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Abstract

Recently it has been established that asymptotic incoherence can be used to facilitate subsampling, in
order to optimize reconstruction quality, in a variety of continuous compressed sensing problems, and the
coherence structure of certain one-dimensional Fourier sampling problems was determined. This paper
extends the analysis of asymptotic incoherence to cover multidimensional reconstruction problems. It is
shown that Fourier sampling and separable wavelet sparsity in any dimension can yield the same optimal
asymptotic incoherence as in one dimensional case. Moreover in two dimensions the coherence structure
is compatible with many standard two dimensional sampling schemes that are currently in use. However,
in higher dimensional problems with poor wavelet smoothness we demonstrate that there are considerable
restrictions on how one can subsample from the Fourier basis with optimal incoherence. This can be
remedied by using a sufficiently smooth generating wavelet. It is also shown that using tensor bases will
always provide suboptimal decay marred by problems associated with dimensionality. The impact of
asymptotic incoherence on the ability to subsample is demonstrated with some simple two dimensional
numerical experiments.

1 Introduction

Exploiting additional structure has always been central to the success of compressed sensing, ever since it
was introduced by Candes, Romberg & Tao [9] and Donoho [15]. Sparsity and incoherence has allowed
us to recover signals and images from uniformly subsampled measurements. Recently [2] the notions of
asymptotic sparsity in levels and asymptotic incoherence were introduced to provide enough flexibility to
recover signals in a larger variety of inverse problems using subsampling in levels. The key is that optimal
subsampling strategies will depend both on the signal structure (asymptotic sparsity) and the asymptotic
incoherence structure.

There is a wide variety of problems that lack incoherence, a fact that has been widely recognized [2,
6,10, 11, 24, 25,27, 33-36, 40], however, they instead posses asymptotic incoherence. Examples include
Magnetic Resonance Imaging (MRI) [17,31], X-ray Computed Tomography [12,37], Electron Tomography
[28,29], Fluorescence microscopy [38,39] and Surface scattering [22], to name a few. This phenomena often
originates from the inverse problems being based upon integral transforms, for example, reconstructing a
function f from pointwise evaluations of its Fourier transform. In compressed sensing, such a transform is
combined with an appropriate sparsifying transformation associated to a basis or frame, giving rise to an
infinite measurement matrix U. The ‘coherence’ of U € CY*N or U’ € CN*¥ is defined by

u(U) = sup |Uyl?, uw(U') = max |ULP.
4,7EN 3,5=1,....N

Small coherence is refered to as ‘incoherence’. Asymptotic incoherence is the phenomena of when
w(PyU),m(UPx) =0, N — oo, (1.1)

where P5: denotes the projection onto the indices N + 1, N + 2, .... As a general rule, the faster asymp-
totic incoherence decays the more we are able to subsample (see (1.5)). The study of more precise notions
of coherence has also been considered for the one and two dimensional discrete Fourier sampling, sepa-
rable Haar sparsity problems in [25]. This paper focuses on studying the structure of (1.1) in continuous
multidimensional inverse problems and the impact this has on the ability to effectively subsample.
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Figure 1: Fourier - Separable Haar Cases: Incoherence Structures in Different Dimensions. In (b), the coherences are calculated by
taking the maxima over the columns in (a), demonstrating decay that scales with frequency. In 2D this decay roughly matches that
of the norm of the frequency as seen in (c). However in 3D there are hyperbolic spikes around the coordinate axes that lead to poor
incoherence decay (see (d)) when using sampling patterns with rotational invariance or linear scaling. In the black and white plots,
white indicates larger absolute value.

In previous work [21], the structure of incoherence was analyzed as a general problem and theoretical
limits on how fast it can decay over all such inverse problems were established. Furthermore, the notion
of optimal decay was introduced, which describes the fastest asymptotic incoherence decay possible for a
given inverse problem. The notion of an optimal ordering was also introduced, which acted as a set of
instructions on how to actually attain this optimal incoherence decay rate by ordering the sampling basis.
Optimal decay rates and optimal orderings were determined for the one-dimensional Fourier-wavelet and
Fourier-polynomial cases and the former was found to attain the theoretically optimal incoherence decay
rate of N~1. By ‘optimal’ here we mean in the sense of over all inverse problems that has U an isometry.
Furthermore, it is the fastest decay as a power of IN. This paper extends the basic findings in [21] to general
d-dimensional problems.

The optimal orderings in these one dimensional cases matched the leveled schemes that were already
used for subsampling. For example, when sampling from the 1D Fourier basis, the sampling levels are
usually ordered according to increasing frequency. In multiple dimensions there is no such consensus, instead
many different sampling patterns are used, especially when it comes to 2D sampling patterns where radial
lines [13], spirals [20] or other k-space trajectories are used. There are also a variety of other sampling
techniques used in even higher dimensional (3-10D) problems, such as in the field of NMR spectroscopy [5].



If one desires to exploit asymptotic incoherence to its fullest it must be understood whether the coherence
structure is consistent with the sampling pattern that one intends to use.

This paper determines optimal orderings for the case of Fourier sampling and (separable) wavelet sparsity
in any dimension. It is shown that the optimal decay is always that of the one-dimensional case, and moreover
in two dimensions the optimal orderings are compatible with the structure of the 2D sampling patterns
mentioned above. However, in higher dimensions problems with poor wavelet smoothness, such as the three
dimensional separable Haar case, the class of optimal orderings' are no longer rotationally invariant (as in
Figure 1), hindering the ability to subsample with traditional sampling schemes. It is also shown that using
a pair of tensor bases in general leads to a best possible incoherence decay that is always anisotropic and
suboptimal.

We should mention here that for many inverse problems in higher dimensions, using separable wavelets
as a reconstruction basis fairs poorly against other bases such as shearlets [26] and curvelets [7] for approx-
imating images with curve-like features. However, it is not our goal to focus on a particular reconstruction
basis in this paper, instead we wish to demonstrate how the incoherence structure can vary for different bases
and the impact this has on its application in compressed sensing problems, for good or for worse.

1.1 Setup & Key Concepts : Incoherence, Sparsity & Orderings

Throughout this paper we shall work in an infinite dimensional separable Hilbert space H, typically H =
LZ(Rd), with two closed infinite dimensional subspaces V7, Vo spanned by orthonormal bases By, By re-
spectively,

Vi = Span{f € B}, Vo = Span{f € By}.

We call (By, B2) a ‘basis pair’. If we are to form the change of basis matrix U = (U, ;)i jen We must list
the two bases, which leads to following definitions:

Definition 1.1 (Ordering). Let S be a set. Say that a function p : N — S is an ‘ordering’ of S if it is
bijective.

Definition 1.2 (Change of Basis Matrix). For a basis pair (B1, By), with corresponding orderings p : N —
By and 7 : N — Bs, form a matrix U by the equation

Um.n = (T(n), p(m)). (1.2)
Whenever a matrix U is formed in this way we write ‘U := [(By, p), (B2, T)]".

Standard compressed sensing theory says that if # € C¥ is s-sparse, i.e.  has at most s nonzero
components, then, with probability exceeding 1 — €, x is the unique minimiser to the problem

min ||n|jx  subjectto PoUn = PoUx,
necyN

where Py, is the projection onto span{e; : j € Q}, {e;} is the canonical basis, 2 is chosen uniformly at
random with |Q2| = m and
m>C-u(U)-N-s-log(e ) -log(N), (1.3)

for some universal constant C' > 0 (see [8] and [1]). In [2] a new theory of compressed sensing was
introduced based on the following three key concepts:

Definition 1.3 (Sparsity in Levels). Let = be an element of either CN or I12(N). Forr € Nlet M =
(My,...,M,) e N"with1 < M; < ... < M, ands = (s1,...,8,) € N, with s, < My — My_1,
k=1,...,r, where My = 0. We say that x is (s, M)-sparse if, foreach k = 1,...,r,

Ay :=supp(z) N {My_1+1,..., M},

satisfies |Ay| < sy. We denote the set of (s, M)-sparse vectors by g m.

! Technically we mean strongly optimal here (see Definition 1.8).



Definition 1.4 (Multi-level sampling scheme). Letr € N, N = (Ny,...,N,.) e N with1 < Ny < ... <
Ny, m=(my,...,m,) € N, withmy < N, — Ny_1, k = 1,...,r, and suppose that

Qp C{Nk_1+1,.... N}, Q| =mp, k=1,...,m
are chosen uniformly at random, where Ny = 0. We refer to the set
Q=0Nm =0 U...UQ,
as an (N, m)-multilevel sampling scheme.

Definition 1.5 (Local coherence). Let U be an isometry of either CV or I*(N). If N = (Ny,...,N,) € N"
and M = (My,...,M,) € N with1 < Ny < ...N,and1 < My < ... < M, the (k,1)*" local coherence
of U with respect to N and M is given by

(k1) = \/u Py UUPYTY) - u(PRIU), k=1, (1.4)

k
where Ng = My = 0 and P denotes the projection matrix corresponding to indices {a + 1, ...,b}.

The paper [2] provided the following estimate (with C' > 0 a universal constant) regarding the local
number of measurements 7y in the £ level in order to obtain a good reconstruction with probability
>1—e

mpg
S 0 log( (k1) -5 ) - log(N), k=1,...,r 15
N. - Np, g(e (ZMNM ) g (V) (1.5)

In particular, the sampling strategy (i.e. the parameters N and m) is now determined through the local
sparsities and coherences. Since the local coherence (1.4) is rather difficult to analyze in its current form, we
bound it above by the following:

(k1) \/u VU Py ) - u(PyTU) (1.6)
< ¢min<u<PN:*U>,u(UPﬁiH)) (P D) (a7
< \Jmin(u(Pg,_U), (U P, ) - u(Ps, _,U) (1.8)

It is arguably (1.8) rather than (1.7) that is the roughest bound here, however we shall see that this becomes
effectively an equality in what follows. The crucial improvement of (1.8) over (1.6) is that it is completely
in terms of the asymptotic incoherences p(PxU), (U P5:), which depend only on the orderings of By, Bs
respectively, rather than both of them. Furthermore, we can treat the two problems of maximizing the decay
of u(PxU), u(U Pg;) separately and then combine the two resulting orderings together at the end.

Next we describe how one determines the fastest decay of y(PxU). In [21] this was done via the notion
of optimality up to constants:

Definition 1.6 (Optimal Orderings). Let p1,p2 : N — By be any two orderings of a basis B1 and T any
ordering of a basis Ba. Let Uy = [(B1,p1), (B2, 7)], Uz := [(B1,p2),(Be,7)] as in (1.2). Also let
Qn = Px_,. If there is a constant C' > 0 such that

then we write p1 < ps and say that ‘py has a faster decay rate than ps for the basis pair (B1, Bs)’. p1 is said
to be an ‘optimal ordering of (B1, Ba)’ if p1 < pa for all other orderings ps of By. The relation <, defined
on the set of orderings of By, is independent of the ordering T since the values of p(QnU1), p(QnUs) are
invariant under permuation of the columns of Uy, U,.

It was shown in [21] that optimal orderings always exist. Optimal orderings are used to give us the
optimal decay rate:



Definition 1.7 (Optimal Decay Rate). Let f,g : N — R be decreasing functions. We write f < g to mean
there is a constant C' > 0 such that

f(N)<C-g(N), VNEeN.

Ifboth f < gand g S f holds, we write ‘f ~ g’. Now suppose that p : N — B is an optimal ordering for
the basis pair (By, Ba) and we let U = [(B1, p), (B2, T)] be a corresponding incoherence matrix (with some
ordering T of Bs). Then any decreasing function f : N — R which satisfies | ~ g, where g is defined by
g(N) = p(QnNU), VN €N, is said to ‘represent the optimal decay rate’ of the basis pair (By, Bs).

Notice that the optimal decay rate is unique up to the equivalence relation ~ defined on the set of de-
creasing functions f : N — R .
We also have a stronger notion of optimality, which gives us finer details on the exact decay:

Definition 1.8 (Strong Optimality). Let U = [(By, p), (Ba, 7)] and 7y denote the projection onto the single
index N. If f represents the optimal decay rate of the basis pair (B1, Bs) then p is said to be ‘strongly
optimal’ if the function g(N) := u(wnU) satisfies f = g.

