ERROR ESTIMATES AND CONVERGENCE RATES
FOR FILTERED BACK PROJECTION

MATTHIAS BECKMANN AND ARMIN ISKE

ABsTrRACT. We consider the approximation of target functions from fractional Sobolev spaces by
the method of filtered back projection (FBP), which gives an inversion of the Radon transform.
The objective of this paper is to analyse the intrinsic FBP approximation error which is incurred
by the use of a low-pass filter with finite bandwidth. To this end, we prove L2-error estimates on
Sobolev spaces of fractional order. The obtained error bounds are affine-linear with respect to
the distance between the filter’s window function and the constant function 1 in the L°°-norm.
With assuming more regularity of the window function, we refine the error estimates to prove
convergence for the FBP approximation in the L2-norm as the filter’s bandwidth goes to infinity.
Further, we determine asymptotic convergence rates in terms of the bandwidth of the low-pass
filter and the smoothness of the target function. Finally, we develop convergence rates for noisy
data, where we first prove estimates for the data error, which we then combine with our estimates
for the approximation error.

1. INTRODUCTION

The method of filtered back projection (FBP) is a popular reconstruction technique for bivariate
functions from Radon data. To formulate the basic reconstruction problem mathematically, we
regard for f € LY(R?) its Radon transform

R(t,6) :/ F@y) d(z,y) for (£,0) € R x [0, 7).
{z cos(0)+ysin(0)=t}

Here, the set {(z,y) | zcos(f) + ysin(f) = ¢t} C R? describes the straight line ¢; 9 with distance ¢

to the origin that is perpendicular to the unit vector ng = (cos(d),sin(6)). Note that the Radon

transform R maps a bivariate function f = f(z,y) in Cartesian coordinates onto a bivariate function

Rf =Rf(t,0) in polar coordinates.

Now the reconstruction problem reads as follows.

Problem 1.1 (Basic reconstruction problem). On given domain Q C R?, reconstruct a bivariate
function f € LY(Q) on Q from Radon data

(RF(4,6) |t R, 0 [0,7m)}.

Therefore, the basic reconstruction problem seeks for the inversion of the Radon transform R,
which is accomplished by the method of filtered back projection. For a comprehensive mathematical
treatment of the Radon transform and its inversion, we refer to the textbooks [4, 17].
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The outline of this paper is as follows. In §2 we discuss the main ingredients of the filtered back
projection (FBP) and their relevant analytical properties. In particular, we explain in §2 how suit-
able low-pass filters can be used to obtain an approximate FBP reconstruction method for bivariate
functions. The aim of this paper is to analyse the approximation error of the FBP reconstruction,
whose error bounds depend on the low-pass filter’s window function, on its bandwidth and on the
regularity of the target function. Before doing so, we first describe other related methods in §3
and explain their differences to our approach. Further, in §4 we recall an error estimate from our
previous work [1] concerning the FBP reconstruction error in the L%-norm for the relevant case of
target functions from Sobolev spaces of fractional order.

That error estimate from [1] allows us to show convergence of the approximate reconstruction
to the target function as the filter’s bandwidth goes to infinity, but only under rather strong
assumptions. In contrast, due to a result by Madych [11], convergence can be shown under much
weaker assumptions. This has motivated us to investigate the refinement of our previous L2-error
estimate, as detailed in §5. On the basis of our refined error estimates we are able to prove
convergence under much weaker conditions. Furthermore, this allows us to determine asymptotic
rates of convergence in terms of the bandwidth of the low-pass filter and the smoothness of the
target function. In §6 and §7 we show that the convergence rate saturates with respect to the
differentiability order of the filter’s window function. Our theoretical results are supported by
numerical simulations.

Finally, in §8 we develop deterministic convergence rates for noisy data, where we combine our
estimates on the approximation error from §5 and §7 with error estimates for the data error. In
particular, we estimate the norm of the regularization operator in dependence of the regularization
parameter. This allows us to balance the approximation error with the noise level and the norm of
the regularization operator, as we elaborate on in detail in the final step of §8.

2. FILTERED BACK PROJECTION

The inversion of the Radon transform R is well understood and involves the (continuous) Fourier
transform, here taken as

Fg(S,0) = / o(t,0)e=*S dt  for (S,0) € R x [0, )
R
for g = ¢(t,0) in polar coordinates satisfying g(-,0) € LY(R) for all § € [0,7), as well as the back
projection
1 us
Bh(z,y) = 7/ h(z cos(6) + ysin(6),0) d§  for (x,y) € R?
T Jo

for h € LY(R x [0,7)). Note that the back projection B maps a bivariate function h
polar coordinates onto a bivariate function Bh = Bh(z,y) in Cartesian coordinates.
Later in this work we also use the (continuous) Fourier transform on R?, defined as

Ff(X,)Y) = / / f(z,y)e ' @XHY) dzdy  for (X,Y) € R?
R JR

h(t,0) in

for f = f(x,y) in Cartesian coordinates, where f € L*(R?).
Now the inversion of the Radon transform is given by the filtered back projection formula [3, 17]

(21) Flay) = 3 BEISIFRAS.0) (w0) V(.)€ R
which holds for any function f € L'(R?) N C(R?).
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We remark that the FBP formula is numerically unstable. Indeed, by applying the filter |S| to the
Fourier transform F(Rf) in (2.1), especially the high frequency components of R f are amplified by
the magnitude of |S|. To stabilize the FBP reconstruction method, we follow a standard approach
and replace the filter |S] in (2.1) by a low-pass filter A, of the form

Ar(S) = [SIW(5/1)

with finite bandwidth L > 0 and an even window function W : R — R with compact support
supp(W) C [—1,1]. Further, we assume W € L (R).

Therefore, the scaled window function W, (S) = W(5/L) is even and compactly supported with
supp(Wp) C [-L, L]. In particular, Wy, € L}(R), and so, unlike |S|, any low-pass filter of the form
Ap(S) = |S|WL(S) is in L'(R). When replacing the filter |S| in (2.1) by a low-pass filter Az (S),

the reconstruction of f is no longer exact and we obtain an approximate FBP reconstruction f, via

fula,y) = 3 BEF LSRN O] (w9)  for (r,9) € B

For target functions f € L*(R?) the approximate reconstruction fr, is defined almost everywhere
on R? (see [2, Proposition 3.1]) and can be simplified to

(2.2) fr= %B(QL *Rf),

where * denotes the convolution product of bivariate functions in polar coordinates, given by
(gL *Rf)(S,6) = / qr(t, ) Rf(S —t,0)dt for (S,0) € R x [0,7),
R

and where we define the band-limited function ¢y, : R x [0,7) — R as
qr(S,0) = F~YAL(S) for (S,0) € R x [0, 7).
Note that the function ¢z, is well-defined on R x [0, 7) and satisfies ¢z, € L?(R x [0,7)).

