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Abstract

We use the well-known observation that the solutions of Jacobi’s differential equation can be
represented via non-oscillatory phase and amplitude functions to develop a fast algorithm for
computing multi-dimensional Jacobi polynomial transforms. More explicitly, it follows from this
observation that the matrix corresponding to the discrete Jacobi transform is the Hadamard
product of a numerically low-rank matrix and a multi-dimensional discrete Fourier transform
(DFT) matrix. The application of the Hadamard product can be carried out via O(1) fast Fourier
transforms (FFTs), resulting in a nearly optimal algorithm to compute the multidimensional
Jacobi polynomial transform.

Keywords. Multi-dimensional Jacobi polynomial transform, nonuniform transforms, non-
oscillatory phase function, randomized low-rank approximation, fast Fourier transform.

1 Introduction

The one-dimensional forward discrete Jacobi transform consists of evaluating an expansion of the
form

f@) =" a, P (), (1)
v=1

where Plsa’b) denotes the order-v Jacobi polynomial of the first kind corresponding to parameters
a and b, at a collection of points {z;}i=1, .» C (—1,1). The one-dimensional inverse discrete
Jacobi transform is the process of computing the coefficients {c, }i=1,. » in an expansion of the
form () given its values at a collection of distinct points {z;};=1,.., C (—1,1). For the sake of
brevity, we will generally drop the adjective “discrete” and simply use the terms “forward Jacobi
transform” and “inverse Jacobi transform” when referring to these operations. Often, the points
{zi}i=1,..n C (—1,1) are the nodes of the n-point Gauss-Jacobi quadrature rule
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that is exact when p is a polynomial of degree less than or equal to 2n — 1. However, it is useful
to consider more general sets of points as well. In the case in which the points {z;};=1 ., C are
the nodes of the Gauss-Jacobi quadrature rule, we say the corresponding transform and inverse
transform are uniform; otherwise, we describe them as nonuniform. To form an orthonormal
matrix to represent the transform for numerical purpose, we will rescale the transform in (Il) with
quadrature weights later.

Many methods for rapidly applying the Jacobi transform and various special cases of the Jacobi
transform have been developed. Examples include the algorithms of [I} 2, Bl [4] for applying the
Legendre transform, and those of [5] for forming and evaluating expansions for Jacobi polynomials
in general. See also, [6] and its references for extensive information on numerical algorithms for
forming and manipulating Chebyshev expansions. Almost all such algorithms can be placed into
one of two categories. Algorithms in the first category, such as [7), 8, [, 10, 1], make use of the
structure of the connection matrices which take the coefficients in the expansion of a function in
terms of one set of Jacobi polynomials to the coefficients in the expansion of the same function with
respect to a different set of Jacobi polynomials. They typically operate by computing the Chebyshev
coefficients of an expansion and then applying a connection matrix or a series of connection matrices
to obtain the coefficients in the desired expansion. The computation of the Chebyshev expansion
can be carried out efficiently in O(nlogn) operations via the nonuniform FFT (NUFFT) [12] 13]
and the application of each connection matrix can be performed in a number of operations which
grows linearly or quasi-linearly via the fast multipole method (FMM) [3] 14} [I5, 5] or the fast
eigendecomposition of semiseparable matrices [16 17, [5].

The second class of algorithms, of which [18] is a major example, make use of butterfly methods
and similar techniques for the application of oscillatory matrices. Most algorithms in this category,
including that of in [I8], require precomputation with O(n?) running times. However, [19] describes
an algorithm based on this approach whose total running time is O(nlog®(n)), when both param-
eters a and b are in the interval (—1/2,1/2). It makes use of the observation that the solutions
of Jacobi’s differential equation can be accurately represented via non-oscillatory phase and am-
plitude functions to apply the Jacobi transform rapidly. That certain differential equations admit
non-oscillatory phase functions has long been known [20]; a general theorem was established in [21]
and a numerical method for the computation of non-oscillatory phase functions was given in [22].
In the case of Jacobi’s differential equation, there exists a smooth amplitude function M (@b) (t,v)
and a smooth phase function (*? (¢, 1) such that
PO (t) = M)t v) cos(4 V) (¢, v)) (3)

v

and
GUD(t) = M@ 2,0) sin(5@0)¢, ), W

where Ij’lsa’b) and Q,(,a’b) are referred as the modified Jacobi functions of the first and second kind,
)

respectively. They are defined in terms of the Jacobi functions of the first and second kinds P,Sa’b
and Q" (see [20] for definitions) via the formulas

_ t a+§ t b+§
(a0) () = (a0 plad) (cos(t)) sin <§> Cos <§> (5)



and

. AR A
Q) (1) = ClaD) Qb (cos(t)) sin <§> cos <§> ) (6)

where

Fri+v)Fr1+v+a+b)
Fl+v+a)l(1+v+b)

b — \/(21/ +a+b+1) (7)

The normalization constant is chosen to ensure the L?(0, 7) norm of IS,Ea’b) is 1 when v is an integer.

