convolution matrices are
also almost-banded with a symmetric submatrix.

THEOREM 4.4 (symmetry of R(/\)). For M+1<k,n<N,

W) _ (ke kT A S0

Again, we defer the proof to section 4.2.

The same stability issue occurs if Gegenbauer-based convolution matrices are
constructed naively using (4.4b). The stable algorithm is given in Algorithm 2. Anal-
ogously, we need to recast (4.4b) before it can be used for calculating the entries above
the main diagonal:

E+A—=1_0y

_k+)\—1(
]4}+/\+1 k+1,n"

A A A A
(46) B, =2 (SSORY + RO - RO

n
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4.1.1. Convolution matrices in Legendre space. Gegenbauer polynomials
reduce to Legendre polynomials P,(z) when A = 1/2, ie., P,(z) = cit? (). In
this case, 5%1/2) = 0, annihilating the last term in (4.3) and the first term on the
right-hand side of (4.4b). Now (4.4b) reduces to a four-term recurrence relation

1/2) _ p/2  2ntloa 2041 a9
Rk,nJrl - Rk,nfl + 2% — 1Rk:71,n - 2%k + 3Rk+1,n’
which is exactly the one found in [12] via spherical Bessel functions.
In the absence of the R,(C’\S term, symmetry (4.5) extends beyond the submatrix
RgQ)H: N.M+1.n as the entire matrix is symmetric up to a scaling factor. Hence,

Legendre-based convolution matrices are exactly banded with bandwidth M + 1 and
this is the only case where polynomial-based convolution matrices are exactly banded.

4.2. Convolution matrices in Jacobi space. For Jacobi polynomials, we
adopt the most commonly used normalization, which can be found, for example,
in [25, section 4.2.1]. In terms of hypergeometric function, they are

1), - 1-
%me=(a+)2ﬂ( RS E $>7n>&

n! a+1 )

for a, 8 > —1.

We first introduce a similar recurrence for the derivatives and the integrals of Ja-
cobi polynomials, analogous to (2.1) for Chebyshev polynomials and (4.2) for Gegen-
bauer polynomials, but with one extra term.

LEMMA 4.5. For any integer n, Jacobi polynomials P,E"‘ﬁ)(x) satisfy the following
recurrence relation, which can be written in derivative or integral forms:

@ d «, d «, d (o)
(4.7a) PO (@) = ALY = P (@) + B PO () + O = P (),
(4.7b) / P ()dae = AP PED) () 4 BEA Pld) (z) 4 0B plB (),
where
A8 _ 20a+f+n+1)
T (a4 4204 1) (a+ B+ 2n+2)
2(a— B)
4.7 B{eA) = :
(47c) " (a+B+2n)(a+B+2n+2)
cled) _ _ 2(a+n)(8 +n)
n—1 =

(a+B+n)a+B+2n)(a+B+2n+1)

Here, we assume P,Sa’ﬁ)(x) =0 forn <0.

Proof. See, for example, [21, Theorem 3.23]. O
Different from (2.1) or (4.2), (4.7a) and (4.7b) both have a middle term on the
right-hand side, indexed with n. In the symmetric case when a = £, B,(La’ﬁ ) becomes

zero and this middle term vanishes.
Analogous to Theorems 2.2 and 4.2, a recurrence relation for the convolutions of
a Jacobi series with Jacobi polynomials can be derived using (4.7a).
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THEOREM 4.6 (recurrence of convolutions of Jacobi polynomials). For Jacobi se-
ries fa(x) = Zm 0 am P 6)( ),

o 1 x+1
/ IO VIO ——— / farla — PP @)t d(e + 1)
An+1 - -
Oé \B) C(@ »B)
(4.8) (a,ﬁ / far l‘—t)P(a /3)( t)dt — ,ﬁ) / far l‘—t)P(a ﬁ)( t)dt
An+1 - n+1 -

S(@w@)

A(a B [ fM
n+1

where x € [-2,0], y=xz+ 1€ [-1,1], and

glaB) _ 2(=1)"* (B)nt
" (a+B+n)(n+1)

Note that the second term on the right-hand side accounts for the middle term in
(4.7a). Recognizing the convolutions in (4.8) as Jacobi series and then applying
(4.7b) to the first term on the right-hand side, we obtain the recurrence relation for
the entries of a Jacobi convolution matrix R(®#).