Moreover, the approximate FBP reconstruction fr belongs to L?(R?) (see |2, Proposition 4.2])
and can be rewritten in terms of the target function f via

(2.3) fr=f*Ku,

where * now denotes the convolution product of bivariate functions in Cartesian coordinates, given
by

(f * Kp)(z,y) = / / FX,)Y)Kp(z — X,y—Y)dXdY for (z,9) € R?,
RJR
and where we define the convolution kernel K;, : R?> — R as
1
KL(xay) = quL(xay) for (fﬂ,y) eRz'

Note that K, is well-defined on R? and satisfies K, € Co(R?) N L2(R?) (see |2, Proposition 4.1]).
Further, its Fourier transform is given by

(2.4) FKp(x,y) = Wi(x,y) for almost all (z,y) € R?

where the compactly supported and radially symmetric bivariate window function W, € L>(R?)
is defined as
Wi(z,y) =W (Va2 +y2) for (z,y) € R?
Rigorous derivations of the formulas (2.2), (2.3) and (2.4) can be found, for example, in [2],
where no additional assumptions on the band-limited function g; and the convolution kernel K7,
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are needed. We remark that relation (2.3) was derived via ridge functions in [11, Proposition 1]
under different assumptions.

For the sake of brevity, we call any application of the approximate FBP formula (2.2) an FBP
method. Therefore, each FBP method provides one approximation fr, to f, fr =~ f, whose quality
depends on the choice of the low-pass filter Ay,.

In the following, we analyse the intrinsic error of the FBP method which is incurred by the use
of the low-pass filter Ay, i.e., we wish to analyse the reconstruction error

(2.5) er =f—fL

with respect to the filter’s window function W and bandwidth L. To this end, in §4 and §5 we
prove L2-error estimates on ey, for target functions f from Sobolev spaces of fractional order. Here,
the Sobolev space H*(R?) of order o € R, defined as

(2.6) HY(R?) = {f € S'®*) | [ f]la < 00},

is equipped with the norm || - ||, where

1 o
||f||i:R/R/R(1+x2+y2) |Ff(x,y)? dz dy,

and where §’(R?) in (2.6) denotes the Schwartz space of tempered distributions on R?.
In relevant applications of (medical) image processing, Sobolev spaces of compactly supported
functions,

HE () = {f € H*(R?) | supp(f) C O},
on an open and bounded domain  C R?, and of fractional order o > 0 play an important role
(cf. [16]). In fact, the density function f of an image in 2 C R? has usually jumps along smooth
curves, but is otherwise smooth off these curve singularities. Such functions belong to the Sobolev
space HS (R?) for o < % Consequently, we can consider the density of an image as a function in a
Sobolev space H§ (€2) whose order « is close to 3.

3. SUMMABILITY METHODS, APPROXIMATE INVERSE, AND OTHER RELATED APPROACHES

Before we develop our L2-error estimates and convergence rates, we first discuss related methods,
where we explain how their results differ from ours. We adapt the notations to our setting.

3.1. Summability Methods. In [11], Madych describes the reconstruction of functions from
Radon data based on summability formulas. The basic idea is to choose a convolution kernel
K :R? — R as an approximation of the identity and to compute the convolution product f * K,
to approximate the target function f, where, for L > 0, the scaled kernel K, is given by

Ki(z,y) = L? K(Lz,Ly) for (z,y) € R

If K is chosen to be a uniform sum of ridge functions, the convolution f % K can be expressed
in terms of the Radon data Rf as in the approximate FBP formula (2.2), see [11, Proposition 1].
Convolution kernels K that can be represented as uniform sums of ridge functions are characterized
in [11, Section 2.2]. Moreover, for target functions f € L?(R?), 1 < p < oo, the reconstruction error

f—fxKg
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is estimated in terms of the LP-modulus of continuity w,(f;0), where, for § > 0,
1/13
aifi) = sw ([ [if@-Xy-v) - sl aray) " orisp<s
(X, Y)]2<6 \JRJR

and

woo(f;8) = sup  esssup |f(z — X,y —Y) — f(z,y)].
H(X7Y)H2§6 (I,y)ERZ

Under the assumption that Ky, for L > 0, is a family of integrable convolution kernels satisfying

//KL(%y)dwdy:l
RJR

[ [ meaiasay < e,
R JR
/ / Va2 +y? |Kp(,y)|dedy < e L7
RJR
for some constants cg,c1 € R>¢ independent of L, it is shown in [11, Proposition 7] that

(3.1) If = f* Killuoe) < cwp(f; L7,

where the constant ¢ € R> is independent of f and L. The proof is based on direct calculations in
the cases p =1 and p = 0o, and on the integral variant of Minkowski’s inequality for 1 < p < co.
To exploit a higher order moment condition on the convolution kernel K7,

k
[ [V i) sy <ot
R JR

for some integer k > 2 and a constant ¢, € R>g independent of L, the modified kernels

k-1
. L k! N
Ki(z,y) = Z(—l)k it [ (k= 5) "2 Kp(e/(k—i),¥/(k—5))  for (z,y) € R?
= 4!
are defined and the corresponding reconstruction error
f-f*Kp
is estimated in terms of the k-th order LP-modulus of smoothness w’;(f; ) of f via
(3.2) If = f* Kflluome) < cwl(f;L71),

where the constant ¢ € R>¢ is again independent of f and L, see [11, Proposition §].

The constant ¢ in the estimates (3.1) and (3.2) depends on the L'-norm of the convolution
kernel K, so that the assumption K7 € L!(R?) is essential and cannot be omitted. However, the
integrability of K, implies that its Fourier transform FK7, is continuous on R2.

In our setting the condition K7 € L'(R?) would imply that the univariate window function
W e L*(R) is continuous on R, due to formula (2.4). But unlike in [11], we merely require that
W has compact support with supp(W) C [—1, 1], where we essentially want to allow discontinu-
ities for W at the boundary points of [—1,1]. Therefore, the assumptions on K, in [11] lead, in
comparison with this paper, to more restrictive conditions on W.

In [12], Madych considers two particular choices for the convolution kernel Ky, where the first one
yields a natural approximation of Radon’s classical reconstruction formula from [18], whereas the
second one leads to an approximation of an alternative inversion formula derived in [11, Corollary 2].
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For these two choices of kernels K, and for target functions f € L>(R?) that are Hélder continuous
of order a > 0 at (x,y) € R?, the pointwise reconstruction error
f(xa y) - (f * KL)(CC,y)

is in [12] estimated in terms of the parameter L of the scaled kernel K, and the Holder exponent « of
the target function f. Again, the so obtained estimates in [12] rely on the assumption K € L'(R?),
and so they do not apply to the setting of this paper.