Estimates in terms of the row incoherence (7 nU) have used before in [25], where it was called the
‘local coherence’. If p is a strongly optimal ordering, U = [(By, p), (B2, 7)] and f represents the optimal
decay of (Bj, Bs) then

WQNU) < Cy - F(N) < Cy - planU) < Co - u(PY-FME), N M €N,

for some constants C1(p), Ca2(p) > 0, which can then be used to show the < in (1.8) can be replaced by ~.
We shall introduce the Fourier basis here as it is used in all of the examples discussed in this paper:

Definition 1.9 (Fourier Basis). If we define
Xk(x) = ﬁexp(%riekx) ’ 1[(725)*1,(25)*1](37)’ ke Z,

then the (xx)kez form a basis* Bg(e) of L?([—(2¢)71, (2¢)7]) . We can form a d-dimensional basis of
L2([—(2¢)71, (2¢) 1)) by taking tensor products (see Section 5)

d
xe i =QQxk,, kel
j=1

and setting B (e) = {xx : k € Z%}. It shall be convenient to identify B (¢) with Z% using the function

B =7 Nalxr) = AOky), oo Mxhy)) = (K1, o k) = k. (1.9)

2 Main Results

It turns out that the task of determining the asymptotic incoherence for general d-dimensional cases is sub-
stantially more difficult and subtle than the 1-dimensional problems. However, we are able to present sharp
results on the decay as well as optimal orderings of the bases. The main results can be broken down into
two groups: one for tensor cases in general and one for the Fourier-Separable wavelet case. In what follows
d € N denotes dimension.

2.0.1 Fourier to Tensor Wavelets

Theorem 2.1. Let BE be a tensor wavelet basis. The optimal decay rate of both (B¢, BL) and (BZ, BE) is
represented by f(N) = log® ' (N)- N1,

This theorem is a user friendly and easy-to-read restatement of Theorem 5.10. The latter theorem contains
the more subtle and technical statements of the results.

2The little f here stands for ‘Fourier’.



2.0.2 Fourier to Legendre polynomials

Theorem 2.2. Let Bg be a (tensor) Legendre polynomial basis. The optimal decay rate of both (B¢, Bg)
and (Bg, Bf-l) is represented by f(N) = (10g(d’1)(N) ,N_1)2/3'

This theorem is a restatement of Theorem 5.11 for the purpose of an easy-to-read exposition. The addi-
tional logarithmic factors in the tensor cases here demonstrates the typical problems associated with dimen-
sionality. In general the optimal orderings for all tensor problems are constructed using the hyperbolic cross
on the original one-dimensional optimal orderings.

2.0.3 Fourier to Separable Wavelets

d

The definition of a separable wavelet basis Bg,

summarized below:

is provided in Section 6. The main results on these cases are

Theorem 2.3. Consider the Fourier basis de and the wavelets basis B . Then the following is true.

sep*

(i) The optimal decay rate of (BY

sep?

B{) is represented by f(N) = N~'. The optimal decay rate of

(Bsdep7 Bg) is obtained by using an ordering T that is consistent with the wavelet levels (see definitions

3.4 and 4.2) and this ordering is strongly optimal.

(i) In 2D (d = 2) the optimal decay rate of (B, Bfep) is represented by f(N) = N~ This optimal
decay rate is obtained by using an ordering p OfBg that satisfies, for some constants C1,Cy > 0 and
some norm || - || on RY,

max(|[Aa(p(N))|,1) ~ N4~ NeN. 2.1)

In fact p is strongly optimal in 2D if and only if (2.1) holds.

(iii) In higher dimensions (d > 3) the optimal decay rate of (B, Bflep) is still represented by f(N) = N~1.
However the optimal ordering used to obtain this decay rate is dependent on the wavelet used to

generate the basis Bsdl,[,.

Part (i) is the subject of Section 6.1 and is proven in Corollary 6.5. Part (ii), tackled in Section 6.2, is the
same as Corollary 6.15. Part (iii), covered in Section 6.5, is proven in Theorem 6.22.

An ordering satisfying (2.1) is called a ‘linear ordering’. The class of linear orderings are rotation in-
variant and compatible with sampling schemes based on linearly scaling a fixed shape from the origin (see
Section 6.3).

Optimal orderings in the case of high dimensions and poor wavelet smoothness can be found by inter-
polating between the case of (2.1) and the hyperbolic cross, which generates semi-hyperbolic orderings (see
Definition 6.20). If the wavelet is sufficiently smooth relative to the dimension then linear orderings are
optimal. It is also shown that if a linear ordering is optimal then the wavelet used must have some degree of
smoothness proportional to the dimension; in 3D it is CY,5Ditis C', 7D it is C?, etc. (see Section 6.6).

The differences between the two incoherence structures of the Fourier-Tensor wavelet and Fourier-
Separable wavelet cases are tested in 2D in Section 7.

2.1 Outline for the Remainder

Some key tools that we use to find optimal orderings are given in Section 3. Those familiar with [21] can
skip the majority of this section except for the concept of characterization. We then cover the general tensor
case and introduce hyperbolic orderings in Section 5 and prove Theorem 2.1 and Theorem 2.2. In Section 6
we discuss the separable cases, first covering how to optimally order the wavelet basis before quickly moving
on to the central problem of finding optimal orderings of the Fourier basis. Linear orderings are introduced
first, then we justify the need for semihyperbolic orderings. Finally we move onto some simple compressed
sensing experiments, one demonstrating the benefits of multilevel subsampling and one showing the impact
of differing incoherence structures between the 2D tensor and separable cases.



3 Tools for Finding Optimal Orderings & Theoretical Limits on Op-
timal Decay
The first tool is perhaps the most important, as it is a very easy way to identify a strongly optimal ordering:

Lemma 3.1. 1): Let (By, Bs) be a basis pair and T any ordering of By. Furthermore, let By have an
ordering p1 : N — By, and define Uy := [(B1,p1),(Ba,T)]. Suppose that that there is a decreasing
function f1 : N — R~ such that

J1(N) < p(rnUy), VYN € N.
Then if p2 : N — By is an ordering, Uy = [(B1, p2), (B2, 7)] and f2 : N — Ry is a function with

w(QnUs2) < f2(N), VN €N,

then f1(N) < fo(N) for every N € N.
2): Let p be an ordering of By with U := [(B1,p), (B2, 7)) and f : N — R>¢ be a decreasing function
with f(N) — 0as N — oo. If, for some constants C1,Cy > 0, we have

Cif(N) < u(nyU) < Caf(N),  VNEN, (3.1)
then p is a strongly optimal ordering and f is a representative of the optimal decay rate.
Proof. See Lemma 2.11 in [21]. O]

Definition 3.2 (Best ordering). Let (B1, Bs) be a basis pair. Then any ordering p : N — By is said
to be a ‘best ordering’ if for any ordering T of By and U = [(By, p), (Ba, T)] we have that the function
g(N) = u(mnU) is decreasing.

Notice that any best ordering is also a strongly optimal ordering. We shall need the notion of a best
ordering briefly to prove Lemma 3.6.

Lemma 3.3. Suppose that we have a basis pair (B1, Ba) with two orderings p : N — By, 7 : N — By of
By, By respectively. If U = [(Bu, p), (B2, 7)] satisfies

wryU) =0 as N — oo,

then a best ordering exists.
Proof. See Lemma 2.10 in [21]. O

Throughout this paper we would like to define an ordering according to a particular property of the basis
but this property may not be enough to specify a unique ordering. To deal with this issue we introduce the
notion of consistency:

Definition 3.4 (Consistent ordering). Let F' : S — R where S is a set. We say that an ordering p : N — S
is ‘consistent with F’ if

F(fy<F(g) = p f)<p g, Vfges.

The notion of consistency becomes important if we want to convert bounds on the coherence into optimal
orderings:

Definition 3.5.  1.) Suppose F' : S — Ry satisfies |[{z € S : 1/F(z) < K}| < oo forall K > 0,
o : N — S is consistent with 1/F and F(c(N)) — 0 as N — oo. Then any decreasing function
f N —= Rygsuchthat f ~ F o o is said to ‘represent the fastest decay of F".

2.) Suppose (B, B) is a basis pair and v : S — Bj a bijection. If there exists a function F : S — R
and a constant C1 > 0 such that

sup \(L(s),g)\Z <Ci-F(s), VseS, (3.2)
geB>



then F' is said to ‘dominate the optimal decay of (B1, Bs)’. If the inequality is reversed we say F is
‘dominated by the optimal decay of (By, B2)’. Furthermore, if there is a constant Co > 0 such that

Cy- F(s) < sup |[(t(s),9)> < Cy - F(s), Vse€S, (3.3)
g€B2

then F is said to ‘characterize the optimal decay of (B, B)’.

Lemma 3.6. 1): Suppose f is a representative of the optimal decay rate for the basis pair (B1, Bs),
t: 8 — By is a bijection, F : S — R dominates the optimal decay of (B1, Bs), 0 : N — S is consistent
with1/F and U = [(Bi1,t00),(Ba,T)| . Then if g represents the fastest decay of F then f,u(n.U) < g.
2): If F is instead is dominated by the optimal decay of (B1, Bs) then f, u(n.U) 2 g.
3): If F now characterizes the optimal decay of (B1, Bs) then f,u(w.U) ~ g and therefore p is a
strongly optimal ordering for the basis pair (By, Bo) if and only if F(:=! 0 p(+)) ~ g.

Proof. 1.) We may assume, without loss of generality, that g(IN) — 0 as N — oo else there is nothing to
prove as f(N), u(mnyU) are bounded functions of N. Therefore, a best ordering exists by Lemma 3.3. (3.2)
becomes (for C] > 0 a constant),

p(ryU) < Cy - F(o(N)) <Cp-g(N), VYN eN.

Since g is decreasing we have u(QnU) < C] - g(N) and therefore we can apply part 1) of Lemma 3.1 to
f1 = fand fy = g (using a best ordering as p; and py = ¢ o o) to deduce that f < g.
2.) (3.2) reversed becomes

w(ryU) > C - F(o(N)) > Cy-g(N), VN eN.

Therefore we can apply part 1) of Lemma 3.1 to f; = g and fo = f (using p; = ¢ o g, py an optimal
ordering) to deduce that f < g.
3.) Notice that if F' characterizes the optimal decay of (B, Bz) then (3.3) becomes

Cy-g(N) < Co-F(o(N)) < p(mnU) < Cy- F(o(N)) < Cp-g(N), VN €N,

and we can then apply part 2) of Lemma 3.1 to show f, u(w.U) = g. If we let U’ := [(B1, p), (B2, 7)] then
(3.3) becomes
Cy-F(t™ o p(N)) < u(rnU’) <C1-F(t™t o p(N)), VN €N,

and the result follows from Definition 1.8. O
Before moving on, we recall from [21] some results on the fastest optimal decay rate for a basis pair:

Theorem 3.7. Let U € B(I*(N)) be an isometry. Then Y 5, p(QnU) diverges.

Proof. See Theorem 2.14 in [21]. O]

Corollary 3.8. Let U € B(I?(N)) be any isometry. Then there does not exist an € > 0 such that
pQNU) = O(N9), N = .
It turns out that Theorem 3.7 cannot be improved without imposing additional conditions on U':

Lemma 3.9. Let f, g : N — R be any two strictly positive decreasing functions and suppose that )y, f(N)
diverges. Then there exists U € B(I?(N)) an isometry with

p(@nU) < f(N), pUQn) <g(N), NeN (3.4)
Proof. See Lemma 2.16 in [21]. O

If we restrict our decay function to be a power law, i.e. f(N) := CN~¢ for some constants o, C > 0
then the largest possible value of o > 0 such that (3.4) holds for an isometry U is a = 1. This gives us a
notion of the fastest optimal decay rate as a power of [NV over all pairs of bases where the span of By lies in
the span of B;.



4 One-dimensional Bases and Incoherence Results

Before we begin our review of the one-dimensional cases by quickly going the one-dimensional bases and
orderings that we shall be working with to construct multi-dimensional bases and orderings in Section 5.
4.1 Fourier Basis

We recall the one-dimensional Fourier basis B¢(€) = (xx)kez from Definition 1.9.

Definition 4.1 (Standard ordering). We define F; : By — NU{0} by Fi(x1) = |k| and say that an ordering
p : N = By is a ‘standard ordering’ if it is consistent with Fy (recall Definition 3.4).