THEOREM 4.7 (construction of R(*®). The entries of the zeroth column of R(*?)
are

0, k> M +1,

(4.92) R = APy s+ B Ve + O Pagn, 1<E<SM A1,
. 0

M+1
1

E ' (1)1 i (B+1); R(oaﬂ)’ k=0,

— J! b

]:

with apr+1 = apr42 = 0. Forn >0,

B’E:aﬁ) _ Br(laﬁ)

(O" ) (e
@p) Ol apy | AT (@)

(a,8) _
Rk n+1 (a,8) k,n (e, 3) Rk n—1 + (a B8) 1,n
(4 9b) An+1 An+1 An+1
’ C(a B) S(aﬁ)
e R+
An4r71 ATLJ;1 ,

where R((if ) are understood to be zeros.

Again, the same stability issue keeps us from constructing the Jacobi-based con-
volution matrices by using (4.9b) directly. Fortunately, the symmetry persists though
the recurrence relation (4.9b) is augmented by the extra R ﬁ ) term. Thus, the
Jacobi-based convolution matrices are almost-banded too. Now we are in a position
to show the symmetry of the Jacobi-based convolution matrices, from which the sym-
metric properties of the Chebyshev- and Gegenbauer-based convolution matrices can
be easily deduced.

THEOREM 4.8 (symmetry of R(*#). For M +1< k,n < N,

+B8+2n+1)(a+1)k(B+1) + B+ 1),
10y R = (e @2 D+ DL i((a+ 5

2 k:,n
(@+B+2k+1)(a+1n(B+Dn((a+B+1) )

A
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Proof. For k > M + 2, (4.9b) reduces to

(@B o)
n+1 ](ca,ljr)l + n—1 Rglﬁ)l _ Rl(ca,ﬁ)
B a.B) ' thn B B) k- n
(@11) B{®P) _ P B{*# _ B
' a8 o8
A (.8) o (.8)

since R\” =0 when k > M +2.
Noting that Rl(fﬁﬁ ) is a rational function of n, k, and a, we denote the ratio of
Rl(;;’f) and Riﬁ,’f) by r(n, k,a), that is,

(4.12) RSP =r(n,k,a) RS,

with r(n,n,a) = 1.

Substituting (4.12) into (4.11) and dividing all terms by r(n, k,a), we have

Agi[f) r(n+ 1,k a) R@A | oy r(n -1k a)
R o oy T O

a,B a,fB
R = B

B A](ca,ﬁ) T(n7k/’_17@)R(a,6) B C]i()l’ﬁ) r(n,k+1,a) (a8 —0.
B? _ gd r(nka) MU pled) _plad) r(nk,a)

Now, swapping k and n in (4.11) gives

A(a,ﬁ) C(a»ﬁ)
LR(Q};EE + k=1 (QI;B)l _ R(a;f)
B{A) _ pleod) il T glaf) _ gleof) Tkl Tk

Aglaﬁ) .8 Cr(La’B) @.8)
(e R =o.

e L — o -
(@B) _ glh) =Lk~ plap) _ plad)
B™? — B\ B™P — B(*

Matching the terms in the last two equations, we obtain two recurrence relations for
r(n, k, a),

r(n,k+1,a) AI(CO_“_’f) r(n +1,k,a) Cleh)
ko) ) and rnk,a)  A©@P
T(n7 y @ Ck‘ ,R,Q An+1
for any n,k > M + 1. Therefore,
k—1 (‘a,l,é’)
= J+
r(n,k,a) =r(n, M + 1’2)1_[ o
j=M+1 ¥j
n—1 C(%ﬁ)
d r,M+1la)=r(M+1,M+10]] L
an r\n, & ) s & @.B)

j=M+1 j41
which, combined, give

n—1 OJ(}LB) k—1 A(Q,B)

r(n.k,a) = H Al@h) H oleh) |7
j=0 ‘141 Jj=0"~j

where (M + 1, M +1,a) = 1 is used. Substituting (4.7¢c) in gives (4.10). d
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Now we are ready to show Theorems 3.4 and 4.4.
Proof of Theorem 3.4. Taking the limit of (4.10) as «, 8 — —1/2, we have