3.2. Approximate Inverse. The method of approximate inverse was developed by Louis and
Maass in [9] to solve ill-posed linear operator equations of the form

Af=yg
for f € X, where A : X — ) is a continuous linear operator between Hilbert spaces X and ), and
where g € ) are viewed as input measurements. In the setting of this paper, the operator A is the
Radon transform R.

Now the basic idea of the approximate inverse [9] is to select a smoothing operator E, : X — X,
for v > 0, to compute a smoothed version

f’y = E’yf

of the target function f. If X is a space of real-valued functions on a domain §2, this is done by
calculating the moments

(@) = (faey(@,))x fora e
with a suitable family of mollifiers e, : 2 x 4 — R satisfying

li 17 = /. e = 0.
The computation of f, from the given data g € Y is achieved by approximating e, (z, -) in the range
of the adjoint operator A* by the reconstruction kernel vy(z) € Y solving
min || A% — e, (z, )| x

so that

(@) = (frey(x,)x = (g,04(x))y  for z e Q.
The mapping S, : Y — X, defined as

S,9(x) = (g,v4(z))y forxz €,

is then called the approzimate inverse of the operator A.

Now the application of the approximate inverse to the Radon transform, i.e., A = R, yields a
reconstruction formula of the filtered back projection type. For detailed investigations on properties
of the approximate inverse and its relation to other regularization methods we refer to Louis [7, 8].

Jonas and Louis [6] consider the case where X and ) are L2-spaces and where A is an operator
with smoothing index a > 0 in the Sobolev scale, i.e., there exist constants c1, co > 0 satisfying

cillflie < Afllme <eallfllz ¥ f e N(A)*
For mollifiers e, of convolution type,
ev(z,y) =ey(r—y) Va,yeQ,

sufficient conditions are then derived under which the approximate inverse S, yields a regularization
method of optimal order, cf. [6, Theorems 3.2 & 5.3]. The proofs in [6] rely on similar techniques
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that we use in §5 to obtain our refined error estimates. Moreover, in the proof of [6, Theorem 5.3],
the estimate

(33) 1f = follee < cg?® ||fllus ¥ f € HP

is shown for all 0 < 8 < 3%, for some constant cg > 0. To this end, it is assumed that there are
positive constants 8, 3%, cg- > 0 satisfying

(3.4) sgp{(l +1E3) ™" @m) 2 Feo(§) = 1]} S epe"F ¥y >0

But (3.4) is in [6] verified merely for one prototypical case, where the mollifier e is a sinc function.

In contrast to this, we develop concrete and easy-to-check conditions on the window function W
which guarantee that the inherent FBP reconstruction error ey, in (2.5) behaves in the fashion of
estimate (3.3). Moreover, our estimates in §6 and §7 allow for nontrivial statements concerning the
behaviour of the reconstruction error in the case § > §*.

Louis and Schuster [10] apply the method of approximate inverse to the Radon transform R
to derive inversion formulas for the parallel beam geometry in computerized tomography. They
consider both the continuous and discrete setting, where they explain how to compute the recon-
struction kernel for a chosen mollifier. This yields inversion formulas of filtered back projection
type. The approach in [10] relies, for finite data sets, on a truncation of the singular value decom-
position of R. But [10] contains no results concerning error estimates or convergence rates, unlike
this paper.

Rieder and Schuster [23, 24] focus on semi-discrete systems

Anf = Gn,
where the semi-discrete operator A, : X — C™ and the measurements g, € C" are defined via an
observation operator ¥,, : JJ — C" by

A, =¥, A and g,=Y,g.

Their work in [23, 24] proposes a technique for approximating the discrete reconstruction kernel for
a given mollifier. Moreover, they prove convergence for the resulting discrete version of the approxi-
mate inverse. Finally, they apply their results to the Radon transform to obtain convergence rates
for the discrete filtered back projection algorithm in parallel beam geometry, as the discretization
parameters go to zero. Concrete examples of mollifier /reconstruction kernel pairs for the Radon
transform are given in [20].

Since the approach in [23, 24| considers the semi-discrete setting, the method parameter v > 0 is
necessarily coupled with the discretization parameters. Therefore the intrinsic approximation error
f - f'y
for the continuous approximate inverse reconstruction f, of f (i.e., for complete Radon data) is not

considered explicitly, unlike in this paper.

In particular, the results of this paper are not covered by the theory of Rieder and Schuster.
Moreover, in [23, 24] the mollifier is required to have compact support. In contrast, we assume
the window function W to be compactly supported with supp(W) C [—1,1]. Due to formula (2.4)
and the Paley-Wiener theorem this implies that the convolution kernel K cannot have compact
support. Therefore, the setting of this paper is essentially different from that in [23, 24].

The results in [24] lead to suboptimal convergence rates for the discrete filtered back projection
algorithm, as this is explained in [24] (cf. the paragraph after [24, Corollary 5.6]). But Rieder and
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Faridani [21] prove optimal L2-convergence rates for a semi-discrete filtered back projection algo-
rithm in parallel beam geometry, where no discretization of the back projection operator B is consid-
ered. This is incorporated by Rieder and Schneck in [22] leading to optimal L2-convergence rates for
a fully discrete version of the filtered back projection algorithm, and for sufficiently smooth f. We
remark that the resulting representation of the discretized approximate FBP formula depends on
the utilized filter function, the interpolation method and the discretization parameters. Therefore,
the inherent FBP reconstruction error
€L = f - fLa
incurred by a low-pass filter of finite bandwidth L, is not estimated in [21, 22|, unlike in this paper.

3.3. Other related Approaches. Raviart [19] analyses the reconstruction error
f—F*=Kp
for target functions f from Sobolev spaces of integer order, i.e., f € H™P?(R?) for some m € Ny and

1 <p < o0, where
H™P(R?) = {f € LP(R?) | || fllm,p < 00}

with
(Sovsen | it )) o1
a+3§m‘3°‘85 , orl=p<oo
Iy = 3 e
[o ) —
maXa+BSm ‘ WW‘]“HLM(RZ) fOI“ p = Q.

In the approach taken in [19], the convolution kernel K is required to satisfy K € C(R?) N L!(R?)

and, for some integer k € N,
//K(x,y)dxdyzl
R JR
(3.5) //xo‘yﬂK(x,y)dxdy:O Va,eNg: 1<a+p<k—-1
R JR

k
(3.6) / / Va2 +y? |K(z,y)|dedy < cc.
R JR
For f € H*P(R?), 1 < p < o0, [19, Lemma 1.4.4] then yields error estimates of the form
(3.7) If = f* Krllio@e) < C L7 flryp

for some constant C' > 0 and where

1/p
9> 9% 4P I
_ - orl <p<oo
g | ot ) 122
9> 9 H _
maXe.t g— = for p = oo.
a+p k?’ Bz ayﬁf Lo (R2) p

We remark that the proof for (3.7) in [19] relies on a Taylor expansion of f. Further, the required
differentiability order of f is coupled with the k-th order moment conditions on K in (3.5) and (3.6).
But the moment condition in (3.6), in combination with the integrability of the kernel K, implies
that the Fourier transform FK is k-times continuously differentiable on R?. In the setting of this
paper, this would require the univariate window function W € L*°(R) to be k-times continuously
differentiable on R, due to formula (2.4).