4.2 Standard Wavelet Basis

Take a Daubechies wavelet ) and corresponding scaling function ¢ in L?(R) with

Supp(¢) = Supp(¢)) = [-p + 1, p].

We write 4 ‘ . ‘
$ik() =279 Px —k),  vx(x) =2z - k),
Vj = Span{¢; : k€ Z}, W;:=Span{v); : k € Z}.

With the above notation, (Vj) jez 1s the multiresolution analysis for ¢, and therefore

Vi C Vi, Visi=V; @ Wy, LQ(R): UvJv

Supp(¢sx) N (—=1,1) # 0,
Bw = (bJ,k:a Q/Jj,k : SuPP(¢g,k) N (_17 1) 7& (Z)a B (41)
JENj>J keZ

Let p be an ordering of B,,. Notice that since L*(R) = V; ® @~ ; W for all f € L*(R) with supp(f) C
[—1,1] we have

f= i cap(n) forsome (c,)nen € 2(N).
n=1

Definition 4.2 (Leveled ordering (standard wavelets)). Define Fy, : By, — R by

_ ja lf.fEWJ
)= {17 iffevy’

and say that any ordering 7 : N — By, is a ‘leveled ordering’ if it is consistent with F,.

Notice that Fy (¢;x) = j. We use the name “leveled” here since requiring an ordering to be leveled
means that you can order however you like within the individual wavelet levels themselves, as long as you
correctly order the sequence of wavelet levels according to scale.

Suppose that U = [(B¢(€), p), (Bw, 7)] for orderings p, 7. If we require U to be an isometry we must
impose the constraint (2¢)~* > 1 + 277+ (p — 1) otherwise the elements in B, do not lie in the span of
Bt (€). For convenience we rewrite this as € € 17, where

Iyp:=(0,(2+2772(p—1))7"].

34w’ here stands for ‘wavelet’.



4.3 Boundary Wavelet Basis

We now look at an alternative way of decomposing a function f € L?([—1,1]) in terms of a wavelet basis,
which involves using boundary wavelets [32, Section 7.5.3]. The basis functions all have support contained
within [—1,1], while still spanning L?[—1,1]. Furthermore, the new multiresolution analysis retains the
ability to reconstruct polynomials of order up to p — 1 from the corresponding original multiresolution
analysis. We shall not go into great detail here but we will outline the construction; we take, along with
a Daubechies wavelet ¢ and corresponding scaling function ¢ with Supp(¢) = Supp(¢) = [-p + 1, p],
boundary scaling functions and wavelets (using the same notation as in [32] except that we use [—1, 1] instead
of [0, 1] as our reconstruction interval)

left ¢r1ghl lefl qZ)rlght n=20,--- p— 1.
Like in the standard wavelet case we shift and scale these functions,
o () = 22920 (x + 1)), @18 () = 29/ 2¢HE(2 (z — 1)).

We are then able to construct nested spaces , (Vjim) > (W}"t) j>J for a fixed base level J > [log,(p)],

such that L2([—1,1]) = @, Vin i— Vi, vint, = V@ Wi with W™ the orthogonal complement of V™ in
V]‘j_‘l by defining

lefi right
Vlm Span je,rtm ¢J:gn : n = O7 RN RS 1
ojr Kk €Zst Supp(g;r) C (—1,1)

left right _
Wint = Span i Vi : n=0,p-d )
J Yk k€ Zst Supp(Yx) C (—1,1)

We then take the spanning elements of V" and the spanning elements of Wji.nl for every 5 > J to form
the basis By, (bw for "boundary wavelets’).

Definition 4.3 (Leveled ordering (boundary wavelets)). Define F, : By — R by the formula
i, iffewmn
Fo(f) = {7 TTEWE
-1, iffeVy

Then we say that an ordering T : N — By, of this basis is a ‘leveled ordering’ if it is consistent with Fy,.

4.4 Legendre Polynomial Basis

If ( n)neN denotes the standard Legendre polynomials on [—1, 1] (so p,(1) = 1 and py(z) = 1 for x €
[—1,1]) then the L?-normalised Legendre polynomials are defined by $,, = \/n — 1/2 - p,, and we write
By, := (pn)52; (the p here stands for “polynomial” ). By, is already ordered; call this the natural ordering .

4.5 Incoherence Results for One-dimensional Bases

Next we recall the one-dimensional incoherence results proved in [21], which shall be used to prove the
corresponding multi-dimensional tensor results in Section 5:

Theorem 4.4. Let p be a standard ordering of Bs(€) with € € I, T a leveled ordering of By, and U =
[(Bt(€), p), (Bw, T)]. Then we have, for some constants Cy,Co > 0 the decay

C C!
~ SHlanU), p(Uny) < 2. YN EN, (4.2)

The same conclusions also hold if the basis By, is replaced by B, and the conditione € I, bye € (0,1/2].

Theorem 4.5. Let p be a standard ordering of Bi(e) with € € (0,0.45], T a natural ordering of By, and
U = [(Bs(€), p), (Bp, T)]. Then we have, for some constants Cy, Co > 0 the decay

¢ Co
o5 S nlnU), p(Uny), < . WNEN. 43)
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5 Multidimensional Tensor Cases: Proof of Theorem 2.1 and Theo-
rem 2.2

In this section we prove Theorem 2.1 and Theorem 2.2. In fact, we state and prove their slightly more
involved generalisations: Theorems 5.10 and 5.11. We also provide examples of hyperbolic orderings.

5.1 General Estimates

Definition 5.1 (Tensor basis). Suppose that B is an orthonormal basis of some space T < L*(R) (i.e. T is
a subspace L*(R)) and we already have an ordering p : N — B. Define p® : N¢ — ®?:1 T < L*(R%) by

the formula (m € N%)
d d
2) = (@ r(my)) (@) = I plm
j=1

j=1

This gives a basis of ®;l:1 T < L?(RY) because of the formula

d
<Pd(m)7pd(”)>L2(Rd) = H(P(mj)vp("j»m(u@)- (5.1)
j=1
We call B := (p%(m))nena a ‘tensor basis’. The function p® is said to be the ‘d-dimensional indexing

induced by p’. Notice that p® is not an ordering unless d = 1.

Now suppose that we have two one-dimensional bases B, By with corresponding optimal orderings
p1, p2. Let p¢, pd be the d-dimensional indexings induced by py, po of the bases B{, B. What are optimal
orderings of the basis pair (B{, BY) and what is the resulting optimal decay rate? Some insight is given by
the following Lemma:

Lemma 5.2. Let (By, By) be a pair of bases with corresponding tensor bases B}, BS. Let py be a strongly
optimal ordering of By and p$ be the d-dimensional indexing induced by py. Finally, for some ordering T of
Bs, letU = (B, p1), (B2,7)] . Then if f represents the optimal decay rate corresponding to the basis pair
(B1, Ba) we have, for some constants Cy,Cq > 0,

d
Hcl- (ni) < sup [(pf(n), 9)I* = [] (mn,U U - f(ni), neN. (5.2)

gEBY i=1

Consequently, if we let 1 := p% then F(n) := H?Zl f(n;) characterizes the optimal decay of (B1, Bs).

Proof. Let ¢ denote the d-dimensional indexing induced by 7. Then by breaking the down the tensor
product into terms and using the bijectivity of 7¢ we have

sup |(p{(n), g)|> = sup |(p{(n), 7(m))|* = sup H\ p1(ni), 7(my))[?
geBY meNd meNd

d d
= Hilé%l%(m)ﬁ(m»? = HM(MU

Therefore (5.2) follows from applying the definition of a strongly optimal ordering to each term in the
product. O

Lemma 5.2 says that if we have a strongly optimal ordering for the basis pair (B;, B2) then we can
use Lemma 3.6 to find all strongly optimal orderings for the corresponding tensor basis pair (B¢, BY). In
particular, we have

Corollary 5.3. We use the framework of the previous Lemma. Let o : N — N be consistent with 1/ F. Then
an ordering p is strongly optimal for the basis pair (B¢, B) if and only if there are constants Cy,Co > 0
such that

CLF(a(N)) < F((pf) " 0 p(N)) < CoF(o(N)), N €N

11



Suppose that we have a strongly optimal ordering p; of B; such that the optimal decay rate is a power
of N, namely that f(n) = n~® for some o > 0, which is the case for the one dimensional examples
we covered in Section 4. The above Lemma tells us that to find the optimal decay rate we should take an
ordering o : N — N9 that is consistent with 1/F(n) := H‘j:l 1/f(n;) = Hle n$ which is equivalent to
being consistent with 1/F'/%(n) = H?Zl n;. This motivates the following:

Definition 5.4 (Corresponding to the hyperbolic cross). Define F; : N¢ — R by Fg(n) = H?zl n;. Then
we say a bijective function o : N — N¢ ‘corresponds to the hyperbolic cross’ if it is consistent with Fi;.

The name ‘hyperbolic cross’ originates from its use in approximation theory [3, 14]. We now claim that
if o corresponds to the hyperbolic cross and d > 2, then

d
(d—1)IN
N)jn~ — N — oo. :
Ea( )i v S Vo (5.3)

Next we proceed to prove this claim.

Definition 5.5. Ford € N let fy(x) = x1og? ' x be defined on [1,00). We define gq as the inverse function
of faon[l,00), and so g4 : [0,00) — [1,00). Furthermore, we define

he(z) i = ———— x € [1,00). (5.4)

Lemma 5.6. The following holds:
1) ga(z)/hg(x) =1 as x — oo.

2.) Let f(z) = zlog? ' & + xp(log(z)) + B with p a polynomial of degree at most d — 2, 3 € R and let §
be its inverse function defined for large x € R. Then we also have g(x)/h4(z) =1 as x — oo.

Proof. 1.) For notational convenience we shall prove the equivalent result

9a(x) log?1 (x)

—1 as x — oo.

By taking logarithms we change the problem from studying the asymptotics of a fraction to the asymptotics
of the difference

log(ga(x)) —log(hg(z)) = log(ga(z)) —logz + (d — 1) loglogz — 0 as x — oc. (5.5)

With this in mind we notice that the function log(g4) (defined on [0, 00)) is the inverse function of e4(x) :=
fa(exp(z)) = 29! exp = (defined on [0, ).
d—1
Notice that for x large we have e4(z — (d — 1)logz) = (w*(d;% exp(z) < exp(x) which

implies that © — (d — 1) log z < log(ga(exp(z))). Now if we let e > 0 then we deduce that

(x —(d—1)logz +€)d!
zd—1

eqd(x—(d—1)logz +€) = exp(x + €) > exp(z) for =z large.

This implies that © — (d — 1) log x + € > log(gq(exp(z))) for z large. We therefore conclude that for all x
sufficiently large we have

z — (d—1)logz <log(ga(exp(z))) <z — (d —1)logz + ¢,

from which (5.5) follows since € > 0 is arbitrary.
2.) Notice that by part 1. it suffices to show that §(x)/gqs(z) — 1 as z — oco. Again, we shall show
this by taking logarithms, reducing the proof to showing

log(g(z)) — log(ga(z)) = 0 as z — oo.
Notice that log(g(x)) is the inverse function, defined for large x, of

é(z) = flexp(x)) = 27" exp(x) + p(x) - exp() + B,

12



Then since
&(x) = 2" exp(z) + ((d — 1) - 272 + p/(x) + p(2)) - exp(z),
we can use the hypothesis that p is of a lower order than %! to show that for every ¢ > 0, there is an
L(e) > 0 such that for all z > L(e) we have € - é'(z — €) > |é(x) — eq(x)| = |p(z) - exp(z) + B|. We
therefore deduce from the mean value theorem that for x > exp(L(¢)) we have
é(log(ga(z)) — €) < ea(log(ga(x))) =z < é(log(ga(x)) + €)
= log(ga()) — € < log(g(z)) < log(ga(x)) + €,

where we applied log(g) to the inequality in the last step (this preserves the inequality since log(g) is an
increasing function of x for x large). O

Lemma 5.7. 1). Forevery d € N we have

N

Ry = ; %(log(]\f) —log(i))? = di - log ™' N + O(log? N) N — . (5.6)
2). Let S4(N) for d, N € N be defined by
d
Sy(N) = #{m eNt: J[mi < N}. (5.7)
=1

Then for every d € N, there exists polynomials p 2 Pd both of degree d — 1 with identical leading coeffi-
cient 1/(d — 1)! such that
Np, (10g(N)) < Sa(N) < Np,(log(N)). (5:8)

3). Ifwelet o : N — N? correspond to the hyperbolic cross then (5.3) holds.