11 " k:(( 11
(4.13) S RCFH,

Relating Chebyshev polynomial T,,(x) to Jacobi polynomial pit/—t 2)(5(:) by

(3),

(_lw_l)
P ) = 2 )
we obtain
1 |

(-3.—3 (3), ¥
(4.14) Ry 2 =22 Ry,

" (3);n!
for any k,n > 0. Finally, substituting (4.14) into (4.13) gives (3.3). ad

Proof of Theorem 4.4. The limit of (4.10) as a, 8 — A — 1/2 is

e A (207 (A4 D))" ooy
AR (0 (A +),)°

(4.15) ROCEN < (o1

With the scaling between ™ and PP Y/2A2)

1
o-tamy - (A+3), o
A 2) nc ,
oy,

we have

ey (M), @),
(4.16) Rferh - OB o

’ @Nr (A +3),
for all k,n > 0. Combining (4.16) and (4.15) yields (4.5). O

The symmetric relation (4.10) cannot be used directly due to the arithmetic over-
flow for large k£ and n. Instead, we cancel the common factors in the numerator and
the denominator and match up the factors of similar magnitude to obtain an equiv-
alent but numerically more manageable formula by noting that (4.10) is only needed
for k> n:

k—1 . k—1 .
o +B+2n+1 jta+1 J+B+L )
417) R = (—1ypn 2 RP).
(@17) Byi = (=1) a+ﬂ+2k+lj1;[nj+a+ﬂ+ljl;[nj+a+ﬂ+l k1

When we recurse for the top rows, we need to rewrite (4.9b) as we do for the
Chebyshev and Gegenbauer cases:

a, a, a, a,f3
s _ B — B ) L ) RB) | A£L+1)R(aﬁ)
k—1n — k,n A(aﬁ) k,n—1 A(a”@) k,n+1
k

o,
A7 :

a, a,f
_Cfc ) @) S e
A;@a”@) k+1,n Al(ca’ﬁ) k,0

(4.18)
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n n
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
— - 0

10-5

6001 — 6001 —

(a) Gegenbauer (A = 2) (b) Jacobi (o = 2,8 =3/2)

F1G. 4.1. Entrywise error of (a) the Gegenbauer-based convolution matriz and (b) the Jacobi-
based convolution matriz obtained using Algorithm 2. For both examples, M = 1000 and N = 5000.

Now we recap the algorithms for constructing the Gegenbauer- and Jacobi-based
convolution matrices simultaneously in Algorithm 2.

The complexity of Algorithm 2 is O(MN), the same as that of Algorithm 1. To
keep the computational cost minimal in practice, particularly for the Jacobi-based
convolution matrices, we precompute and store {A;a’ﬁ)}jj\iTNH {Bj(a’ﬁ)}inJgN+1
{Cj(-a’ﬁ)}jj\i‘gNH, and {Sj(a’ﬁ)}jj\iTN for use in steps 2 and 4. For step 3, we can
first compute the ratio factor on the right-hand side of (4.17) for the (M + 1)th col-
umn and the ratio factor for a subsequent column can be updated from that of the

last column accordingly.

) )

ALcoriTHM 2. Construction of the convolution matrix R /R(*:8).

1: Construct the nonzero entries in the zeroth column R:(”S) /R:(’%’ﬁ )

/(4.9a).

2: Calculate the nonzero entries on and below the main diagonal using (4.4b) /(4.9b).

using (4.4a)

3: Calculate the nonzero entries above the main diagonal in rows M +1 to N — 1
using (4.5)/(4.17).

4: Calculate the entries above the main diagonal in the top M + 1 rows using
(4.6)/(4.18).

FEzample 5. We repeat Example 3 for Gegenbauer- and Jacobi-based convolution
matrices. Again, the coefficient vector g is randomly generated with |a,,| < 1. Figure
4.1 shows the entrywise absolute error in (a) the Gegenbauer convolution matrix for
A =2 and (b) the Jacobi convolution matrix for @ = 2 and 8 = 3/2, where M = 1000
and N = 5000 for both experiments. The largest entrywise error in Figure 4.1(a)
is 1.14 x 107!, whereas 2.40 x 107! in Figure 4.1(b). In these experiments, the
magnitudes of the entries range (a) from O(107) to O(10%) and (b) from O(10P) to
O(1), respectively, with some p < —324.