Therefore, the assumptions on K in [19] lead, in comparison with the approach of this paper, to
rather restrictive conditions on W. Indeed, in §6 and §7 we prove error estimates on ey, where we



ERROR ESTIMATES AND CONVERGENCE RATES FOR FILTERED BACK PROJECTION 9

only assume that the compactly supported window W € L>°(R), with supp(W) C [—1,1], is k-times
continuously differentiable on [—1,1], but otherwise allow discontinuities for W at the boundary
points of [—1, 1]. Moreover, in our approach, the target function f lies in a fractional Sobolev space
H%(R?), for a > 0, where the smoothness a of f is not coupled with the differentiability order k
of W. The constants appearing in our error estimates on ey, = f — f are given explicitly, unlike
for the error estimate (3.7) from [19].

Finally, we prove saturation for the decay rate of the error bound at order k. In the saturation
case, the constant c, k, as explicitly given in our error bound, is strictly monotonically decreasing
in @ > k. Therefore, a smoother target function f € H%(R?), allows for a better approximation,
even in the case of saturation. This behaviour is not covered by the estimates proven in [19].

We finally discuss the related approach of Schomburg [25], who analyses the convergence rates
of certain delta sequences in Sobolev spaces of negative fractional order. For a tempered distribu-
tion ¢ € H™%(R?) with o > 1, which satisfies further assumptions specified in |25, Theorem 1],
asymptotic estimates for the error

¢n -6
are derived in the H=%norm. Here, § € H~%(R?) denotes the Dirac delta distribution, given by
(6,9) =(0) for v € S(R?)

with the duality pairing (-, -) on H=%(R?) x H*(R?), and the sequence (¢, )neny C H™%(R?) is defined
via

(s ¥) = (&0 (/s ofn)  for § € S(R?).
For an even convolution kernel K € L?(R?) the scaled kernels K, for L > 0, given by
Ki(z,y) = L* K(Lz,Ly) for (z,y) € R?

can be considered as tempered distributions in H~%(R?) with

nf) = [ [ KoYy FOY) dody = [ | KOOY) PO/ dedy = (K. (/1 /1)
R JR RJR
Observing this, the results from [25] can be used to prove asymptotic pointwise error estimates on

[ —f*KL
for functions f € HY(R?), with o > 1, in the H*-norm of f. Indeed, for fixed (z,y) € R?, we have

(Kp(e—y— ), f) = /R/RKL(x Xy Y) fXY) dedy = (f + K1) (1)

and
KLz —-y—)=0(@—y—)ll-a =KL =00,
so that
F@,9) = (F+ Ko)(@,9)| < 1Kz =8l allflla ¥ (2,9) € R2,

The constants from the asymptotic error estimates of [25] are generic and not given explicitly.
Further, we are interested in error estimates on f — f * K, for target functions f € H*(R?), where
the smoothness a of f is only assumed to be positive. Especially the case 0 < a < 1 is of particular
interest, as explained at the end of §2, so that the assumption o > 1 is too restrictive for our setting.

We finally remark that pointwise and L°°-error bounds on e;, = f — fr, along with asymptotic
pointwise error formulas, are discussed by Munshi in [13] and by Munshi et al. in [14]. Their
theoretical results are supported by numerical experiments in [15]. But they assume certain moment
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conditions on the convolution kernel K, along with rather restrictive differentiability conditions on
the target function f, that we can avoid in this paper.

4. ERROR ANALYSIS

In this section we prove an L2-error estimate for e;, = f — fr, where the upper bound on the
L2-norm of ey, is split into two error terms, a first term depending on the filter’s window function
W and a second one depending on its bandwidth L > 0. Although the results of this section are
already published in [1], it will be quite instructive for the following analysis in this paper to recall
the details of our previous error estimates in [1]. We remark that in the present form of Theorem 4.1
we can omit the assumption K; € L'(R?), which implies that the window function W has to be
continuous on R.

Theorem 4.1 (L2-error estimate, see [1, Theorem 1]). Let f € L*(R?) NH*(R?), for some o > 0,
and let W € L°°(R) be even with supp(W) C [—1,1]. Then, the L?>-norm of the FBP reconstruction
error e, = f — f is bounded above by

(4.1) lezllLz@e) <11 = Willoo, =111 IfllL2eey + L7 | fla-

Since we will use some parts of the proof for a refined error analysis, we recall the proof of the
theorem for the reader’s convenience.

Proof. For f € L*(R?) N L%(R?), we get, by using the Rayleigh-Plancherel theorem,
1
leplfz@ey = I1f = f* Krlf2@e) = o) |Ff—Ff FELl2@e.c)
1 2
= A2 |Ff—Wp 'ff”L?(JR?;C)a

since, by letting Wi (z,y) := Wi (r(z,y)) for r(z,y) = /22 + 42 and (7,y) € R?, we have the
identity
FKp(x,y) = Wi(x,y) for almost all (z,y) € R?
in consequence of [2, Proposition 4.1].
We split the above representation of the L2-error into a sum of two integrals,
(4.2) H€L||%2(R2) =11 + I,

where we let

(4.3) L o= 471T2/T(l-’y)SLK}'f—WL-]—”f)(a:,y)|2d(:c,y),
(4.4) L = \Ffz,y)? d(z,y).

42 r(z,y)>L
For W € L*°(R), integral I; can be bounded above by

1
L5l - Wil ooy IFFlEe@ec) = 11 = Wik 1y 1flE2@e)

and, for f € H*(R?), with a > 0, integral I5 can be bounded above by

1 o oy 90
B [ () LRIF ) ) < L0,
T Jr(z,y)>L

which completes the proof. O
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The above theorem shows that the choices of both the window function W and the bandwidth L
are of fundamental importance for the L?-error of the FBP method. In fact, for fixed target function
f and bandwidth L, the obtained error estimate is affine-linear with respect to the distance between
the window function W and the constant function 1 in the L*°-norm on the interval [—1,1]. This
behaviour has also been observed numerically in [1].

Moreover, the error term |1 — W|o ;—1,1) can be used to evaluate the quality of the window
function W. Note that the window W = x|_1;) of the Ram-Lak filter is the unique minimizer of
that quality indicator, so that the Ram—Lak filter is in this sense the optimal low-pass filter.