Indeed, the set {ﬁ’j(a’b) 520 is an orthonormal basis for L?(0, 7). The change of variables z = cos(t)
makes the singularities in phase and amplitude functions for Jacobi’s differential equation more
tractable. Obviously, there is no substantial difference in treating expansions of the type (II) and
those of the form

f(t) = Zn: o, P)(t) = Zn:auM(a’b) (t, ) cos () (t,v)), (8)
v=1 v=1

and we will consider the latter form here, more specially, the latter form with scaling by quadrature
weights. Moreover, we will denote by {t}r=1. , and {wg}r=1. , the nodes and weights of the
trigonometric Gauss-Jacobi quadrature rule

[ sttt (§) st () a3 steosteeostst (s () 0

k=1

obtained by applying the change of variables x = cos(t) to ([2)). Again, we refer to transforms
which use the set of points {t;}r=1,. . as uniform and those which use some other set points as
nonuniform.

In [19], it was observed that the second summation in (8]) could be interpreted as the application
of a structured matrix that is the real part of a Hadamard product of a NUFFT matrix and a
numerically low-rank matrix. This leads to a method for its computation which takes quasi-linear
time [13] 23] 24]. Expansions in terms of the functions of the second kind {Qg.a’b) }520 can be handled
similarly. This non-oscillatory representation method will be described in more detail in Section
2.2

In this paper, we generalize the one-dimensional Jacobi polynomial transform of [19] to the
multi-dimensional case. The transformation matrix in the multi-dimensional case is still the real
part of a Hadamard product of a multi-dimensional NUFFT matrix and a numerically low-rank
matrix in the form of tensor products. However, the numerical rank of the low-rank matrix might
increase quickly in the dimension following the algorithm in [I9] and hence the multi-dimensional
NUFFT in [12} 13] might not be sufficiently efficient. To obtain a viable multi-dimensional Ja-
cobi polynomial transform, we reformulate the Hadamard product into a new one, which is the
Hadamard product of an over-sampled Fourier transform matrix and a numerically low-rank ma-
trix, and propose a fast randomized SVD to achieve near optimality in the low-rank approximation.
This leads to an efficient implementation of two-dimensional and three-dimensional Jacobi polyno-
mial transforms. Besides, as will be demonstrated numerically, the new method proposed in this
paper is more robust than the method in [19] and works for a and b in the regime (—1,1), other
than the regime (—3, 3) in [19].

The remainder of the paper is organized as follows. In Section Bl we will first briefly introduce
the fast SVD via randomized sampling and the theory of non-oscillatory phase functions. In Section



Bl a variant of the fast one-dimensional Jacobi polynomial transform in [19] is given; it is followed
by a description of our fast multi-dimensional Jacobi polynomial transform. In Section [, numerical
results which demonstrate the efficiency of our algorithm are described. Finally, we will conclude
our discussion in Section [0l

2 Preliminaries

In this section, we will revisit the linear scaling randomized SVD introduced in [25] and the non-
oscillatory phase and amplitude functions in [I9] to make the presentation self-contained.

2.1 Approximate SVD via Randomized Sampling

For a numerically low-rank matrix Z € CV*¥ with an O(1) algorithm to evaluate an arbitrary
entry, [25] introduced an O(Nr?) algorithm to construct a rank-r approximate SVD, Z ~ UyXoV{,
from O(r) randomly selected rows and columns of Z, where * denotes the conjugate transpose, Uy
and Vp € CV*X7 25 € C™ " is a diagonal matrix with approximate singular values in the diagonal
part in a descent order.

Here, we adopt the standard notation for a submatrix in MATLAB: given a row index set [
and a column index set J, Z; ; = Z(I, J) is the submatrix with entries from rows in I and columns
in J; we also use “:” to denote the entire columns or rows of the matrix, i.e., Z;, = Z(I,:) and
Z.y= Z(:,J). With these handy notations, we briefly introduce the randomized SVD as follows.

Algorithm 2.1. Approximate SVD via randomized sampling

1. Let Il .y and Il.o, denote the important columns and rows of Z that are used to form the
column and row bases. Initially Il.,; = O and 1,4, = 0.

2. Randomly sample rq rows and denote their indices by Syow. Let I = Sppw U llow. Here
q = O(1) is a multiplicative oversampling parameter. Perform a pivoted QR decomposition
of Z1. to get

ZI,:P = QRa (10)

where P is the resulting permutation matriz and R = (r;;) is an O(r) x n upper triangular
matriz. Define the important column index set Il., to be the first v columns picked within
the pivoted QR decomposition.

3. Randomly sample rq columns and denote their indices by Seop. Let J = Seop Ully. Perform
a pivoted LQ) decomposition of Z. j to get

PZ:,J = LQ7 (11)

where P is the resulting permutation matriz and L = (1;;) is an m x O(r) lower triangular
matriz. Define the important row index set Il.,, to be the first v rows picked within the
pivoted LE) decomposition.

4. Repeat steps 2 and 8 a few times to ensure Il ., and .o, sufficiently sample the important
columns and rows of Z.

5. Apply the pivoted QR factorization to Z.11,,, and let Qo be the matriz of the first r columns
of the Q matriz. Similarly, apply the pivoted QR factorization to 211, . 00 let Qrow be the
matriz of the first r columns of the (Q matriz.



6. We seek a middle matriz M such that Z = Q.o MQ},.,- To solve this problem efficiently,
we approximately reduce it to a least-squares problem of a smaller size. Let S, and Syo be
the index sets of a few extra randomly sampled columns and rows. Let J = Il.o; U Seor and
I =110 U Srow. A simple least-squares solution to the problem

min || Z1,7(Qcot) 1M (Qrow):.1 |, (12)

gives M = (Qcol)} :ZLJ(Qﬁow):TJ, where () stands for the pseudo-inverse.