Proof. 1). LetIy := [ 1N L(log(N) — log(x))* dz. Since the integrand is a decreasing function of x (with

N fixed) we find that by the Maclaurin integral test that 0 < Ry — Iy < logd(N ). This means that showing
(5.6) is equivalent to showing that

log™t' N + O(log® N).

[ 05(N) ~log(o) do = 5

Now, by expanding out the factors of the integrand and integrating (recall that the integral of ! logk T is

le-l . logk"'1 x) the integral becomes
1 /d
1 d+1 N) - -1 i'
o' (N)- 3 g ()1
Since H%l (Cll) = ﬁ (fj_'ll) we see that the sum simplifies to ﬁ and we are done.

2).  We use induction on the dimension d. The case d = 1 is immediate since p (z) = p;(z) = 1
satisfies inequality (5.8). Therefore suppose that inequality (5.8) holds for dimension d = k. We shall
extend the result to d = k + 1 using the equality:

Skr1(N) = i_vjsk( VZVJ ). (5.9)

This equality follows from rewriting the set defining Si 11 as the following disjoint union:

k+1 N k N
NF+L . i<N}: NF+L . =7 i <= ¢
{me il;[lm < H m € Mkt 1 ],Hm <5

j=1 i=1

Upper Bound: We may assume without loss of generality that p,, has all coefficients positive. Therefore,
by replacing L%J with % and using the upper bound in (5.8), we can upper bound equation (5.9) by

- g .m(bg (g)) < Nii - Dy, (log(N) — log(i)).
im1 i=1
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We can then get the required upper bound by applying part 1) of the lemma to each term in the polynomial;
for example the highest order term becomes

> 5

=1

N
—log" N+ CNlogt™' N, VN eN,

log( ) —log(i))* ! < i

for some constant C' > 0 sufficiently large. The other terms in p;, are handled similarly.
Lower Bound: Notice that without loss of generality we can assume all the coefficients of p, apart from
the leading coefficient are negative. Using the lower bound in (5.8), we can lower bound equation (5.9) by

im w(oe(| 7).

This means we can tackle the < k — 1 order terms in the same way as in the upper bound since we can
replace L%J with % (recall we have assumed these terms are negative). Now we are left with bounding the
highest order term:

5[] gt | 0= 30 2 e e () - s () s | 3

i=1
(5.10)
Therefore expanding out the binomial term, setting the sign of all terms except the first to be negative, and

noticing log (%) log ( L J ) < 1 for every ¢, N we get the lower bound

i VZVJ ﬁ log" (g) - i i WJ (ID (k —1 1)! log? (g)

i=1 ’ i=1 j=0

From here we can replace | £ | by ' for the right term, | 2| by & — 1 on the left term and use part 1) of
the lemma again to prove the lower bound.

3.) From the second part of the lemma we know that for some degree d — 1 polynomials P> Pa With
leading coefficient 1/(d — 1)! we have Np (log(NV)) < Sq(N) < Npy(log(IN)). Now notice that 1fm eN
then because of consistency we must have Sq(F(o(m)) — 1) < m since o must first list all the terms n in
N¢ with Fgr(n) < Fg(o(m)) — 1 before listing o(m). Likewise we must have m < Sq(Fg(o(m))) since
the Sy(F(o(m))) terms with Fir(n) < Fg(o(m)),n € N must be listed by o first, including m , before
any others. Consequently we deduce

(Fr(o(m)) = 1)p,(og(Fr(a(m)) — 1)) < m < Fu(o(m))pa(log(Fr (o (m)))). (5.11)
We now treat both sides separately. Looking at the LHS we get the estimate Fiy (o(m)) —1 < gq(m), where
ga(m) is the inverse function (defined for large m) of

fa(w) == ——=wlog’! (z) + (degree d — 2 poly)(log(z)),

1
(d—1)!

and so we may apply part 2. of Lemma 5.6 to deduce Fz(o(m)) < hq((d — 1)lm) - (1 4 €(m)), where
e(m) — 0 as m — oo. The right hand side is handled similarly to get the same asymptotic lower bound
on Fy(o(m)), namely Fr(o(m)) > hqa((d — 1)!m) - (1 + €(m)), where e(m) — 0 as m — oo. Since

% — 1 as x — oo the proof is complete. [

(5.3) allows us to determine the optimal decay rate for when the optimal one dimensional decay rate is a
power of N.

Theorem 5.8. Returning to the framework of Corollary 5.3, if f(n) =n~%forn € N, F(n) = H?:l f(n)
forn € N and o : N — N? corresponds to the hyperbolic cross then

d -
= <H0(N)i> ~ ((d=1)! hg(N))™%, N — ooc. (5.12)
i=1
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Consequently h;™ is representative of the optimal decay rate for the basis pair (B{, B). Furthermore, an
ordering p is strongly optimal for the basis pair (B¢, B) if and only if there are constants Cy,Cy > 0 such
that

d
Cr-ha(N) < TT () 0 (V) < Caha(N), NeN. (5.13)

Proof. (5.12) follows immediately from (5.3). This implies that F' o 0 = hg“. The statement on the
optimal decay rate then follows from the characterization result from Lemma 5.2 applied to Lemma 3.6. The
statement on strongly optimal orderings follows from Corollary 5.3. O

Definition 5.9. Using the framework of Lemma 5.2, any ordering p : N — B{ such that (5.13) holds is
called a "hyperbolic’ ordering. with respect to py. Notice that by (5.12) that if o - N — N® corresponds to
the hyperbolic cross then p? o o is hyperbolic with respect to p;.

We now apply Theorem 5.8 to the one-dimensional cases we have already covered:

5.2 Fourier-Wavelet Case

Theorem 5.10. We use the setup of Lemma 5.2. Suppose By = Bg(€), By = By, for some fixed € € I, p1
is a standard ordering of By and T is a leveled ordering of By. Let Uy = [(B{, p), (BS, T)] where p,T is
hyperbolic with respect to p1,T1 respectively. Then we have, for some constants C1,Cy > 0,

Cylog™ (N +1)
N

Cylogé Y (N +1
1log” ) w(rnUa), p(Uarn) <

N eN. 5.14
N < ) € (5.14)

The above also holds if the basis By, is replaced by By, and the condition € € 15, by e € (0,1/2].

Proof. Inequality (5.14) follows from applying Theorem 4.2 to Theorem 5.8. O

5.3 Fourier-Polynomial Case

Theorem 5.11. We use the setup of Lemma 5.2. Suppose By = Bs(¢€), By = By, for some fixed € € (0,0.45],
p1 is a standard ordering of the Fourier basis and 11 is the natural ordering of the polynomial basis. Let
Uq = [(B{,p), (B4, 7)] where p, T is hyperbolic with respect to py, T, respectively. Then we have, for some
constants C1,Cy > 0, that

Ci(log" (N +1))*/3
N2/3

Cy(log™ (N + 1))%/3

o7 ., NeN. (5.15)

< pu(rnUa), w(Uarn) <

Proof. Inequality (5.15) follows from applying Theorem 4.3 to Proposition 5.8. O

5.4 Examples of Hyperbolic Orderings

The generalisation introduced by Definition 5.9, apart from allowing us to characterise all orderings that
are strongly optimal, may seem to fulfil little other purpose. However, as we shall see in this section, this
definition admits orderings which in specific cases are very natural and appear a little less abstract than an
ordering derived from the hyperbolic cross.

Example 5.12. (Hyperbolic Cross in Z.%) Our first example is unremarkable but nonetheless important. In d
dimensions, take B‘f = Bg as a d-dimensional tensor Fourier basis. Recall we can identify this basis with
72 using the function \y. Suppose that we define a function Hy : Z¢ — R by

d
Hy(m) = [ [ [ max(|m;|, 1)], (5.16)
=1

and say that a bijective function o : N — 7% ‘corresponds to the hyperbolic cross in Z%’ if it is consistent
with H ;. Figure 2 shows the first few contour lines of H g in two dimensions. With this definition we can then
prove the analogous result of Lemma 5.7:
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Figure 2: Hyperbolic Fourier Ordering in Two Dimensions: A Contour Plot of Ho

Lemma 5.13. Let 0 : N — Z< correspond to the hyperbolic cross and let hq be as in (5.3). Then we have

(d—1)!
2d

~hqg(m) as m — co. (5.17)

d
HlmaX(IU(m)z’\vl)\ ~

Moreover; if py is a standard ordering of By and o : N — Z% corresponds to the hyperbolic cross. Then
)\;1 o ¢ is a hyperbolic ordering with respect to p;.

Proof. Let Ry(n) denote the number of lattice points in the hyperbolic cross of size n in Z¢, namely

d
Ra(n) := #{m € 2" : [ [ max(|m;|, 1) < n}.

i=1

Call the set in the above definition 7 4(n). If we remove the hyperplanes {m; = 0} for every ¢ from Hq(n),
we are left with 2¢ quadrants in Z¢ which are congruent to set in equation (5.7). From the second part of
Lemma 5.7 we therefore have

Rq(n) > 2%np (log(n)).

Next notice that the intersection of #4(n) with each hyperplane {m; = 0} can be identified with H4_1(n)
and so we also have the upper bound

Ra(n) < 2%np,(log(n)) +d-Rg_1(n) = Ra(n) < nrg(log(n)),

for some degree d — 1 polynomial 75 with leading coefficient (d%)!. Combining the upper and lower bounds

we see that for some polynomials r;, 74 of degree d — 1 with leading coefficient @12—7111)! we have
nrq(log(n)) < Ra(n) < nrq(log(n)).
Therefore for m € N since
Ra(Ha(o(m)) —1) <m < Ray(Ha(o(m))),
we have
(Ha(o(m)) = 1)ry(log(Ha(o(m)) — 1)) < m < Hy(o(m))Ta(log(Ha(o(m)))).

Consequently we can apply Lemma 5.6 to both sides to derive (5.17) like in the proof of Lemma 5.7. For
the last part of the Lemma notice that since p; is a standard ordering then max(|A\; o p1(N)], 1) &~ N. This
means that the bounds on u(7nyU) in Theorem 4.4 can be rephrased as (for some constants C, Co > 0)
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C1 - (max(|nf,1))7" < Sup (AT (), 9)]* < Cz - (max(|n], 1))}, neZ,
g€Byw

and by Lemma 5.2 this extends to the dD tensor case:

d d
Ct - [ [(max(lnil, 1) < sup |07 (), 9} < CF - [[(max(nif, )7, nez. (5.18)
geBY

i=1 =1

This describes a characterization of the optimal decay of (B (¢), B). Lemma 3.6 tells us that A" o o is
strongly optimal for (B¢ (e), BZ), which by Theorem 5.8 is hyperbolic with respect to p;. O

Example 5.14. (Tensor Wavelet Ordering) Now we look at an example of a less obvious hyperbolic ordering.
We first introduce some notation to describe a tensor wavelet basis: For j € N, k € Z let gi)?, k= Ok, gi)}, k=

¥ k. Now for s € {0,1}2, j € N, k € Z% define

d
= Q9
i=1
Then it follows that for J € N fixed, we have

Supp(¢3! ) N (=1,1) #0 Vi,
By =% Wi si=0=ji=J si=1=j2>J ;, (5.19)
jeN s€{0,1}4, ke 7

The same approach can be applied to the boundary wavelet basis By, to generate a boundary tensor wavelet
basis B, although we must include the extra boundary terms, which can be done by letting s € {0, 1,2, 3}¢

bw’
where ¢3,n would be a boundary scaling function term and ¢3°?,n a boundary wavelet term.

Lemma 5.15. Let p; be any leveled ordering of a one-dimensional Haar wavelet basis BS. Setting j =
Zle ji define Fyy, : BL — R by the formula

F(f)=J if f=9,
Then any ordering p : N — B that is consistent with Fyy,p is a hyperbolic ordering with respect to p.

Remark 5.16. Such an ordering p is used to implement a tensor wavelet basis in Section 7.