5. Laguerre-based convolution matrices. If a smooth function defined on a
semi-infinite domain decays to zero fast enough, it can be approximated by a series
of weighted Laguerre polynomials
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(5.1) LY (2) = e™®/2L,(x),

where L, (x) is the Laguerre polynomial of degree n. Thus we consider the approxi-
mation of the convolution operator defined by such a function using Laguerre-based
convolution matrices. We start with the following lemma, which can be found in many
standard texts, for example, [19, (18.17.2)].

LEMMA 5.1 (convolution of Laguerre polynomials).

/OI L (2 — ) Ly (t)dt = Lypin (%) = Linynt1(7)

for z € [0,00).
Consider the convolution of continuous decaying functions f(x) and g(x) defined

on [0, 00):

VIf)(g) = h(z) = / - tg(ndt,  x e [0,00).

Suppose that f(x) and g(x) are represented by infinite weighted Laguerre series
fl)=e ™Y amln(z) and g(z)=e*?Y byLn(z), @€ [0,00),
m=0 n=0
and assume that the convolution

h(x) = e */? Z e Li(x), x €10, 00),
k=0

so that ¢ = RLb, where R is the Laguerre convolution matrix generated by a. By
Lemma 5.1, the entries of R are explicitly known.

THEOREM 5.2 (construction of RY). The matriz approzimation of convolution
operator V[f] in Laguerre space is the difference of two lower triangular Toeplitz
matrices, where the second one is obtained by adding one row of zeros on top of the

first:

apg O 0 o .- 0 0 0 0
ap ag 0 0 . ag 0 0 0
Rf=lay ai a9 0 - |=]la a 0 0
as as a; ap - as a1 ag O

When f(x) and g(z) are approximated by finite weighted Laguerre series, the
convolution matrix R” becomes a banded lower-triangular Toeplitz matrix, as shown
in Figure 5.1(a), and the Toeplitz structure allows the fast application of R” to b with
the aid of FFT.

Ezxample 6. We consider the convolution of

f(z) = z2%¢™* and g(z) = —% <cos ?m + /3 sin ?m) e 32 1 e 0,00),

which are the functions from Example 4, except that the constant 1/3 is removed from
the original g(z) so that both functions decay to zero at infinity. These two functions
can be approximated by weighted Laguerre series of degree 2 and 54, respectively.
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Fic. 5.1. (a) A schematic of Laguerre convolution matrices, where we use stripes to indicate
the Toeplitz structure. Outside the striped region, all entries are exactly zero. (b) Absolute error in
the computed approximation to the convolution, where the inset is a close-up for [0, 50].

In Figure 5.1(b), the pointwise error in the computed approximant against the exact
convolution

h(z) = (f*g)(z) = —%673”2 [eI/Q (22 —2z—1)+ V3sin <\/2§x> + cos <\/2§x>]

is shown up to x = 10? and the maximum error throughout [0, co0) is approximately
4.4 x 10715 occurring at about x = 2.9.

6. Closing remarks. While we have focused exclusively on the left-sided con-
volution operator, with a few minor changes the framework we have presented can be
extended to the right-sided convolution operator

1
ViAW = [ fa-tgd  ae .

with f(x) and g(x) compactly supported on [—1,1], and the right-sided convolution
matrices also enjoy similar recurrences and symmetric properties.

In Example 4, we have shown how convolution matrices can be employed to solve
convolution integral equations. With the almost-banded structure of the convolution
matrices, a fast spectral method can be developed based on the framework of infinite-
dimensional linear algebra [20] for solving convolution integro-differential equations
of Volterra type:

J

Z bj(x)d]duix(jx) + b7 (z) /@ K(x — t)u(t)dt = s(z),

Jj=0

where b/ (z) for 0 < j < J + 1 are smooth functions on [—1,1] and the convolution
kernel K(z — t) is smooth or weakly singular. We will report this line of research in
a future work.
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