7. Compute an SVD M =~ UpXyVy;. Then the low-rank approximation of Z =~ UySoVy is
given by

Uo = QeotUn; X0 = X3 Vo = Vi Qiron- (13)

In our numerical implementation, iterating Steps 2 and 3 twice is empirically sufficient to
achieve accurate low-rank approximations via Algorithm Il Similar arguments as in [26] for
a randomized CUR factorization can be applied to quantify the error and success probability
rigorously for Algorithm 2.1l But at this point, we only focus on the application of Algorithm 2]
to the fast Jacobi polynomial transform without theoretical analysis.

Note that our goal in the Jacobi polynomial transform is to construct a low-rank approximation
of the low-rank matrix, i.e., Z ~ UV* with U and V € CV*", up to a fixed relative error e, rather
than a fixed rank. Algorithm 2.1 can also be embedded into an iterative process that gradually
increases the rank parameter r to achieve the desired accuracy. We denote the rank parameter as
re when it is large enough to obtain the accuracy e.

When Z origins from the discretization of a smooth function Z(z,y) at the grid points {z; }1<i<n
and {y;hi<i<n, i.e., Zj; = Z(x;,y;), another standard method for constructing a low-rank factor-
ization of Z ~ UV™ is Lagrange interpolation at Chebyshev grids in x or y. For example, let
Cy, := {pi}1<i<r denote the set of r Chebyshev grids in the domain of z, U € RN*" he the ma-
trix consisting of the i-th Lagrange polynomial in z corresponding to u; as its i-th column, and
V € CN*" be the matrix such that Vij is equal to Z (15, v:), where = denotes the conjugate opera-
tor, then Z ~ UV™* by the Lagrange interpolation. Usually, an oversampling parameter ¢ is used
via setting » = gr.. Then a rank-r. truncated SVD of U ~ UypXoV| gives a compressed rank-r.
approximation of Z ~ Uy (VVpXg)*, where Uy € CV*"< and VX, € CV*™,

The fast nonuniform FFT in [I3] and the one-dimensional Jacobi polynomial transform in [19]
adopted low-rank approximation via Lagrange interpolation to deal with the low-rank term in their
Hadamard products of low-rank and (nonuniform) FFT matrices without an extra truncated SVD.
In this paper, we propose to use the randomized SVD via random sampling to obtain nearly optimal
rank in the low-rank approximation.

2.2 Non-oscillatory phase and amplitude functions

Given a pair of parameters a and b in (—%, %), and a maximum degree of interest N, > 27, we

revisit the fast algorithms in [19] for constructing non-oscillatory phase and amplitude functions
(@) (¢ 1) and M@ (t,v) such that

PO (1) = MO 1, cos (440 (t,0)) (4
and
QL0 (4) = M@ (¢, 1) sin (w(“’b) (t, V)) (15)
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for t € [ N T~ N—] and v € (27, Nya). The polynomials with ¢ and v out of these ranges can
be evaluated by the well-known three-term recurrence relations or various asymptotic expansions;
the lower bound of 27 was chosen to obtain optimal numerical performance.

Next, we present a few facts regarding the phase and amplitude functions related to Jacobi’s
differential equations. It is well known that the functions Is,sa’b) and Q,(,a’b) satisfy the second order
differential equation

y' () + ¢SV )y (t) = 0, (16)

where 811\ L ) 1_ g
(a,ﬁ)t:< o ) 1”@ 1P 17
O T ) T 0 e () "

We refer to Equation (I0) as Jacobi differential equation. Following the derivation in [19], we
can show that the pair {I:’,,(a’b), ~,(,a’b)} of real-valued, linearly independent solutions of ([I6) satisfies

B (a,b) ¢
Ban(p) = i < E2) (18)
\/ O (t,v)|
and (@h)
_ i a,b) (¢
v 1) = viv S Y) (19)
|5t¢(“’b) (t, V)‘
where W is the necessarily positive constant Wronsklan of the pair {P (a ? }, and ¥(@0) (¢, 1)

is the non-oscillatory phase function of the pair {P,, ,QV } satlsfylng

Y w
v = / FP G+ @ e .

with C' an appropriately chosen constant related to o;. Note that dpp(a:d) (t,v) > 0 since W > 0.
Hence, the non-oscillatory amplitude function of {ﬁlsa’b), ~,(,a’b)} can be defined as

wne o | w W
M (t, l/) = \/‘at¢(a’b)(tay)| - \/8t¢(a’b)(t, y)- (21)

2

Through straightforward computation, it can be verified that the square N (@) (t,v) = (M (a.b) (t, 1/))
of the amplitude function satisfies the third order linear ordinary differential equation (ODE)

A N @0 (1) + 4490 ()3, N @) (¢, 1) 4 2(¢{D) () N @) (t,0) =0 forall o) <t <oy (22)

Obviously,
(M) = (PEO0) + Q0 0) (23)

. 2 . . . . .
Hence, we can specify the values of (M (a.b) (t, 1/)) and its first two derivatives in ¢ at a point on
the interval [ﬁ,ﬂ — ﬁ] for any v using various asymptotic expansion for P«Smb) and an,b)

Afterwards, we uniquely determine M%) (t, 1) via solving the ODE ([22)) using a variant of the
integral equation method of [12] (or any standard method for stiff problems).