Finally, the smoothness of the target function f determines the decay rate of the second error
term by

L™ flla =0OL™) for L — oc.
However, the right hand side of our L2-error estimate can only tend to zero if we choose the Ram—
Lak filter, W = x|_1 1}, and let the bandwidth L go to oco.

Nevertheless, the following theorem of Madych [11] shows that we get convergence of the FBP
reconstruction fr, in the LP-norm under weaker assumptions, for target functions f € LP(R?) with
1<p<oo.

Theorem 4.2 (Convergence in the LP-norm, see [11, Proposition 5]). Let the convolution kernel
K = K; : R? — R satisfy K € LY(R?) with

//K(a:,y)dzdy:l.
R JR
Then, for f € LP(R?), 1 < p < oo,

lecllLr ey — 0 for L — oo.

For the reader’s convenience, we give a proof of the theorem, which relies on Lebegue’s theorem
on dominated convergence.

Proof. For f € LP(R?), 1 <p < 00, and (X,Y) € R?, we define
Af(va) = ||f( - Xa T Y) - f||Lp(R2)~
Then, we have
Ay(X,)Y)— 0 for (X,Y)— (0,0),

since this holds for continuous functions f with compact support, i.e., f € C.(R?), and C.(R?) is
dense in LP(R?) for 1 < p < co.
Relying on the scaling property

(45) KL(xvy) = L2 K(vaLy) V(l',y) € R2

/R/RKL(:C,y)dzdy:/R/RK(:U,y)dxdy:1,

and can rewrite the pointwise error

er(z,y) = (f — fu)(x,y) for (z,y) € R

we get

er(e.y) = (f — f + Kp)(ay) = /R/R[f(’”’y) fle - Xy~ V) KL (X,Y) dX Y,
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Using Minkowski’s integral inequality we can estimate the LP-norm of ej, by
P Yp
dz dy>

||eL||Lp(R2>:( [/
s/R/R(/R/me—x,y—w—f(x,y)l” IKL<X,Y)|dedy)1/dedY

:/R/R(/R/le(x—X,y—Y)—f(x,y)l” dxdy)l/pwx,mdxw
:/R/RAf(X,Y)|KL(X,Y)|dXdY.

/R /R @ — X,y —Y) — f(a.y)] Kp(X,Y) dX dY

Again, by using the scaling property (4.5), we get

leclioge < [ [ A9/ KXY dX ay,
R JR

Since
[Ap(X/L,Y/0)| [K(X,Y)| < 2| fllue ey [K (X, Y)]

and, by assumption,
//|K(X,Y)| dX dY < oo,
R JR

in combination with
A¢(X/L,Y/L) — 0 for L — oo,

we finally obtain
les lim ey < / / A (X)L, Y/o) |K(X.Y)|dXdY —+0 for L — oo
RJR

by Lebesgue’s theorem on dominated convergence. (|

5. REFINED ERROR ANALYSIS

According to Theorem 4.2, the L2-norm of the FBP reconstruction error f — f;, tends to zero as
L goes to co. On the grounds of our error estimate in (4.1), however, convergence follows only for
the Ram-Lak filter, where W = x|_; 1). To obtain convergence under weaker conditions, we need
to refine our error estimate.

As in Theorem 4.1 we assume f € L'(R?) N H*(R?), for a > 0, and consider even window
functions W € L*°(R) with compact support supp(W) C [—1,1].

For the sake of brevity, we set r(z,y) = /22 + 42 for (z,y) € R% Recall the representation of
the FBP reconstruction error ey, = f — fr, with respect to the L?-norm in (4.2), by the sum of two
integrals, I in (4.3) and I3 in (4.4), where integral I can be bounded above by

(5.1) Iy <L f]I2.

In Theorem 4.1 we derived an upper bound for integral I; in terms of the L?-norm of the target
function f. To obtain convergence for a larger class of window functions, we bound I; from above,
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now also with respect to the H*-norm of f. Indeed, for f € H*(R?), with a > 0, we can estimate
integral I; in (4.3) by

1

L= 1= Wila,y)P|Ff (@, y) d(e,y)
T Jr(z,y)<L
1 |1 - WL(aj?y)|2

=5 e Gr gy LT V) @yl d@y)
T, Y)S

(1-wr(9)*) 1 a
( sup L>47T2/R/R(l+x2+y2) | Ff(z, )| de dy.

IN

se-r,n; (1+52)°

Now note that

(1-Wi(9))? (1—-W(s/r)* (1-w(9))*

su ——— = su — = sup -
Se[—E,L] (1+S5%) Se[—IL),L] (1+S%) SE[—I:1)71] (1+L2S?)

Therefore, with letting

(I)a,W(L) = sup (]' B W(S))2

- for L>0
se[-1,1) (1+L25?)

we can express the above bound on I as

(1-Ww(s))? 2 _ 2
L < (Ses[lill),l] (1+L252)a> 1f1I2 = Pa,w (L) [ flIa-

Combining our bounds for integrals I; and I, this finally leads us to the L2-error estimate

L-WS)P e
el = (ﬁ“ﬁ’ Sz 7 I = (B 0+ 272 1512

In summary, we have just established the following result.

Theorem 5.1 (Refined L?-error estimate). Let f € L!(R?)NHY(R?), for a > 0, and let W € L>=(R)
be even with supp(W) C [—1,1]. Then, the L?-norm of the FBP reconstruction error er, = f — fr,
s bounded above by

(5.2) ezl < (@23 (L) +L7%) £ la-

Our next result shows that, under suitable assumptions on the window W, the function ®, w (L)
tends to zero as L goes to oo.

Theorem 5.2 (Convergence of ®, ). Let the window W be continuous on [—1,1] and W(0) = 1.
Then, for any a > 0,
(1-W(s))?

S, w(L) = — L .
wi(L) sg[lf‘fu (15 1252) — 0 for — 00

Note that we require continuity of the compactly supported window function W only on the interval
[-1,1]. But we allow discontinuities of W at the boundary points of [—1, 1].
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Proof. For the sake of brevity, we define the function @, w,, : [-1,1] — R via
(1-W(s))?
(1+ L25%)*
Because W is continuous on [—1,1] and even, ®, w1 attains a maximum on [—1, 1], and we have

S, w(L) = o, S) = o, S) = o, S).
WD = S e 8) = g, ot (5) = g, Boawia ()

(ba,W,L(S) = for S € [—1,1]

In the following, let ST, y;, ; € [0, 1] be the smallest maximizer of the even function ®,,w,r, on [0,1].

Case 1: 57 1, is uniformly bounded away from 0, i.e.,
Je=c(a,W)>0VL>0: S, w.>c

in which case we get

(1 - W(SZ,W,L))Q < - WHzo,[fm] L—co

(1+L2(Shwp)?)® —  (1+L2%2)°

Case 2: 57, vy, 1, tends to 0 as L goes to oo, ie.,

0.