Remark 5.17. For the sake of simplicity we only work with the Haar wavelet case, although we could cover
the boundary wavelet case with the same argument.

Proof. By recalling inequality (3.10) in [21] or by using Lemma 6.4 in the case d = 1 we know that there
are constants C1, Cy > 0 such that for p1 (N) = ¢35 ,,5 € {0,1},j € N,k € Z,

C12) < N < 0,27, NeN.

Therefore, writing p¢(m) = \I/;Eg k(m)*

—_ d —_
Cf?j(m) < Hmi < Cg2j(m), m € N%.

i=1
Consequently if we rewrite this with an actual ordering p(N) = W;E%% k() for N € N we deduce
—_ d —_
ci2™ <] ((p‘f)*l o p(N)> < Cdoi™), (5.20)
i=1 !

and so we have reduced the problem to determining how j (V) scales with N. Notice that from our ordering
of the wavelet basis that j(V) is a monotonically increasing function in N and moreover, for every value of

J(N) there are 74(5(N))2?™) terms in B¢ with this value of j(N) in the wavelet basis, where

rd(N)::#{(j,s)eNdx{O,l}d: J=N, 5>J, (si—-1)(i—J)=0 Vizl,...,d},
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Figure 3: 2D Tensor Fourier - Tensor Haar Incoherences. We show the subset {—250, —249, ..., 249, 250}2 C Z2. Notice that the
scaled coherences have no vanishing values (no pure black) and no values that blow up (no pure white, baring the center value which
= 1) indicating that we have characterised the coherence in terms of the hyperbolic scaling used. Formally this is shown by equation
(5.18). The coherences shown in the Figure are square rooted to reduce contrast (i.e. we image /(7 nU) instead of p(mwnU)).

This is where we are using that the support of the Haar wavelet is [0, 1] and so there are 27 shifts of ¢; 0, ;.0
in By,. Notice that r4(V) is a polynomial of degree d — 1. With this in mind notice we can define, consistent
forneN, n>J,

Ty(z)“ =" Zrd(i)T = pa(x)2® + ag,
i=J

for some degree d—1 polynomial py and constant ag. This is possible by taking the formula for the geometric
series expansion and differentiating repeatedly. By the consistency property of p we deduce the inequality

Ta(j(N) = 1) <N <Ty(j(N)) = j(N)=1<T;H(N) < j(N)
- 9iN)-1 < 9T '(N) < 2i(N)
Notice that 274 ' (@) is the inverse function of Ty (log, ) which is of the form x - p4(logy ) + «, Therefore,
applying parts 2. & 3. of Lemma 5.6 gives, for some constants D1, Dy > 0 and N large,

(1+ e (V) - Dy - 27 < gy(N) < (1 + e(N)) - Dy - 27, (5.21)
where €1 (N), e2(N) — 0as N — co. Combining this with (5.20) shows that we have a hyperbolic ordering.
0O

5.5 Plotting Tensor Coherences

Let us consider a simple illustration of this theory applied to a 2D tensor Fourier-Wavelet case (B?, B2).
We can identify the 2D Fourier Basis B? with Z? using the function A2, so the row incoherences can also be
identified with Z? and therefore they can be imaged directly in 2D, as in Figure 3.

6 Multidimensional Fourier - Separable Wavelet Case: Proof of The-
orem 2.3

We repeat the notation of the one-dimensional case, with scaling function ¢ (in one dimension) & Daubechies
wavelet

pix(x) = 212020 — k), ;p(x) =222z — k).

We can construct a d-dimensional scaling function ¢ by taking the tensor product of ¢ with itself, namely

D(x) = (é«ﬁ)(x):f{qb(xj), z € R,
j=1 j

Jj=1
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which has corresponding multiresolution analysis (f/J) jez with diagonal scaling matrix A € R*4 with
Aij =204 ;.
Let ¢° := ¢, ¢! := ¢ and for s € {0,1}¢, j > J, k € Z¢ where J € N is fixed define the functions

d
fai= Q9 ©.1)
i=1

If we write (for s € {0,1}\ {0}, j > J)

W; = Span{Vs, : k € Z}.

Then it follows that

Vin=Vie & w;, LrRY=v,e & w;
s€{0,1}9\{0} s€{0,1}%\{0}
J>J

This corresponds to taking 2% — 1 wavelets for our basis in d dimensions (see [32]). As before we take the
spanning functions from the above whose support has non-zero intersection with [—1,1]¢ as our basis B
(called a ‘separable wavelet basis’):

Supp(¢3y,,) N (=1,1) #0 Vi,
Bl =g Wi, s=0=j=1, , (6.2)
jeEN,se€{0,1} kez?

Remark 6.1. We can also construct a separable boundary wavelet basis in the same manner like in the
one-dimensional case however, for the sake of simplicity, we stick to the above relatively simple construction
throughout (although all the coherence results we cover here also hold for the separable boundary wavelet
case as well).

6.1 Ordering the Separable Wavelet Basis: Proving Theorem 2.3 Part (i)

We note a few key equalities from the one-dimensional case that will come in handy:
Fojn(w) = e M2 ho=iRFp070y), Fypp(w) = e 22T R0 mI2Fy(270w),  (63)

where F here denotes the Fourier Transform, i.e. for f € LQ(Rd) we define
Fflw)= fx)e 2™ dy, w e RY,
Rd

Recall x from Definition 1.9. We observe that by (6.1)

d
(U o xn) = €2 FU3 (en) = P T] Foli (eni),  nelZf,

=t i (6.4)
a
= sup |<\Iljk,xn)|2 =¢lo~4 . H sup | Fo* (e277n)|2.
neNd =1 n€N

By careful treatment of the product term we can determine the optimal decay of (Bsdep, Bg(€)), using the
following result:

Proposition 6.2. There are constants Cy,Co > 0 such that for all e € 1, \IJJS s € Bsdep we have

Cy €279 < sup |<\Il;k,xn>|2 < Cy-edo U,
neNd

Consequently, fixing €, the function Fp,ye, B;iep — R defined by F,,Uwe,(\llj’k) = 2% characterizes the
optimal decay of (BZ,, B{(e)).
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Proof. Let A = max(sup,,cp | Fo(w)|?, supyer [F1o(w)]?). Then (6.4) gives us the upper bound

sup [(U5 5, xn)|* < €279 - A%
neNd

This leaves the lower bound. This can be achieved if we can show that there exists constants Dy, Do > 0
such that for all € € 17 ,*

Fi(€) := sup |}'¢(627‘1n)\ > Dy, JFa(e) :=sup \]-"z/;(e?f‘ln)\ > Ds. (6.5)
neN neN

By the Riemann-Lebesgue Lemma the functions F7, F» are continuous on /7, and

Fi(e) = sup |Fop(w)| >0 as e€—0.
weR

Likewise for F>. Therefore F7, 2 can be extended to continuous functions over the closed interval I, U
{0}. Finally we notice that F1(e) > 0, F2(¢) > 0 for every € € I, otherwise we would deduce that ¢ or
v has no support in [—1, 1] since the span of Bf(e) covers L?[—1,1]. This means that the infimums over
I;, U{0} are attained and are strictly positive, proving (6.5) and the lower bound. O

Let Fieve : B, — R be defined by Flevel(\I!i ) = j. Lemma 3.6 tells that an ordering that is consistent

sep
with 1/ Foower, 1.€. consistent with Fieye) will be strongly optimal.

d

Definition 6.3. We say that an ordering p : N — B,

is ‘leveled’ if it is consistent with Fj,e.

Lemma 6.4. Letp: N — Bi,p be leveled. Then there are constants D1, Dy > 0 such
Dy - N < 24Fiaa(ptN) < D, . N, (6.6)

Proof. Let a € N denote the length of the support of ¢, . Notice that for each j € N and s € {0,1}¢,
there are (27! + a — 1) shifts of W* ; whose support lies in [—1, 1]%. For convenience we use the notation
J(N) := Flevea(p(IN)) and shall also be using the simple bounds 20(N)+1 < 9i(N)+1 4 1 < 20(N)+a Now
forevery N € N with j(N) > J, we must have had all the terms of the form f € Bjep, Fevel(f) =7(N)—1
come before N in the leveled ordering and there are at least (2% — 1) - 29(N) of these terms, implying that

(24 —1) . 24N < N,

This completes the upper bound for j(IN) > J. Likewise for every N € N with j(/N) > J there can be no

more than
J(N)
9d . Z d(i+a) < od  9d(i(N)+a+l) _ gd(at2)  9di(N)

i=J

terms such that Fieve(f) < 7(N). This shows that N < 24(a+2) . 24(N) ' completing the upper bound for
j(N) > J. Extending (6.6) to all N € N (i.e. j(N) > J) is trivial since we have only omitted finitely many
terms so a change of constants will suffice. O

Corollary 6.5. Any ordering p of Bsdep that is leveled is strongly optimal for the basis pair (BZ,, Bf(e)).

sep?

Furthermore, the optimal decay rate of (B | B(¢)) is represented by the function f(N) = N~1.

sep?

Proof. Lemma 3.6 applied to Proposition 6.2 tells us that p is strongly optimal and moreover the optimal
decay rate is represented by Fyower(p(N)) which by Lemma 6.4 is of order N 1. O

6.2 Ordering the Fourier Basis: Proving Theorem 2.3 Part (ii)

We now want to find the optimal decay rate of (B (e), Bs‘iep) which means looking at orderings of the Fourier

basis. It might be tempting to try and extend the standard ordering definition from the one dimensional
Fourier basis. Recall as well that, using the function \; defined in (1.9), ordering Blﬁl (€) is equivalent to
ordering Z<.

“4Notice that replacing J with j > J below would have been redundant.
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If we let s € {0,1}¢, j € N, k € Z%, then in order to bound the coherence ;(mxU) we need to be
bounding terms of the form

d
(T8 4, A7 ()2 = 2= ] | Fo™ (2 ens) 2. 6.7)

=1

In the one-dimensional case in [21] the following decay property of the Fourier transform of the scaling
function ¢ was used:

Lemma 6.6. If ¢ is any Daubechies scaling function with corresponding mother wavelet 1) then there exists
a constant K > 0 such that for all w € R\ {0},

|Fo(w)], [Fio(w)] < ol (6.8)

Furthermore, suppose that for some o > 0 we have, for some constant K > 0, the decay | Fp(w)| < K|w|™®
forallw € R\ {0}. Then, for a larger constant K > 0, |Fy(w)| < K|w|~% forallw € R\ {0}.

K
|w

Proof. The first result is a direct result of Lemma 3.5 in [21]. The last statement follows immediately from
the equality (taken from equation (3.14) in [21]):

|Fp(2w)| = [mo(w +1/2) - Fo(w)], (6.9)
where my is the low pass filter corresponding to ¢ which satisfies |mg(w)| < 1 for allw € R. O

Therefore let us first consider the case where we use (6.8) to bound every term in the product, giving us
neZn; #0,i=1,...4d)

KQ K2d

. ] == d .
2in,| T, Inl
Making adjustments to prevent dividing by zero by using sup,,cr max(|Fo(w)|, | Fip(w)]) < 1 (for ¢ this

follows from Proposition 1.11 in [19]. We extend this to ¥ using equation (6.9)), this can then be rephrased
as

d
(W2 A )P < 29 T B (6.10)
i=1

_ max(K24 1
sup |<g,/\d1(n)>\2 < = ( ) , neZ4. (6.11)
g€BY, [[i—, max(|n;[, 1)

This tells us that the function Fpy, : Z¢9 — R, Fiyy(n) = (Hf:1 max(|n;|,1))~! dominates the optimal
decay of (B¢, Bsdep) (see Definition 3.5 for the definition of domination). Therefore if we want to maximise
the utility of this bound then we should use an ordering o of Z? so that Hle max(|o(N);],1) is increasing,
namely an ordering corresponding to the hyperbolic cross in Z? (see Example 5.12). However, using such
an ordering will not give us the N ~! decay rate that we got from the one dimensional case:

Proposition 6.7. Let o : N — Z< correspond to the hyperbolic cross in 7% and define an ordering p of
Bi(€) by p := A" o0, where € € I;,,. NextletU = [(B{(e), p), (BL,, )] for any ordering T and fix .
Then there are constants C1,Cy > 0

C1log? (N +1)
N

Cylog™ Y (N + 1)

NeN.
N ’ <

< u(@nU) <

As this result is primarily for motivation, its proof is left to the appendix.
Since this approach gives us suboptimal results, we return to our bound of (6.7). Instead of using (6.8)
on every term in the product, why not just use it once on the term that give us the best decay instead? To
bound the remaining terms we can simply use sup,,cp max(|Fo(w)|, |F1p(w)|) < 1. This approach gives
us the following bound
K? K?