To obtain the values of 1)(®:) (t,v), we first calculate the values of
d
(avb) t 24
SV 1,) (24)
via (2I). Next, we obtain the values of the function 1 defined via

A!—wabsu)@ (25)

1
Nmax

at any point in [ﬁ, T —
¥ with (@ (¢,1); that is,

| via spectral integration. There is an unknown constant connecting

PO (¢ 1) = P(t) + C. (26)
)

To evaluate C', we first use a combination of asymptotic and series expansions to calculate 155“’*’
at the point ay. Since () = 0, it follows that
P§“’b)(a1) = M(“’b)(al,’y) cos(C), (27)
and C can be calculated in the obvious fashion.
The above discussion has introduced an algorithm to evaluate ¥(*? (¢, 1) and M(*?)(¢,v) in the

whole domain (¢,v) € | Niax T — ﬁ] (27, Nyax|. To achieve a fast algorithm, we note that it

is enough to conduct calculation on selected important grid points of [+~— N T~ ﬁ] X (27, Npax]

through the above calculation, since we can evaluate (%% (¢, 1) and M(® )(t, v) via interpolation
with their values on the important grid points.

It is well known that a polynomial p(t) (here p(t) is either bl ( ) or oLt (t)) can be evaluated
in a numerically stable fashion using the barcyentric Chebyshev interpolation formula [27]

k
t) = p(xj) (28)
; t— / t — a:J

where x1, ...,z are the nodes of the k-point Chebyshev grid on a sufficiently small interval (o1, 03)
(such that p(t) is a polynomial of degree at most k — 1) and

0y {(—1)J’, 1<j <k (20)

(—=1)7 %, otherwise.
Hence, it is sufficient to evaluate 1(*®) (¢, v) and M@ (¢, 1), which lead to pleb )( t) and oLt (1), at
a tensor product of Chebyshev grid points in ¢ and v, and calculate them at an arbitrary location
(t,v) via a bivariate piecewise barcyentric Chebyshev interpolation.

More explicitly, let m,, be the least integer such that 3™ > N,.., and let m; be equal to twice the

least integer [ such that Z27/+1 < anlax. Next, we define 8; = max {3/7% N,..} for j =1,...,m,,
o = 72r2Z me/2 for i =1,...,my/2, and o = 7w — %th/zﬂ_i fori =my/241,...,my. Now we let
Tly ooy TM, (30)

denote the 16-point piecewise Chebyshev gird on the intervals

(a1, 00), (g, 03) .oy (Qmy—1, Oy ) (31)



with M; = 15(my — 1) + 1 points in total; let

Voo VM, (32)

denote the nodes of the 24-point piecewise Chebyshev grid on the intervals

(B1,B2),(B2,B3) - (Bm,—1, Bm,) (33)

with M; = 23(m, — 1) + 1 points in total. The piecewise Chebyshev grids [B0) and ([B2) form a
tensor product
{(Tiavj):izlv"'yMbjzlv"'le/}' (34)

Then (@9 (t,) and M@ (t,v) can be obtained via barcyentric Chebyshev interpolations in ¢ and
v via their values at the tensor product restricted to the piece (a4, ;t1) X (Bj,5;+1) that (¢,v)
belongs to for some ¢ and j.

Here we summarize the operation complexity of the whole algorithm above. A detailed discus-
sion can be found in [19]. ODE solvers are applied for O (log (N,..)) values of v, and the solution of
the solver is evaluated at O (log (Ny...)) values of ¢, making the total running time of the procedure
just described O (log2 (Nmax)).

Once the values of w,(,a’b) and M,Ea’b) are ready at the tensor product of the piecewise Chebyshev
grids (30) and (32]), they can be evaluated for any ¢ and v via repeated application of the barycentric

Chebyshev interpolation formula in the same number of operations which is independent of v and
t.

3 Fast Jacobi polynomial transforms

Without loss of generality, we assume that (@ (¢, ), M(@b) (¢ 1), P,Ea’b), and Q,(,a’b) can be evalu-
ated in O(1) operations for any ¢ € (0,7) and v € [0, N,..]. A fast algorithm for rapidly computing
Gauss-Jacobi quadrature nodes and weights in the Jacobi polynomial transform in (&) has also
been introduced in [19]. We refer the reader to [19] for details and assume that quadrature nodes
and weights are available in this section.

3.1 One-dimensional transform and its inverse

Here we propose a new variant of the one-dimensional Jacobi polynomial transform for ]5]-(a’b) (t) in

[19]. The new algorithm simplifies the discussion of the fast algorithm. The transform for Q;a’b) (t)

is similar. For our purpose, we consider the nt" order uniform forward Jacobi polynomial transform
with a scaling, that is, calculate the vector of values

f(t1)/wr
f(t2) /w2

: (35)
f(tn)y/wn
given the vector
aq
N (36)
Qp



of the coefficients in the expansion

|
—_

n

) =" a; P (1); (37)

<.
Il
o

here, t1,...,tp, w1 ..., wy, are the nodes and weights of the n-point trigonometric Gauss-Jacobi
quadrature rule corresponding to the parameters a and b. The “nonuniform” forward Jacobi trans-
form does not require trigonometric Gauss-Jacobi quadrature nodes and weights.