0< (I)a,W,L(S;,W,L) =

SZ,W,L — 0 for L — oo.
Because W is continuous on [—1,1] and satisfies W(0) = 1, we have
W(Saw) — W(0)=1 for L-— o0

and, consequently,

1— W (S5 1))’ . -
Ty < (W) S
a,W,L

0< ®ow,r(Shwe) =

Hence, in both cases we have

(bOuW(L) = (I)a,W,L(S*yw)L) —0 for L— 00,

[e%

which completes our proof. |

By combining Theorems 5.1 and 5.2, we can now conclude convergence of the FBP reconstruction
fr in the L2-norm for a larger class of window functions W.

Corollary 5.3. Let f € L1(R?) N H*(R?), for some o > 0, and W € C([—1,1]) with W(0) = 1.
Then, the L2-norm of the FBP reconstruction error e;, = f — f1, satisfies

leLllfzgey < (Paw (L) + L72) [IfI5 — 0 for L — oc.
In particular,

lleLlltemey = o(1)  for L — oo.

We are now interested in the rate of convergence for the FBP reconstruction error |ler ||r2(r2) as
L goes to co. Thus, we need to determine the decay rate of ®, w (L). To this end, let Sawir € [0,1]
again denote the smallest maximizer in [0, 1] of the even function
(1—W(s))*
(1+L2S52)”

In the following analysis, we rely on the following assumption.

(Da,W,L(S) = for S € [—1,1].
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Assumption 5.4. S . is uniformly bounded away from 0, i.e., there exists a constant ca,w > 0,
such that

S;;,W,L 2 Ca,W VL>D0.
Under this assumption, we can conclude
2
Hl - W”oo,[fl,l]

B (L) = B, fwn) € bl
w(L) w.(Sa,w.) (1+12c,)

< C;,Qvav 1 - W”Zo,[—l,l] L2,

in which case we obtain
lexlfeme) < (ea3 1L = W 1.0y +1) L2112,

ie.,
||6L||i2(m2) =0O(L™%*) for L — oo.

In summary, we can, under the above assumption, establish asymptotic L2-error estimates for
the FBP reconstruction with convergence rates as follows.

Theorem 5.5 (Rate of convergence). Let f € L*(R?)NHY(R?), for a > 0, and W € C([—1,1]) with
W(0) = 1. Further, let Assumption 5.4 be satisfied. Then, the L2-norm of the FBP reconstruction
error e, = f — f is bounded above by

(53) lewlam) < (ot I = Wl + 1) L7 1o

i.e.,
lerllzmey = O(L™)  for L — oo.

Note that the decay rate of the L2-error in (5.3) is determined by the smoothness « of the target f.
Further, for fixed target function f and bandwidth L, the obtained error estimate is again affine-
linear with respect to ||[1 — W/ [~1,1], as in (4.1) and observed numerically in [1].

We remark that Assumption 5.4 is satisfied for a large class of window functions. For example,
let the window function W € C([—1, 1]) satisfy

W(S)=1 VSe[--¢¢]
for € > 0 and

IR e€[0,1]: W(R) # 1.
Then, Assumption 5.4 is fulfilled with cow = €.

Numerical Observations. We investigate the behaviour of S, y, ; and @, w numerically for the
following commonly used choices of the filter function A (S) = |S| W (5/L):

Name W(S) for |S| <1 | Parameter
Shepp-Logan sinc(75/2) -
Cosine cos(7S/2) -
Hamming B+ (1 —pB)cos(wS) | B € [Y2,1]
Gaussian exp(—(75/)?) Bg>1

Note that each of these window functions W is compactly supported with supp(W) = [—1, 1].

)
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w
3

10° 10°
L

(d) a=25

FIGURE 1. Decay rate of ®, - for the Shepp-Logan filter.

In our numerical experiments, we calculated S}, i, ;, and @, w (L) as a function of the bandwidth
L > 0 for the above mentioned window functions W and for different parameters o > 0, reflecting
the smoothness of the target function f € H¥(R?). Figure 1 shows the behaviour of ®, w in log-
log scale for the Shepp—Logan filter and for smoothness parameters a € {0.5,1,2,2.5,3,4}. For
a € {0.5,1,2} we observe that ®, w (L) behaves exactly as L=2%, see Figure 1(a)—(c), whereas for
a € {2.5,3,4} the behaviour of ®, (L) corresponds to L~%, see Figure 1(d)—(f). In the latter
case, however, ®, w (L) decreases at increasing values a > 2. We remark that the same behaviour
was observed in our numerical experiments for the other window functions W mentioned above.

We summarize our numerical experiments (for all windows W listed above) as follows.

For a < 2, we see that Assumption 5.4, i.e.,
Jeaw >0YL>0: S, wp > caw,
is fulfilled, where in particular,
Do w(L)=0(L72*) for L — 0.
For a > 2, we have

Sowyr—0 for L-— o0

[e%

and the convergence rate of ®, y stagnates at

Sow(L)=0(L"" for L— .
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6. ERROR ANALYSIS FOR C2-WINDOWS

Note that all window functions W mentioned above are in C?([—1, 1]). Therefore, in the following
analysis we consider even window functions W with compact support in [—1,1] that additionally
satisfy W € C%([—1,1]) and W(0) = 1.

Note that we require differentiability of the compactly supported window function W only on
the interval [—1,1]. But we allow discontinuities of W at the boundary points of [—1,1]. As a first
result, we obtain the following convergence rate.

Theorem 6.1 (Convergence rate of ®, w for C2-windows). Let the window function W satisfy
W e C*([-1,1]) with W(0) = 1. Moreover, let o > 0. Then, we have

Ca ||W”||§o,[,1,1] L™ fora>2AL> %
P IW S cag L2 fora<2v (a >2AL < m)

i.€.
Do (L) = O(L* min{4=2a}) for L —» o0,

where the constant
(a _ 2)0{—2

aOé

Cy =
is strictly monotonically decreasing in o > 2.