{ ?,m&?l(n»lz <e’27% . min — ¢d=19=(d-1)j

— = _— VA 6.12
i=1,...d |€27n;| max;=1,....d " ( )

b
il
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As we shall see in Lemma 6.12, choosing p so that we maximise the growth of the max;—1 .4 |n;| leads to
max;—1, 4 |ni| > E- N/ for some constant E > 0 and so (6.12) is bounded above by constant - N~1/4,
which is very poor decay. However, if we instead replace (6.8) by the stronger condition

K

<
then we can obtain the following upper bound?
. K2d K2d
TS p(N) 2 < et2m4 . = . 6.14
[(¥5 0 (V)" < e 2 g Tl (6.14)
Let us write ||n| o := max;=1___ 4 |n;|. The above can be rephrased as
K% 1

sup [{g, A7 (m))|? < 1) nez’ (6.15)

i max([[nl[4, 1)’
Therefore we deduce that Fj, : Z¢ — R, Fiin(n) = (max(||n||%,,1))~! dominates the optimal decay of
(Bi(e), Bsdep). In fact in can be shown that F};, also characterizes the optimal decay (i.e. a lower bound of
the same form is possible) by using the following preliminary Lemma:

Lemma 6.8. For any compactly supported wavelet i) there exists an R € N such that for all ¢ > R, (q € N)
we have
L,:= we[zfglfl),?q] |[F(w)] > 0. (6.16)
Proof. See Lemma 3.6 in [21]. O
Proposition 6.9. We fix the choice of wavelet basis Bfep and recall the function \g : Bfl(e) — Z4 from (1.9).
1.)  Then there are constants C1(¢) > 0,D(J) > 0 such that for all ¢ € I;, and n € Z¢ with
In]loo > De~! we have

_ C
sup ‘<gv)\d1(n)>|2 = || 1d (617)
geBa n”oo

Therefore (by fixing €) the function Fy, is dominated by the optimal decay of (Bg(¢), B ).

sep
2.) Suppose that ¢ satisfies (6.13). Then there is a constant C3(¢p) > 0 such that for all € € I, and

n € 74, c

_ 2

sup [{g, A" (0))* < g

9€BY I max(|[n[|4,, 1)

sep

(6.18)

Therefore (by fixing €) the function Fy, characterizes the optimal decay of (B (¢), B).

sep
Proof. 2.) Follows from (6.15).

1.) If we set j = [log, €||n||oo ] + ¢ for some g € N fixed we observe that [e277n;| € [0,279] for every
i = 1,...,d and, since we are using the max norm, |¢2=7n;| € [27971,279] for at least one i, say i’ . Set
s; = 0fori # ¢ and s;; = 1. Then, assuming 7 > J, by (6.7) we have the lower bound.

(WS 0, A7 ()P > = H |Fé®i (€270n;)|2

9—d(g+1) &
Inlld

- (6.19)
]Ifl/}(w)\Q- inf | Fo(w)2@-D,

w€e[0,279]

9—d(qg+1)
> inf
[In||d, — we(@-a-1,2-4
Recall that by Lemma 6.8 there exists a ¢ € N such that Ly > 0 and inf,,¢[g 2-a] [ F¢(w)| > 0° and therefore

(6.18) follows as long as j > J. To ensure that j = [log,(€||n|l)] + ¢ satisfies j > J we must therefore
impose the constraint that n is sufficiently large. j > J is satisfied if

J <logy(elnflc) = Inflec =27

5noting that (6.13) also holds for ¢ by (6.9).
©We are using the fact that | F¢(0)| = 1 and continuity of F¢ here which follows from ¢ € L' (R).
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Remark 6.10. If d = 2 then (6.13) always holds by Lemma 6.6. This means we have characterized every
2D Separable wavelet case (for Daubechies Wavelets).

Remark 6.11. A similar upper bound in two dimensions based on the norm of n € 72 has already been
considered in a discrete framework for separable Haar wavelets [25].

Let Fhom(n) = max(||n|/e,1) . By 3.6 we know that if (6.13) holds then the optimal decay of
(B;i, B4 ) is determined by the fastest growth of F}om. This motivates the following:

sep

Lemma 6.12. Let 0 : N — Z? be consistent with Fy,. Then there are constants E1, Es > 0 such that
E; - NY? < max(||o(N)||e,1) < By - NY4, YN eN. (6.20)

Proof. If ||o(N)||sc = L > 2, then o must have enumerated beforehand all points m in Z4 with ||m||,, <
L — 1 and there are (2L — 1)? of such points. This means that

NYd 1

NeN.
3 ©

N>@L-1* = [o(N)|s <
which proves the upper bound when ||o(N)||oo = L > 2. The lower bound is tackled similarly by noting o
must first list all m € Z¢ with ||m||o. < L, including o(N') which shows

N4 -1
N<@L+D)' = Jo(W)]ew>—5—, NEeN
This proves (6.12) for ||o(N)|lcoc = L > 2. Extending this to all N € N is trivial since we have only omitted

finitely many terms, so changing the constants will suffice since all terms are strictly positive. O

Definition 6.13 (Linear Ordering). Any ordering p : N — Bf(e) such that ¢ = \q o p satisfies (6.20) is
called a ‘linear ordering’.

d
sep’
Bg(e) is strongly optimal for the basis pair (B (e), Bsdep) if and only if it is linear. Furthermore, the optimal
decay rate of (B{(¢), B ) is represented by the function f(N) = N~1.

sep

Corollary 6.14. Assuming (6.13) holds for the scaling function corresponding to B¢, , an ordering p of

Proof. If we apply part 2.) of Proposition 6.9 to Lemma 3.6 we kow that if o : N — Z< is consistent with
1/Fy, = F2 . i.e. consistent with Fom, then Fii(o(+)) = 1/F2__ (o(-)) represents the optimal decay rate.
Lemma 6.12 tells us that this optimal decay is 1/(N'/¢)? = 1/N. Furthermore, Lemma 3.6 says that an
ordering p is strongly optimal for (B (¢), B&,) if and only if Fiin(Ag © p(-)) & Fiin(o(+)) which holds if and

only if From(Ag © p(+)) & From(o(+)), namely p is linear. O

Corollary 6.14 gives us the same optimal decay as in one dimension, which is in contrast to the multidi-
mensional tensor case, where the best we can do is have d — 1 extra log factors. We can use this result to
cover the two dimensional case in full:

Corollary 6.15. In 2D the optimal decay rate of (B?, Bfep) is represented by f(N) = N 1. This optimal

decay rate is obtained by using a linear ordering. In fact an ordering p of Bf is strongly optimal in 2D if
and only if it is linear.

Proof. Using Lemma 6.6 we observe that the decay condition (6.13) holds automatically if d = 2. Therefore
we may apply Corollary 6.14 directly. O

This result does not extend to higher dimensions:

Example 6.16. If we do not have condition (6.13) then our argument can break down very badly: For Haar
wavelets we have an explicit formula for the Fourier transform of the one-dimensional mother wavelet,

exp(2miw) — 1

‘F =
9(w) i
Therefore we have that (6.13) is not satisfied for d > 3 and furthermore we have (for e < 1 and J € N fixed)
1
\Fo(e2 k)| > o—, 6.21)
2mek
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(a) Scaling shape (b) Sampling according to a linear scaling
scheme with scaling shape (a)

Figure 4: A Simple Linear Scaling Scheme

Sor infinitely many k € N. Now consider the case of dD separable Haar wavelets with a linear ordering p of
the Fourier Basis. Then, for m € N such that Aq o p(m) = (Ag 0 p(m)1,0,---,0) we know that by (6.21)
there are infinitely many m such that
(@, p(m))[* = €| Fo(e2” Aa 0 p(m)1)|* - | Fo(0)[*(d — 1)
; 1 2 (6.22)

>
=€ Qrelrgoptm)i))2 = dnm/d’

for some constant E using Lemma 6.12. Therefore an upper bound of the form Constant- N ! is not possible
for a linear scaling scheme if d > 3. This can be rectified by applying a semi-hyperbolic scaling scheme, as
in the next subsection.

6.3 Examples of Linear Orderings - Linear Scaling Schemes

A wide variety of sampling schemes that are commonly used happen to be linear. In particular we demon-
strate that sampling according to how a shape scales linearly from the origin always corresponds to a linear
ordering (see Figure 4):

Definition 6.17. Let D C R? be bounded with 0 in its interior and define Sp : 74 :— R
Sp(z) :=inf{k >0:2 € rD }.

An ordering o : N — Z% is said to ‘correspond to a linear scaling scheme with scaling shape D’ if it is
consistent with Sp. Furthermore, an ordering p : N — Bg(e) is said to ‘correspond to a linear scaling
scheme with scaling shape D’ if it is consistent with Sp o \g.

Remark 6.18. [fwe put a norm || - || on Z¢ and take an ordering consistent with this norm then this ordering
corresponds to a linear scaling scheme with scaling shape {x € R? : ||z| = 1}.

Lemma 6.19. Letp : N — Bléi(e) corresponds to a linear scaling scheme with scaling shape D. Then p is
linear.

Proof. Let 0 = A4 o p. Because the scaling shape D is bounded and contains 0 in its interior we have that
there exists constants C';, Cy > 0 such that C1S C D C (38 where S is defined to be the unit hypercube,
ie. S:= {r € R?: ||z]lc = 1}. Therefore if ||0(N)|ooc = L, then since D C C»S we have that
Sp(o(N)) > LCy*. Applying this to C;S C D we deduce that o must have enumerated beforehand all
points m in Z? with ||m||.. < LO;C5 " and there are at least (2(LC;C5 ' — 1) + 1) of such points. This
means that

NYdy1 N

N > 2(]|lo(N)||CiCyt = 1) + 1)¢ N < < N eN.
> 2([lo(N) [l C1Cy )+ 1D = fo(N)]e < 20,05 = ool €
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0016 08 200
0.014 07

0.012 06 150
0.01 05

0.008 04 100
0.006 03
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0.002 01

0 0 o

(a) Haar Coherences (b) Scaled Haar Coherences (c) Linear Scaling used for Both Bases
- ‘ ' ‘1
[ . ‘ 0
(d) Daubechies16 Coherences (e) Scaled

Daubechies16 Coherences

Figure 5: 2D Fourier - Separable Wavelet Coherences. We show the subset {—250, —249, ..., 249, 250}2 C Z2. Notice again that
the scaled coherences are bounded above zero and below 1 indicating that we have characterised the incoherence in terms of the linear
scaling used, as shown in Proposition 6.9. The incoherences shown in the Figure are square rooted to reduce contrast.

which proves the upper bound. The lower bound is tackled similarly to prove (6.20). O

6.4 2D Separable Incoherences

By Remark 6.10 we have shown that linear orderings are strongly optimal for all 2D Fourier - separable
wavelet cases, so this is a good point to have a quick look at a few of these in Figure 5.

6.5 Semi-Hyperbolic Orderings: Proof of Theorem 2.3 Part (iii)

By Example 6.16 we know that if (6.13) does not hold then our approach of using a linear ordering can
fail. We therefore return once more to (6.7). Let us now try to use an approach that is halfway between our
two previous linear/hyperbolic approaches. Let r € {1,...,d — 1} be fixed. We shall first impose a decay
condition that is stronger than (6.8) but weaker than (6.13):

K
|Fop(w)| < w]dr w e R\ {0}. (6.23)
Instead of just taking out the dominant term of the product in (6.7), let us take out the r smallest terms:
1 2 o do—dj S Sl
e A <279 . i _
|< 3,r N (n)>| S € il,.._.,iirélﬁ,_...,d}g |62-7’I’L1 |
st (6.24)
2 - —d/r d d
:KT-( max n; ) , neZn; #0,i=1,...,d.
i1enir €{1,...,d} 1:[1 I | 7
11 <. <2p =

Again we can extend this bound to all n € Z%:

r —d/r
sup (g, A\;"(n))]? < max(K?",1)- ( . max H max(|n;, |, 1)) , nezl  (6.25)
9B, i€l dl
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-20 20

(a) Case » = 1 (Linear) ; (b) Case r = 2 (Semi-Hyperbolic) ; (c) Case r = 3 (Hyperbolic) ;
Isosurface value=10. Isosurface value=20. Isosurface value=20.