In the uniform transform, the properties of the trigonometric Gauss-Jacobi quadrature rule and
the weighting by square roots in (33]) ensure that the n x n matrix ijga’b) taking (36]) to (B5) is
orthogonal, where W is the n x n matrix

Jar 0 0 0
0 Jwz 0 0
o 0 .0
0 0 0

and Jp" ) is the n x n matrix representing the sum in (37). Hence, the inverse transform is a simple

W = , (38)

matvec by the transpose of erga’b). In the nonuniform case, j,E“’b) is usually a very ill-conditioned
matrix and the inverse transform requires solving a challenging system of linear equations, which
will be discussed in a separate paper in the future.

It follows from (I4]) that the (j, k)-th entry of AT

(jémb)) _ {M(“vb) (tj, k — 1) cos (@O (t;,k — 1)), if k—1> 27,
ik

- 39
P ;5611)) (t5), otherwise, (39)

since the part consisting of low-degree polynomials is computed via three-term recurrence relations
or various asymptotic expansions. Let VT(La’b) € R 28 be the submatrix of j,&“"’) corresponding to

the part of polynomials with degree less than 28, and gﬁﬂ’b) € R™"=28 he the rest of jé“’b), then

Jlab) — [Véa,b)’ gga,b)] ‘

Note that gﬁﬂ’b) is the real part of a discrete Fourier integral transform that can be evaluated with
a quasi-linear complexity by the algorithm of [23] for applying Fourier integral transforms and a
special case of that in [24] for general oscillatory integral transforms. Motivated by this observation,

the algorithm in [19] constructs a low-rank matrix Aleb) ¢ cnx(n=28) whoge (4, k)-th entry is
M@ (¢, |+ 27) exp <i <¢<a’b> (tj,k+27) — (k+ 27)@»)) . (40)

Denote the n x (n — 28) nonuniform FFT matrix, whose (j, k)-th entry is

exp (i(k +27)t;), (41)
as NV,,. Then
T = (VD RAEY @ Ny | (42)

where “®” denotes the Hadamard product. It can be immediately seen from ([42]) that jé“’b) can

be applied through a small number of NUFFTs [12, 13] and a simple direct summation for V,(La’b)

in a quasi-linear scaling of n.



More specifically, let a low-rank approximation of Ag{l’b) be
r
A = Y ujuj (43)
j=1

where u; and v; are column vectors for each j. Then the transform from (B6]) to ([B5) can be
approximated by the following sum,

Wjé“’b)a ~ WVT(La’b)OéV —|— W%(Z Duanva ag)7 (44)
7j=1

where ay is the subvector of a with the first 28 entries, ag is the subvector of a with the rest
entries, D, denotes a diagonal matrix with a column vector u on its diagonal. The formula (44])
can be carried out by » NUFFTs in O(rnlogn) arithmetic operations.

In practice, inspired by the NUFFT in [13], we can replace the Hadamard product of a low-rank
matrix and a NUFFT matrix in (£2) with a Hadamard product of a low-rank matrix and a DFT
matrix, the matvec of which can be carried out more efficiently with a few numbers of FFTs.

Consider another matrix Bﬁla’b) e C"*(n=28) whose (J, k)-th entry is defined via

M@ (t5 k + 27) exp <i(1/1(“’b) (tj, k+27) — 27TM(k + 27))) , (45)
n
where [z] denotes the integer nearest to . Then we have
T = [Vied R(BED @ F,)] (46)

where F,, is an n x (n — 28) matrix whose (j, k)-th entry is

[tjn/2n]

exp <i(27r (k + 27))> . (47)

It’s obvious that F,, in (@0]) is a row permutation of an inverse DFT matrix. Note that the difference
between the phase functions of A%a’b) and Bﬁla’b) is less than m. Hence, Bﬁla’b) is also a low-rank matrix
and we can apply the randomized SVD in Algorithm 2] to construct a low-rank approximation of
BY?) in O(r*n) operations.

Suppose we have constructed an approximate rank-r SVD of Bﬁf’b) up to a desired accuracy
using Algorithm 2.1} that is, suppose that we have computed the factorization

Bl ~ USV, (48)

where U € C**", V € C"*("=28) "and S € R"*" is a positive definite diagonal matrix. By rearrang-
ing the factors above, we have
n

B(a,b) ~ (US%)(S%V) = ul’U{ +---+ ur”?y (49)

where u; and UZ-T denote the it? column vector of US> and the i row vector of S %V, respectively,
and T denotes the matrix transpose. Once ([49) is ready, we have

W I o m WY oy + WR((O S ujv]) @ F)ag) = WV Py + WR( _ Dy, FnDy,ag), (50)
j=1 j=1

10



where D,, denotes a diagonal matrix with u on its diagonal. Formula (50) indicates that the Jacobi
polynomial transform can be evaluated efficiently via r inverse FFTs, which requires O(rnlogn)
arithmetic operations and O(rn) memory.

Compared to (4] used in the original fast Jacobi transform in [19], the number of inverse FFTs
in (B0) has been optimized. Thus Formula (50) would take fewer operations to compute a multi-
dimensional transform. Note that, compared to the original method in [19], though our new method
using (B0)) would cost more time to construct a low-rank approximation, the optimized rank of the
low-rank approximation would accelerate the application of the multi-dimensional Jacobi transform.
In addition, as we mentioned previously, the new method works in a larger range of a and b. In
Section @ we will provide numerical comparisons to demonstrate the superior of the new method
over the method in [19].