Proof. Since the window function W is assumed to be continuous on [—1, 1], we have

_ (1-W(9))?* _
P () = O (T 257~ sty Pewa ()

Let S € [—1,1] be fixed. By assumption, W satisfies W € C?([—1, 1]) with W (0) = 1. Thus, we can
apply Taylor’s theorem and obtain

W(S) =W (0)+W'(0)S + % W) S* =1+ % W’ (€) 5>

for some & between 0 and S, where we use that the window W is even and, consequently, W'(0) = 0.
This leads to

" 2 4 w2 4
@a WL(S) _ (W (5)) S - S || ||0°»[_111] S -
o 4 (14 L25?) 4 (1+ L25?)
Hence,
W12 (=11 54 W12 (11
b, w(l) < ————— = = n o.L(S
w(l) < 4 sg[lfafu (1+L25?) 4 sg[lfai{,u(é +(5)
We now need to analyse the function
S4
S)=———57 forSe|[-1,1
¢057L( ) (1 +L2 SQ)OA or € [ 9 L

which is independent of the window function W. Since ¢, 1, is an even function, we have

S 7o) = g ot

and so it suffices to consider S € [0,1]. A necessary condition for a maximum of ¢, 1, on (0,1) is

P, 1(S) = 0.
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From the first derivative s (24 112.8?)
25°(24+2—-a)L”S
QSZx,L(S) = 2 a+1
(1+L252)
it follows that ¢/, ; can vanish only for S = 0 or for (o —2)L* S* = 2.

Now since ¢4, 1.(0) = 0 and ¢4, (S) > 0, for all S > 0, it follows that S = 0 is the unique global
minimizer of ¢, 1, on [0, 1].

Case 1: For 0 < a < 2 the equation
(a—2)L?S* =2
has no solution in [0, 1] and, moreover,
$o.(S) >0 VS e(0,1].
This means that ¢, 1, is strictly monotonically increasing on (0, 1] and, thus, it is maximal on [0, 1]

for S* =1, i.e.,

1
_ - - < —20¢'
Sfél[%ﬁ] ¢a,L(S) ¢a,L(1) (1 +L2)a <L

Case 2: For a > 2 the unique positive solution of the equation
(a—2)L?S* =2

is given by
S* = 7\6
 LJa-2'
where
2
S* e [0,1] = L> V2

a—2
For convenience, we define the function g, 1, : R — R via

Go,1.(S) =2+ (2 — a)L? S2.
Then, g,,1, is a down open parabola with vertex in S = 0 and we obtain
9a,1(51) > ga,L(S2) V0 < S < S
In particular, we have
90,1(52) < Ga,1.(S™) =0 < go,r(S1) V0O< S <8" <8y
and, consequently,
Go.(S2) < 0L, () =0 < ¢, (S1) Y0<S <8 <S8,

Thus, ¢q,r, is strictly monotonically increasing on (0, S*) and strictly monotonically decreasing on
(8*,00). Therefore, S* is the unique maximizer of ¢, and it follows that

1 for L < \/%
argmax g () = g
SE[O,I] I a2_2 fOr L 2 \/%
Since
4

(%) (a— 2
" Ly o— - —
¢a,L(S ): a — 4 L

<1+L2(L¢%)2) | "
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we finally obtain (for o > 2)

¢a,r(1)  for L < ﬁ:ﬁ L2« for L < %f
2 P (9 = R i
Sef0,1] ¢a,0(S*) for L > NS 4 & ai L% forL> \/é
Combining our results yields
1 112
Do w (L) < 1 W75 =1,1) Jnax, ba,L(S)
1 4(0‘75#L*4 foraa>2AL> ;{%2
<7 W2 s
L2« fora§2\/(a>2/\L< QEQ)
(a*(f# ||W”||io7[_171] L™ fora>2AL> \/\O{%
3 W2, oy L2 fora <2V (a >2ANL < \/‘O{%) ,
as stated.
Let us finally regard the constant
-9 a—2
Co = Cla) = @2
aa
as a function of a > 2. Then,
d —2)x—2 2
—C(a) = la=2)"" log(l—) <0 Va>2
da a® Q@
and, consequently, C, is strictly monotonically decreasing in o > 2. O

We remark that the results of Theorem 6.1 comply with our numerical observations from the
previous section. We have in particular observed saturation of the convergence rate of ®, y for
a>2at

Sow(L)=0(L"% for L— o0
through our numerical experiments. Therefore, our numerical results show that the proven order
of convergence for @,y is optimal for C?-windows.

By combining Theorems 5.1 and 6.1, we finally get the following result for the convergence order
of FBP reconstruction with C2-windows.

Corollary 6.2 (L2-error estimate for C2-windows). For a > 0 let f € L}(R?)NH*(R?). Moreover,
let W € C?([—1,1]) with W(0) = 1. Then, the L?-norm of the FBP reconstruction error er, = f— fr,
is bounded above by

(2 WMo =1 L2+ L) || flla fora>2AL>L*
ller Lz ey <
GV ooy L+ L) fla fora<2V(a>2AL<LY)

with the critical bandwidth L* = \/%7 for a > 2. Moreover, the constant

2 [a—2\"
Coo = ——
2 a—2 «
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is strictly monotonically decreasing in o > 2. In particular,

lezllu@e) < (elW”llso 1.0 L™™020) 4+ L) | £l = O(L7 im0} ).

We close this section by the following two remarks.

Firstly, note that the bound on the inherent FBP reconstruction error in Corollary 6.2 is affine-
linear with respect to |[W”|« —1,1). Therefore, the quantity in the upper bound can be used to
evaluate the approximation quality of the chosen C2-window function W.

Secondly, for a < 2 the convergence order of the approximate reconstruction fy, is given by the
smoothness of the target function f. But for a > 2 the convergence rate of the error bound saturates
at O(L~2). Nevertheless, the FBP reconstruction error continues to decrease at increasing o > 2,
since the involved constant c, o is strictly monotonically decreasing in v > 2. This matches our
perceptions, as the approximation error should be smaller for target functions of higher regularity.

7. ERROR ANALYSIS FOR Ck-WINDOWS

In this section, we generalize our results from the previous section to C*-windows whose first
k — 1 derivatives vanish at the origin. Therefore, we now consider even window functions W with
compact support in [—1,1] that additionally satisfy W € C*([—1,1]) for some k > 2 and

WO)=1 and WW@0)=0 V1<j<k-1

According to Theorem 5.2, ®, w (L) tends to zero for L — co. In Theorem 6.1 we obtained
convergence rates for @,y with C%-windows W. We can prove convergence rates for C*-windows
by following along the lines of the presented proofs for k£ = 2, see Theorem 6.1 and Corollary 6.2.
We formulate our results for £ > 2 as follows.

Theorem 7.1 (Convergence rate of ®, yw for CF-windows). Let the window function W satisfy
W e Ck([-1,1)), for k > 2, with

WO)=1 and WD0)=0 V1I<j<k-1
Moreover, let o > 0. Then, @, w (L) can be bounded above by

C2
aE WO g L7 fora>kAL>L"

(I)oz,W(L) S
ﬁ ||W(k)||i7[_1,1] L=2 fora<kV(a>kAL<L"

with the critical bandwidth L* = \/%, for a >k, and the strictly increasing constant

Cak = (aﬁk)’“/l’(a;k)@/z for a > k.

In particular,

Doy (L) = O(L‘2mi“{’“’“}) for L — 0.