Figure 6: Isosurfaces of H3 r, 7 = 1, 2, 3 describing the three types of ordering available in 3D

—d/r
We deduce that the function Fiyp , Z¢ — R, Fiypr(n) = (maxily___%e{l,_“?d} H::l max(|n;, |, 1))
1< iy
dominates the optimal decay of of (B¢, BZ).

sep

Definition 6.20. Let us define, for r,d € N,r < d the function

,
Hy,(n) = max H max(|ng,|, 1), n e zZ%
i1,nyir €{1,.,d} -
in<o.<ip I

Then we say an ordering o : N — Z% is ‘semi-hyperbolic of order r in d dimensions’ if it is consistent with

Hy,.

Figure 6 presents some isosurface plots of Hj , for the various values of r Notice that a semi-hyperbolic
ordering of order d in d dimensions corresponds to the hyperbolic cross in Z? (see Example 5.12). Further-
more, if o : N — Z? is a semi-hyperbolic ordering of order 1 in d dimensions then, by Remark 6.18, o
corresponds to a linear scaling scheme because Hy 1(n) = ||n| s for the componentwise max norm || - ||oo
on R?. Like in the linear and hyperbolic cases discussed in the previous sections, we want to determine how
Hg . (o(n)) scales with n € N.

Lemma 6.21. ). Letr,d € N,;r < d — 1 be fixed. Let us define
Sqr(n) :=#{m e Z: Hy,(m) <n}, n e N.
Then there is a constant C' > 0 such that
nd/m < Sar(n) <C- nd/r, n € N.

2). Ifo: N — Z%is semi-hyperbolic of order r with r < d — 1 then there are constants Cy,Cy > 0 such
that
Cy-n"'? < Hy,(o(n)) < Cy-n', n € N.

Proof. 1). For notational simplicity we prove the same bounds but with S, ,- replaced by the smaller set
Saqr(n) :=#{m e N*: Hy,.(m) <n}, n € N.

The same bounds for Sy, then follows immediately, albeit with a larger constant C' > 0. The lower bound
is straightforward since the set defining Sy ,.(n) contains the set {m € N% : m; < n'/" i =1,..,d}. We
prove the upper bound by induction on r. The case r = 1 is clear because Sy 1(n) is simply the number of
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points inside a d-dimensional hypercube with side length n. Suppose the result holds for r = r’ — 1. We use
the following set inclusion:
{meZ: Hyp(m)<n} c{meN:m; < ' i=1,..,d}
d , (6.26)
U U{m e N M <y <ny Haoq o1 () < njmg},
i=1

where 772; here refers to m with the ith entry removed. The cardinality of the first set on the right is just n%/ v’
and so we are done if we can show that for some constant C' > 0,

#{m € Ne ; pl/7 <mi <n, Hy_1,-1((m2,....mq)) <n/my} < Cnd/rl, neN
We achieve this by applying our inductive hypothesis:

#{m € N . pl/r <my <n, Hy_1,-1((m2,...,mq)) <n/ms}
n n
. . d_ /r_/_
< Y Seaea(nin<c S (ni) O
=t/ i=[nt/7") (6.27)

n

< Opld=D/(r' 1) / (A= =1) g

nl/m" -2

< C'pldD/E ) (1 gy (=d=D/0 D) (noting ' < d — 1)

where C’ > 0 is some constant. We can replace (nl/ r_ 2) by n/™ in the above by changing the constant
(' and assuming n > 2" . Finally, we notice that the exponents add to the desired expression:

d—1 1 d—1 d—1 d—r' d
(1=
7'71+7"’( r’fl)

o —1 _r’(r’fl) o
This gives the required upper bound for n > 2", Since the terms involved are all positive, we can just
increase the constant C’ to include the cases n < 2" . This shows that the result holds for » = 7’ and the
induction argument is complete.

2.) By consistency we know that

Sar(Har(o(n)) —1) <n < Sar(Hap(o(n))), neN
and therefore we can directly apply part 1 to deduce
(Hir(o(n)) = )Y <n< O (Hap(o(m))",  neN,
from which the result follows. O

Armed with this result, we can now completely tackle the separable wavelet case.

Theorem 6.22. Suppose that the scaling function ¢ corresponding to the separable wavelet basis Bsdep,

satisfies (6.23) for some constant K > 0 and r € {1,...,d — 1}. Next let 0 : N — Z% be semi-hyperbolic of
order 1 in d dimensions and p := \; ' o 0. Finally, we let U = [(B(e), p), (BL,, 7)), where T is an ordering
of B&  Let us also fix e € I, Then there are constants Cy, Co such that

sep*

1 Cy
— < U)<—=, NeNlN
~ SH@QNU) <
Furthermore it follows that the ordering p is optimal for the basis pair (Bg(e), Bsdep).
Proof. Applying part 1.) from Proposition 6.9 (with € fixed) to part 2.) of Lemma 3.6 immediately gives us
the lower bound for the semihyperberbolic ordering since this bound also holds for the optimal decay rate.
Furthermore this lower bound holds for any other ordering and therefore if we have the upper bound then the
ordering p is automatically optimal. We now focus on the upper bound.

By (6.25) we know that the optimal decay of (B¢ (e), B&,) is dominated by Fiyp,. Therefore by part 1.)
of Lemma 3.6 if o : N — Z< is consistent with 1/Fy,,, i.e. o is semihyperbolic of order 7 then we can
bound the row incoherence p(mnU) by Fhyp (o(N)) = Hd_f/T(J(N)) ~ (N7/4)=d/m = N~1 by Lemma

6.21. Since N1 is decreasing this bound extends to u(QNU). O
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Finally we can summarise our results on the (B (e), Bfep) case as follows:

Theorem 6.23. Let p be a Linear ordering of the d-dimensional Fourier basis Bf(e) with e € 1;,, T a
leveled ordering of the d-dimensional separable wavelet basis BE,, and U = [(B{(e), p), (B&,,7)]. Fur-
thermore, suppose that the decay condition (6.8) holds for the wavelet basis. Then, keeping € > 0 fixed, we
have, for some constants C,Co > 0 the decay

C C
~ S#wU), pUny), < =2 YN eN. (6.28)

Let us now instead replace p by a semi-hyperbolic ordering of order r in d dimensions withr € {1, ....,d—1}
and assume the weaker decay condition (6.23). Then, keeping € > 0 fixed, we have, for some constants
C1,C5 > 0 the decay

C C:
~ SH@QNU), p(Uny),< 2 YN EN, (6.29)

and furthermore p is optimal for the basis pair (Bd( ), Bsdep) Since, for any separable Daubechies wavelet
basis, (6.23) always holds for r = d — 1 any semi-hyperbolic ordering of order d — 1 in d dimensions will

produce (6.29).

Proof. (6.28) follows from Corollaries 6.5 and 6.14. (6.29) follows from Corollary 6.5 and Theorem 6.22.
To show that (6.29) always holds for a d — 1 degree semi-hyperbolic ordering in d dimensions, we note that
the weakest decay on the scaling function ¢ is | F¢(w)| < K - |w| ™! (see Lemma 6.6) and therefore (6.23) is
automatically satisfied for r = d — 1. O

6.6 Optimal Orderings & Wavelet Smoothness

Theorem 6.23 demonstrates how certain degrees of smoothness, in terms of decay of the Fourier transform,
allows us to show certain orderings are optimal and this smoothness requirement becomes increasingly more
demanding as the dimension increases. But if a certain ordering is optimal for the basis pair (B¢, Bsep) does
this mean that the wavelet must also have some degree of smoothness as well? The answer to this question
turns out to be yes, and it is the goal of this section to prove this result.

We shall rely heavily on the following simple result from [23, Thm. 9.4]:

Theorem 6.24. Let’ f : R/Z — C be continuous and for k € Z define f fo x) exp 27r1kx) dz. If

Yoo \ka( )| < cothen f € Ct. Consequently, usmgf (k) = (27ik)~* ( Jif > re KIS ( )| <
oo then f € C™.

Now the main result itself:

Theorem 6.25. Let o : N — Z¢ be semihyperbolic of order r < d in d dimensions and let p := /\J1 oo
N — B{(e) where € € I;,. Then if p is optimal for the basis pair (B{(e), BL)) then ¢ € C' for any
le NU{0} withl +1 < d/2r.

Proof. By Theorem 6.23 we know that the optimal decay rate for the basis pair is N !, therefore if p is
optimal we must have, for some constant C; > 0, the bound

sup [{(g,\; oo (N))|? <Cy- N1, N eN.
geBd

sep

Next since ¢ is semihyperbolic we also know that, by Lemma 6.21, there is a constant C; > 0 such that
Hyp(o(N)) < Cy- N4 NeN.

Consequently we deduce,

sup [(g, A o o(N)2<C-NTH <G Y - H M (0(N),  NeN.

geBY,
_ oo (6.30)
= sup |(g,A;"(n))]? < 2 " 7 n e 7%
9eBY, (maxil,..‘,i,.e{l,‘..,d} Hj:l max(nz‘j , 1))
11 <. <y

"R/Z denotes the unit circle which we write as [0, 1) with the quotient topology induced by M : R — [0, 1), M (x) = z(mod 1).
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Letting g = W5, where s = {0, ...,0} and n = (k,0, ..., 0) for k € Z we see that (6.30) becomes

—d/r
lg = | Fp(2 - eh)|? < — 1%

_— keZ. 6.31
= Tnax((k|, )4/ < 6.31)

Since the scaling function ¢ has compact support in [—p + 1,p] and € € I, ¢ can be viewed as a
function on R/Z and (6.31) describes a bound on the Fourier coefficients of ¢. Formally, if we write ¢(z) :=
#(27e"1(x — 1/2)), then since € € I, we have that ¢ is supported in [0, 1] and (6.31) becomes, for some
constant D(e, J,p) > 0:

FobP =160 < —— 0 ke

~ max(|k|, 1)/’ ’

If ¢ € C? then the result follows from Theorem 6.24. If ¢ ¢ C°, i.e. ¢ corresponds to a Haar wavelet basis,
then (6.31) cannot hold with d/2r > 1 as this would contradict (6.21). O
Corollary 6.26. Let the scaling function ¢ corresponding to the Daubechies wavelet basis Bsdgp be fixed.
Then for every order v € N, there exists a dimension d' € N,d' > r such that for all d > d', we have that a
semihyperbolic ordering o of order r in d dimensions is such that p = )\;1 o o is not optimal for the basis
pair (B{(e), By,).
Proof. 1f this result was not true then we would deduce by Theorem 6.25 that the wavelet ¢ satisfies ¢ €
C*°, which is a contradiction because no compactly supported wavelet can be infinitely smooth [19, Thm.
3.8]. O

6.7 Hierarchy of Semihyperbolic Orderings

One other notable point from Theorem 6.23 is that we can have multiple values of r such that if ¢ is semi-
hyperbolic of order r in d dimensions then p = )\;1 o0 is optimal for the basis pair (B¢, Bfep), so which one
should we choose? We know that in the case of sufficient smoothness linear orderings are strongly optimal
and therefore this suggests that the lower the order r the stronger the optimality result. We now seek to prove

this conjecture.
Lemma 6.27. Letr,r’,d € N,r < 1" < d. Then for all n € Z* we have that H}; .,(n) < Hg:r (n).

Proof. Let n € Z* be fixed. For each j = 1, ..d let i; denote the jth largest terms of the form max(|n;, |, 1).
Observe that

Hdﬂ“(n) = H max(|nij |7 1)a Hdﬂ“’ (’ﬂ) = H max(|ni] |7 1)5
j=1 j=1

Hj () TT5—y max(|ng,|, )77

Hy,(n)  TT5_,,, max(|ng, |, 1)"

Finally we observe that the numerator and denominator have the same number (r(r’ — r)) of terms in the
product and that each term in the numerator is greater than each term in the denominator, proving the in-
equality. O

Corollary 6.28. Let r,7',d € N,r < v’ < d and 0,0’ be semihyperbolic of orders r,r’ in d dimensions

respectively. If p = )\;1 o o is optimal for the basis pair (B (e), Bsdep) then sois p' = )\;1 ocd’.