The fast inverse Jacobi transform in the uniform case can be carried out in a similar manner,
since er&a’b) is an orthonormal matrix. In fact, the inverse transform can be computed via

T
— (Véa,b)) WTWf,
and
ag ~ Zu] vl @ F)TWIW f) = ZD,,]?TD WIW ), (51)
Jj=1 7j=1

where F! is a permutation of the DFT matrix. Therefore, the inverse Jacobi polynomial transform
can also be computed via r FFTs.

It is worth emphasizing that the fast algorithm introduced in this section also works for non-
uniform Jacobi polynomial transforms since the low-rankness of By({l’b) is independent of the samples
in t and the quadrature weights in the uniform Jacobi polynomial transform. There will be numer-
ical examples later to verify this. The inverse transform in the non-uniform case requires solving a
highly ill-conditioned linear system, which will be reported in a separate paper in the future.

3.2 Two-dimensional transform and its inverse

In this section, we extend our algorithm to the two-dimensional case, using the new method devel-

oped in the last section. We only focus on the transform for peb) (t); the one for Q,(f_bl) (t) is similar.
We will adopt the MATLAB notation A(:) as a vector resulting from reshaping the matrix A into
a vector. We also use similar notations as in Section 3.1}, e.g., J.. (@b) e, b), ,(f.’b), Bﬁff.’b), F,., and
W. denote corresponding matrices analogous to their counterparts in Sectlon Bl respectively, with
“.” gpecifying a variable z or y in the spatial domain. In the rest of this section, we always assume

a low-rank approximation
T.
D= Z quTZ (52)
i=1

“w»

has been obtained by Algorithm 2.1l up to a desired accuracy for “” as x or y.

Given locations {z; }i=1...., C (0,7) and {y;}i=1,....n» C (0,7), with no substantial difference, the
forward and inverse two-dimensional Jacobi polynomial transforms arise in the following Jacobi
expansion

xwy] Z Z k e ) Ng(z’lb)(y]% for 17] = 17 s, N, (53)

k=1 /(=1

where o denotes an expansion coefficients matrix. The forward and inverse transform can be defined
analogously as in the one-dimensional case. When both {z;}i=1 ..., and {y;}i=1,...n are exactly the

11



nodes of the trigonometric Gauss-Jacobi quadrature rule, the corresponding transform is referred
as the uniform transform. With additional weight matrices W, and W, the forward transformation

matrix (W, j(a 2 )©® (Wyjrg?y’b)) taking a(:) to (W, ® Wy) f(:) is orthogonal, where ”®” denotes the

Kronecker product. When {;}i=1,...n, {¥i}i=1,..n, and weights are not given by the trigonometric

Gauss-Jacobi quadrature rule, we refer the corresponding transform as a non-uniform transform.
With the low-rank approximations in (52]) available, we have

((WoT50) @ (W, 75 a(:)
~ (W 0 W)V oo e o)

+ Ey: R(W, © Wy)([vr(zc,bg’cb) 0]® Duy,i)(In © ]:n,y)(ln © Dvy,i)a(:))

o (54)
+ ) R(We © W) (D, , © VD 0)(Fre © In)(Dy,, © In)a(:))

=1
v ZZ R(Wy © Wy)(Du, © Duy ) (Faz © Fuy) Dy, © Dy, Na(:)),

i=1 j=1

where 0 is an n x (n — 28) zero matrix. In our numerical implement, since 0 does not contribute to
the numerical result, there are just O(n) entries of a(:) needed to be applied in the first three terms
above. Formula (54]) indicates that 2D uniform Jacobi polynomial transforms can be evaluated via
O((rz + ry)n) 1D inverse FFTs and O(r,r,) 2D inverse FFTs, which results in O(r,ryn?log(n))
arithmetic operations and O(r,r,n?) memories. We would like to emphasize that this algorithm
also works for 2D non-uniform forward transform since it is actually a tensor form of the one-
dimensional transform. There will be numerical examples later to verify this.

The fast 2D inverse Jacobi transform in the uniform case can be carried out in a similar manner,
since both ij,gf;gb) and Wyj,E?f) are orthonormal matrices. In fact, the 2D inverse transform can
be computed via

a(s) = (T © (%] 7

~ (VYo" o Y o) f(:)

£ Ry © Dy, (I © FE)VED 07 © Dy, ) ()

+ 3 R(Do,, © LYFL, © L) (D, @ VD 0)F())
=1

+ izg% (Do, , @ Dy, NFL, & FL ) (Du,., © Du, ) F()),
i=1 j=1

where f(:) := (W, ® W,)(W, ® W,)f(:). In our numerical implement, since 0 does not contribute
to the numerical result, we just need to compute O(n) entries of a(:) for the first three terms above.

Therefore, 2D inverse Jacobi polynomial transforms can also be evaluated via O((ry + ry)n) 1D
FFTs and O(rzry) 2D FFTs.

12



3.3 Three-dimensional transform and its inverse

In this section, we continue to extend our algorithm for 3D Jacobi polynomial transform and its

inverse. Analogously, we just discuss the transform for Py )( t) and the transform for Q(a W (t) is
similar. The notations in Section will be inherited here.

Given locations {x;}i=1,....n, {¥i}ti=1,..m, and {2; }i=1,..., in (0, 7), with no substantial difference,
the forward and inverse three-dimensional Jacobi polynomial transforms arise in the following
Jacobi expansion

Flxi i 2) ZZZ (k, 6,m) P () B (y) ) PP)(21),  for i, G,k =1,---,m,  (56)

h=1¢=1m=1

where a denotes a three-dimensional tensor containing expansion coefficients. The forward and
inverse transforms can be defined analogously to the three-dimensional case. When {z;}i=1 ... n,
{yi}ti=1,--m, and {z; }i=1.... , are all exactly the nodes of the trigonometric Gauss-Jacobi quadrature
rule, the corresponding transform is referred as the uniform transform. Otherwise, we refer the
corresponding transform as a non-uniform transform.

In the uniform transform, in order to take advantage of orthogonality, we consider the the tensor

product (ijéffgb ) © (W, j(a ) ) ® (Wyj,gf;’b)) that takes a(:) to (W, ©® W, ® W) f(:). Once the
related low-rank approximations,
b = ZuzfuTl, (57)
i=1

have been obtained, we have
(Wa ©Wy @ W2)f(:) = (Wa © W, © W2)(T15” © Tl © Ti%)a(:), (58)
where
(VACNOIVATRECIVARLIO)

~ a,b a,b a,b .
~([V7(w) O]Q[V(,y) 0] © V) o)a()

+ Z R(( O 010 Dy, )In © I © Fo ) (I, © I, © D, )a(:)

+Z&%<([V£?§” 0]® Dy,, © VS 0)(In ® Fry © L) (I © Dy, , ® I)a(:))

Ty 71z
+3 D TRUVED 0@ Dy, © D)o © Fay © F2)In © Dy, © Dy, ))a(:)

jzl k=1 (59)
+ Y R((Dy,, © VS 00 V) 0))(Fue © In © 1) (Dy,, © In © I)a(:))

i=1
+3 > R((Dy,; © VY 01© Du, ) (Fra © In © Fu2) (Do, ; © I © Dy ,))a(:)

7j=1 k=1

+ZZ% (Du,; @ Dy, © VS 0)(Frw © Fry © In) (D, ; © Dy, © In))ar(:)
7j=1k=1

+ ZZZ% Ug,i © Duy] © Duz k)(fnyx an,y Q‘Fnyz)(DU:cz © Dvyj © sz k) ( ))
i=1 j=1 k=1
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In numerical implement, since 0 does not contribute to numerical result, there are just O(n?)
entries of a(:) needed to be applied in the first seven terms above. Formula (59) indicates that 3D
uniform Jacobi polynomial transform can be evaluated via O((ry + r, + r,)n?) inverse FFTs,
O((rgry + ryry + ryrz)n) 2D inverse FFTs and O(rpryr.) inverse 3D FFTs, which results in
O(ryryr.n®log(n)) arithmetic operations and O(ryryr.n®) memories. Again, we would like to
emphasize that this algorithm also works for 3D non-uniform forward transform. There will be
numerical examples later to verify this.

The fast 3D inverse (uniform) Jacobi transform in the uniform case can be carried out in a
similar manner, since ijé?f;b), Wyjfg?gb) and szé?gb) are all orthonormal matrices. In fact, the
3D inverse transform can be computed via

(T4 @ gleb) o 7T f()
~ a,b T a,b T a,b TN 7/.
~ (V) of ot o o) o) f()

",z

+Y R((In © I © Dy, )T 0 L, @ FL)(VED o o s 0] © Dy, ) f()

n,y
i=1

Ty
+Y R(In © Dy, © L) (I, © Fr, @ L)V 0" ©D

i=1

oM 0N

Uy, i

'f‘y r
+3 > R((In© Dy, © Dy )In © FL, 0 FE)(VEY 0" © Dy, ; © D, ) f(2))
j=1k=1

+ Z §R((sz,i OF F%0; In)(}—r{m Oy F%0; In)(Duz,i © I:V;L[,léb) O]T © [Vg,léb) O]T)f())
=1
j=1k=1
re Ty

+ Z Z %((D/UCL‘_] © Dvy,k © In)(frz::c © ]:g,y © In)(Duz,] © Duy,k © [Vr(chéb) O]T)f())
j=1k=1

oM 0" © Dy, )f()

Uz, j

re Ty

T
+ Z Z Z %((D/UCL‘,’L @ Dvy,j @ sz,k)(fgl:(ﬂ @ ‘FT,IL-:y @ ‘FTJL—:Z)(DUCL‘,'L @ Duy,j @ Duz,k)f())
i=1 j=1 k=1

where f(:) = (W, @ W, ® W,)2f(:).

In our numerical implement, since 0 does not contribute to the summation above, we just
need to compute O(n?) entries of a(:) for the first seven terms above. Therefore, 3D inverse Jacobi
polynomial transform can also be evaluated via O((ry+ry+7.)n?) 1D FFTs, O((ryry+rer.+ryr.)n)
2D FFTs, and O(ryryr,) 3D FFTs.