Proof. Recalling (6.30) we know that there is a constant C' > 0 such that

sup (g, A7 oo (N2 < C-H " (0(N)),  NeN,

9g€BY,

= sup |(g,\; oo/ (N)2 < C' - H; %" (o/(N)), NEeN,
geB2 ’

where we have used Lemma 6.27 on the second line. We then apply Lemma 6.21 to deduce the result.
O

Remark 6.29. Corollary 6.28 tells us that if there are several orders r that give us optimality then the
smallest r possible, say r*, is the strongest result.
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Figure 7: 3D Fourier - Separable Wavelet Incoherence Isosurface Plots. We draw the isosurface plots over the subset
{—=50, —49, ...,49,50}3 C Z3. These pictures should be compared with the ordering plots in Figure 6. Notice that for the smoother
wavelets in (a) & (b), the growth matches that of a linear ordering however the 3D Haar case lacks this smoothness, resulting in semi-
hyperbolic scaling in (c). If we keep the wavelet basis fixed and let the dimension increase, the scaling becomes increasingly hyperbolic,
as seen in (d) and proved in Corollary 6.26.

6.8 3D Separable Incoherences

We have found optimal orderings for every multidimensional Fourier- separable wavelet case however, we
have not shown that (apart from in the linear case with sufficient Fourier decay) that the ordering is strongly
optimal and we have not characterized the decay. Therefore it is of interest to see how the incoherence scales
in further detail by directly imaging them in 3D. We do this by drawing levels sets in Z3, as seen in Figure 7.

7 Asymptotic Incoherence and Compressed Sensing in Levels

We now return to the original compressed sensing problem which was described in the introduction of this
paper and aim to study how asymptotic incoherence can influence the ability to subsample effectively. We
shall be working exclusively in 2D for this section.

Consider the problem of reconstructing a function f € L?([—1,1]?) from its samples {(f,g) : g €
BZ(271)}. The function f is reconstructed as follows: Let U := [(B?(27!), p), (B2, 7)] for some orderings
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(a) Rasterized Phantom (b) Reconstruction from pattern A (c) Reconstruction from pattern B
Resolution = 212 x 212 L error = 0.0735 L error = 0.0620

(d) Rasterized Phantom - Closeup (e) Closeup of (b) (f) Closeup of (c)

(g) Sampling Pattern A (h) Sampling Pattern B
Number of Samples: 40401 Number of Samples: 39341

Figure 8: Simple Resolution Phantom Experiment. Samples are from the subset {—200, —199, ..., 199,200} C Z?2. Notice that the
checkerboard feature are captured by the leveled sampling pattern but not by pattern (a), even though it uses fewer samples. Recon-
structions are at a resolution of 210 x 210,

p, T and a reconstruction basis B,. The number 27! is present here to ensure the span of By contains
L?([—1,1]?). Next let Q C N denote the set of subsamples from B?(271) (indexed by p), Py, the projection
o0 ~

operator onto  and f := ((f, p(m)))men. We then attempt to approximate f by Y ey TnT(n) where
7 € (*(N) solves the optimisation problem

min_|z|l; subjectto PoUz = Pof. (7.1)
zel1(N)

Since the optimisation problem is infinite dimensional we cannot solve it numerically so instead we

proceed as in [1] and truncate the problem, approximating f by Zf’:l Zn7(n) (for R € N large) where
7 = (Z,,)E_, now solves the optimisation problem

min 71 subjectto PoU Pz = Po f. (7.2)
xre
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We shall be using the SPGL1 package [4] to solve (7.2) numerically.

7.1 Demonstrating the Benefits of Multilevel Subsampling

We shall first demonstrate directly how subsampling in levels is beneficial in situations with asymptotic
incoherence (u(QnU) — 0) but poor global incoherence (u(U) is relatively large). The image f that we
will attempt to reconstruct is made up of regions defined by Bezier curves with one degree of smoothness,
as in [18]. This image is intended is model a resolution phantom® which is often used to calibrate MRI
devices [16]. A rasterization of this phantom is provided in image (a) of Figure 8.

We reconstruct with 2D separable Haar wavelets, ordered according to its resolution levels, from a base
level of O up to a highest resolution level of 8. The Fourier basis is ordered by the linear consistency function
Hs 1, which gives us a square leveling structure when viewed in Z2. We choose these orderings because we
know that they are both strongly optimal for the corresponding bases, and therefore should allow reasonable
degrees of subsampling when given an (asymptotically) sparse problem.

By looking at Figure 8, we observe that subsampling in levels (pattern (b)) allows to pick up features that
would be otherwise impossible from a direct linear reconstruction from the first number of samples (pattern
(a)) and moreover the L! error is smaller.

7.2 Tensor vs Separable - Finding a Fair Comparison

We would like to study how different asymptotic incoherence behaviours can impact how well one can
subsample. In 2D it would be unwise to compare 2 different separable wavelet bases, since we know that
they have the same optimal orderings and decay rates in 2D (see Corollary 6.14). Therefore we are left with
comparing a separable wavelet basis to a tensor basis. The incoherence decay rates for the 2D Haar cases
are shown in the table below for Linear and Hyperbolic orderings of the Fourier basis BZ:

2D Haar Basis Incoherence Decay Rates
Ordering Tensor Separable
Linear N2 Nt
Hyperbolic | log(N +1) - N~' log(N +1)-N~!

Table 1: The decay rates for the hyperbolic case comes from Theorem 5.10 and Proposition 6.7. For the linear case, the separable result
comes from Theorem 6.23 and the tensor result can be deduced from Lemma 6.12 applied to (5.18), although we do not provide the
details here.

Observe that for linear orderings, there is a large discrepancy between the decay rates, however they are
the same for hyperbolic orderings. Therefore, comparing separable and tensor reconstructions appears to be
a good method for testing the behaviour of differing speeds of asymptotic incoherence.

However, there is one serious problem, namely the choice of image f that we would like to reconstruct.
Recall from (1.5) that the ability to subsample depends on both the coherence structure of the pair of bases
and the sparsity structure of the function f we are trying to reconstruct. Ideally, to isolate the effect of
asymptotic incoherence we would like to choose an f that has the same sparsity structure in both a tensor
and separable wavelet basis. If f was chosen to be the resolution phantom like before then the tensor wavelet
approximation would be a poor comparison to that of the separable wavelet reconstruction (due to a poor
resolution structure). Therefore we need to choose a function that we expect to reconstruct well in tensor
wavelets, for example a tensor product of one dimensional functions.

Such an example is provided by NMR spectroscopy [30, Eqn. (5.24)]. A 2D spectrum is sometimes
modelled as a product of 1D Lorentzian functions:

f((E) = ZLQ,p(i),s(i)(x)v x,p(i), S<Z) € RQ?
=1
Lopo(x) = Ly, o, (1) - Lpy sy (x2),  @,p,5 € R? (7.3)
S

L,s=——-—, ,D, 8 € R.
P, $2 + (z—p)? z,p,s

8<resolution’ here refers to ‘resolving’ a signal from a MRI device.
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800 900 1000 800 900 1000 800 900 1000

(a) Rasterized Spectrum (b) Separable Reconstruction (c) Tensor Reconstruction
L' error = 0.0157 L1 error = 0.0159

Figure 9: Spectrum Model and ‘Full Sampling’ Reconstructions. Reconstructions uses all samples from the subset
{—200, —199, ..., 199, 200}2 C Z2. Images are at a resolution of 210 x 210, Haar wavelets are used for tensor and separable
cases. Observe that both reconstructions match the original very closely and have similar L' approximation errors.

(a) Linear Sampling Pattern (b) Hyperbolic Sampling Pattern
(Boxed in)

Figure 10: Sampling Patterns. Samples are from the subset {—200, —199, ..., 199, 200}2 C Z?2. White indicates sample is taken.

We consider a specific spectrum f of the above form. By looking at Figure 9 we observe that, without
any subsampling from the subset {—200, —199, ..., 199,200}2 C Z?2, the tensor and separable Haar wavelet
reconstructions have almost identical L' errors, suggesting that this problem does not bias either reconstruc-
tion basis. We order the tensor and separable reconstruction bases using their corresponding level based
orderings, which are defined in Lemma 5.15 and Definition 6.3 respectively. For separable wavelets we start
at a base level of J = 0 and stop at level 8 (so we truncate at the first 2'° x 219 wavelet coefficients) and
for tensor wavelets we start at level J = 0 and stop at level 10 (when the problem was truncated at higher
wavelet resolutions the improvement in reconstruction quality was negligible).

We are now going to test how well these two bases perform under subsampling with different order-
ings of B?. Two subampling patterns, one based on a linear ordering and another on a hyperbolic order-
ing, are presented in Figure 10. Ideally the hyperbolic subsampling pattern would not be restricted by the
{—200, —199, ..., 199, 200}? but this is numerically unfeasible.

Let us first consider what happens when using pattern (a) (see Figure 11). Notice that the separable re-
construction performs far better than the tensor reconstruction and therefore is more tolerant to subsampling
with a linear ordering than the tensor case. This is unsurprising as the tensor problem suffers from noticeably
large 1/ V/N incoherence when using a linear ordering when compared to the 1 /N separable decay rate.

Of course we should have fully considered the sparsity of these two problems which also factor into
the ability to subsample, however f was specifically chosen because it was sparse in the tensor basis and
moreover we have seen that it provides a comparable reconstruction to the separable case when taking a
full set of {—200, —199, ..., 199,200} samples. Next we observe what happens when using the pattern
(b) (Figure 12). There is now a stark contrast to the linear case, in that both separable and tensor cases
provide very similar reconstructions and furthermore the L' errors are very close. This suggests that both
problems have similar susceptibility to subsampling when using hyperbolic sampling, which is reflected by
their identical rates of incoherence decay with hyperbolic orderings.
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(a) Separable Reconstruction (b) Separable Closeup
L1 error = 0.0367

100 200 300 400 500 600 700 800 900 1000 650 700 750 800 850 900

(c) Tensor Reconstruction (d) Tensor Closeup
L' error = 0.0592

Figure 11: Reconstructions from Linear Sampling Pattern

8 Appendix

Proof of Proposition 6.7: (6.11) applied to part 1.) of Lemma 3.6 shows that the decay of u(nnU) is
bounded above by’ Fiy,(0(N)) = 1/Hq(c(N)) ~ 1/hg(N), which gives us the upper bound for (QnU)
since 1/h4(N) is decreasing.
For the lower bound, we focus on terms of the form Ay o p(m) = (¢, ...,t) for some ¢ € N and we set,
for afixedq € N
s=(1,...,1), j:=[elogyt] +gq,

where we assume for now that j > J is satisfied. This gives us

d
(50, p(m))]* = 274 [] I Fe(e2771)
=1

S 1
= 9d(1+q)¢d

S 1
= 9d(1+q)¢d

. |]:w(62—((610g2 ﬂ—i—q)t)|2 (81)

L2 (using (6.8)).

Let m now be arbitrary with Hle max(|]Ag o p(m);|,1) = M > 1andlett = [M'/4] + 1. Because p
corresponds to the hyperbolic cross there exists an m’ > m such that H?zl max(|Ag o p(m');],1) = ¢4
where \g o p(m’) = (t,...,t). Notice that t* < E(d)M for some constant dependent on the dimension d.
Furthermore, (8.1) holds for m = m/’ if we have that j > J, which is satisfied if m is sufficiently large.

9for the definitions of Hg, hg see (5.4) and (5.16).
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(a) Separable Reconstruction (b) Separable Closeup
L1 error = 0.0263
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(c) Tensor Reconstruction (d) Tensor Closeup
L' error = 0.0277

Figure 12: Reconstructions from Hyperbolic Sampling Pattern

Therefore we deduce by (8.1) that

s 1
HQnU) > (W 00 p )P > s - 124
1 2d
> gaaararin L
1 A LQd
d(1 d q
E240+4) TT7_, max(|Aq o p(m);],1)
C
> -
= E240+0hy(m)

. Lid (using (5.17), C' > 0 some constant).

This proves the lower bound.
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