4 Numerical results

This section presents several numerical examples to demonstrate the effectiveness of the algorithms
proposed above. Section [4.1] provides a comparison of the original method in [19] named as method
CHEB using ([#4) in Section BI] and our new method named as RS using (B0) in Section 31
to demonstrate the superiority of our new method. In Section 4.2l we apply our new method to
three examples corresponding to 1D, 2D, and 3D Jacobi polynomial transforms with parameters
a = b = 0.25, respectively. All implementations are in MATLAB® on a server computer with 28
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Figure 1: Numerical results for the comparison of the CHEB and RS method for 3D forward
uniform transform. Top: the factorization and application time from left to right, respectively.
Bottom left and right: the numerical ranks of the low-rank matrices provided by CHEB and RS,
and the relative errors of the fast matvec compared to the exact summation.
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Figure 2: Numerical accuracy of the CHEB and RS algorithms for 1D forward uniform transform
when a and b are assigned as 0.6, 0.7, 0.8, and 0.9, respectively.
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Figure 3: Numerical results for the 2D uniform forward transform (the first row), the 2D uniform
inverse transform (the second row), and the 2D nonuniform forward transform. The running time
in second, the numerical rank of the low-rank matrix in (52)), and the relative error of the fast
algorithm compared to the exact summation are visualized from left to right columns.

processors and 2.6 GHz CPU. We have made our code, including that for all of the experiments
described here, available on GitLab at the following address:

https://gitlab.com/FastOrthPolynomial/Jacobi.git

In our numerical results, N denotes the number of grid points per dimension; “fac” and “app”
stand for the factorization time for setting up the algorithm and the application time for applying
the algorithm, respectively; “relerr” means the relative error of the fast matvec. The rank parameter
r and the accuracy parameter € in all low-rank factorization algorithms are set to [2logy(N)]| and
le — 8, respectively, where [-] is the ceiling function. To make fair comparisons, the oversampling
parameter ¢ in Algorithm 2] for the RS method is set such that ¢ x r is approximately equal to
the number of piecewise Chebyshev grids in (80]) used in the CHEB method. We perform the same
experiment 10 times and summarize the average statistics in the following figures.
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Figure 4: Numerical results for the 3D uniform forward transform (the first row), the 3D uniform
inverse transform (the second row), and the 3D nonuniform forward transform. The running time
in second, the numerical rank of the low-rank matrix in (57]), and the relative error of the fast
algorithm compared to the exact summation are visualized from left to right columns.

4.1 Comparison of CHEB and RS methods

4.1.1 Comparisons in the three-dimensional case for ¢ and b in (—%, %)
First, we provide performance comparisons of the CHEB algorithm and the RS algorithm in the
three-dimensional case with a = b = 0.25 to demonstrate that the RS is more efficient than the
CHEB algorithm. In the one and two-dimensional cases, RS is also faster than CHEB but the
speed-up is less obvious.

As we can see from the results summarized in Figure[I] the RS method provides a more compact
matrix compression while keeping the compression accuracy competitive to that of the CHEB
algorithm. The more compact compression results in faster set-up and application time for the
Jacobi transform for all problem sizes.
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4.1.2 Comparisons in the one-dimensional case for a and b in (—1,1)\ (-3, 1)

Second, we provide comparisons of the CHEB and RS algorithms when a and b are assigned as 0.6,
0.7, 0.8, and 0.9 in the range (—1,1) \ (—%, %), which is the range of a and b that has not been
explored in [I9]. Since the case when a and b are negative is similar to the case when a and b are
positive, we only show the results for positive @ and b. The numerical results are summarized in
Figure 2l and they show that both CHEB and RS achieve desired accuracy when a and b are not
close to 1; RS works but CHEB fails when a and b are close to 1. Hence, the newly proposed RS
algorithm works in a larger range of a and b than the CHEB method in [19].

4.2 Performance of fast multi-dimensional transforms

Finally, we will present examples for two and three-dimensional Jacobi polynomial transforms using
the RS algorithm. In either the two or three-dimensional case, there are numerical results for one
uniform forward transform, one uniform inverse transform, and one nonuniform forward transform.
a and b are all set to 0.25 in these examples.

Figure Bl and Ml summarize the numerical results in 2D and 3D, respectively. In cases, no matter
forward or inverse transform, uniform or nonuniform transform, 2D or 3D, the factorization and
application time of our algorithm scale like O(N%log N) or O(N?log? N), where d is the dimension.
The numerical rank gradually increases like O(log N) as the problem size increases. The relative
error of the fast algorithm is in line with the desired accuracy in the low-rank factorization.

5 Conclusion

This paper proposed a fast algorithm for multi-dimensional Jacobi polynomial transforms based
on the observation that the solution of Jacobi’s differential equation can be represented via non-
oscillatory phase and amplitude functions. In particular, the transformation matrix corresponding
to the discrete transform is a Hadamard product of a numerically low-rank matrix and a multi-
dimensional discrete Fourier transform matrix. After constructing a low-rank approximation to the
numerical low-rank matrix, the application of the Hadamard product can be carried out via O(1)
fast Fourier transforms, resulting in a nearly optimal algorithm to compute the multi-dimensional
Jacobi polynomial transform.

We proposed to apply the randomized SVD to construct low-rank factorizations, resulting in
a faster Jacobi transform in high-dimensional spaces. Moreover, numerical experiments show that
the new fast transform works for a larger class of Jacobi polynomials with parameter a and b in
the interval (—1,1) than the one-dimensional algorithm in [19].

For other values of a and b outside (—1, 1), the Jacobi transformation matrix is no longer purely
oscillatory and hence the proposed method is not applicable. We will tackle this issue in the future
via hierarchically dividing the transformation matrix into sub-matrices that are either purely non-
oscillatory, which can be handled by fast low-rank factorization, or purely oscillatory, which can be
applied via the fast algorithm in this paper.

The fast inverse in the nonuniform case is still an open problem. It involves a highly ill-
conditioned linear system of equations. We are working on an efficient preconditioner for this
linear system and will summarize our work in a separate paper.

Acknowledgments. H. Yang thanks the support of the start-up grant by the Department of
Mathematics at the National University of Singapore.
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