Combining Theorems 5.1 and 7.1, we obtain the following result concerning the convergence
order of the FBP reconstruction with C*-windows.
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Corollary 7.2 (L2-error estimate for C¥-windows). Fora > 0 let f € LY(R?)NH*(R?). Moreoever,
let W € C*([~1,1]), for k > 2, with

WO0)=1 and W(j)(o) =0 V1<j<k-1.
Then, the L2-norm of the inherent FBP reconstruction error e, = f — f1, is bounded above by

(et W oy L+ L) | flla fora>kAL>L*
lerllre < ) i
(H HW( )||Oo,[,171] L=+ L‘O‘)HfHa fora<kVv(a>kANL<L".

In particular,
lerliags) < (cNW Ol g L7000} 4 L70) | £, = O( L7 minthel ),

Note that our concluding remarks after Corollary 6.2 concerning the approximation order of the
FBP reconstruction f7, continue to apply in the situation of C*-windows . Indeed, the convergence
order in Corollary 7.2, for o < k, is determined by the smoothness of the target function f, whereas
for a > k the convergence rate saturates at O(L~F). But in this case the error bound decreases
at increasing «, since the involved constant c, i is strictly monotonically decreasing in a > k.
Thus, a smoother target function allows for a better approximation, as expected. Nevertheless, the
attainable convergence rate is limited by the differentiability order k of the filter’s C*-window W.

Finally, note that the bound on the inherent FBP reconstruction error in Corollary 7.2 is affine-
linear with respect to ||W(’“)||007[_1,1] and this quantity can be used to evaluate the approximation
quality of the chosen C*-window function W.

Numerical Experiments. We investigate the behaviour of ®, y» numerically for the generalized
Gaussian filter Ay (S) = |S| W (S/r) with the window function

W(S) = exp <_ (”’5)3 for S € [~1,1]

for an even k € N> and 8 > 1. In this case, W € C*([-1,1)) is even and compactly supported
with supp(W) C [-1,1]. Moreover,

k
W(0)=1 and WY(0)=0 V1<j<k-1 and W““)(O):_k!(;) #0.

In our numerical experiments, we evaluated ®, w (L) as a function of the bandwidth L > 0 for
the Gaussian’s window W, using various combinations of parameters k € N>o, > 1, and a > 0.
Figure 2 shows the behaviour of ®, y in log-log scale for the generalized Gaussian filter with k = 4
and 8 = 4, for the smoothness parameters o € {2,3,4,4.5,5,6}. For a € {2,3,4} we observe that
P, w (L) behaves as L™2%, see Figure 2(a)—(c), whereas for o € {4.5, 5,6} the behaviour of ®, 1 (L)
corresponds to L~8, see Figure 2(d)—(f). But ®, 1 (L) continues to decrease at increasing a > k.

We can summarize the results of our numerical experiments as follows. For a < k, we observe

b, w(l)=0(L72*) for L— 0.
For o > k, the convergence rate of ®, y saturates at

Sow(L)=0(L"%*) for L— co.
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(d) a=4.5 (e) a=5 f) a=6

FIGURE 2. Decay rate of ®, y for the generalized Gaussian filter with k =4, g = 4.

Note that the results of Theorem 7.1 entirely comply with our numerical observations (for the
generalized Gaussian filters). So have we, in particular, observed the saturation of the convergence
rate of ®, w for o > k at

Sow(L)=0(L"%*) for L— co.

Our numerical results show that the proven convergence order of @, y is optimal for Ck-windows.

Asymptotic Error Estimates. In this subsection, we take a different approach to prove asymp-
totic error estimates for the proposed FBP reconstruction method with window functions which
are k-times differentiable only at the origin. To this end, we now consider an even window function
W e L*°(R), with compact support on [—1,1]. Moreover, W is required to have k derivatives at
zero, for some k > 2, with

WO)=1 and WW0)=0 VI<j<k-1

As in the previous sections, we consider target functions f € L'(R?) N H*(R?), for some a > 0.
For the sake of brevity, we again set 7(x,y) = /22 + y?2 for (z,y) € R%

Recall the representation of the FBP reconstruction error e;, = f — fr, with respect to the
L2-norm in (4.2), by the sum of two integrals, I in (4.3) and I in (4.4), where integral I can be
bounded above by (5.1), i.e.,

I < L7 f]a
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As regards integral I;, we have

_L _ 2 2
~ 4n? /r(z,y)ng Wi (r(z, )| |Ff(z,y)? d(z,y)

_ 1 /
4 r(z,y)<L

Because W : R — R is k-times differentiable at zero, we can apply Taylor’s theorem and, thus,
there exists a function hy : R — R satisfying

I

- w(“j;y)) ‘ F @, m)? d(, ).

k w) ‘
W(S) :ZL,(O)SJ +he(S)S* VS eR
P
and
lim 7 (S) = 0.

By assumption, W satisfies
WO)=1 and WW0)=0 V1<j<k-1
Hence, for (z,y) € R? and L > 0 follows that

) s ) 52

so that we obtain the representation

For convenience, we define

() \ 2F
(%) 5
Pt = O W v )" S8 LT 29
Then, I; can be bounded above by
2

. 1 W (0 , a
< Ghin s /()( (M) (1) )l o)

We now regard the integral

/R/]R (h’“(r(?y)))z (1+r(z,9)*)" |Ff(2,y)] dzdy.

For S # 0, the function hj can be written as

(k)
($) = (w(s) ~ 1 s~ - 0
Since the window function W is compactly supported in [—1, 1], we obtain
(k)
hi(S) = —S=F — W) vI[S| > 1,

k!
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which implies
- w®(0)

hk(S) — %l

for S — +o0.

From W € L*°(R) and
hp(S) — 0 for S—0

it follows that hy is bounded on R, so that there exists some constant M > 0 satisfying

2
‘hk(r(?y)ﬂ <M Y(z,y) €R?, L>0.

Hence, for all L > 0, the integrand

ot = (e (")) 0t o) 1F 1)

is bounded on R? by the function
O(z,y) = M (1+7(x,9)*)" |Ff(z,9)f,

which is integrable over R? due to the assumption f € H*(R?). Moreover, we have

n(7E2) o 1D

L L

which implies that, for any (z,y) € R2, hy 1(z,y) tends to zero as L goes to oo. Thus, we can apply
Lebesgue’s theorem on dominated convergence to get

Jm [ [ (hk(r(””L’y)))Q(1+r(x,y>2)"|ff<x,y)|2dxdy:0,

/R/R(“(T(?w))z(lﬂw»yF)“ff(x,yn?dmdy:o(l) for I —> 0.

This leads us to the estimate

i.e.

2

. 1 W (0 : a
<t [ (T en(MFY)) 0t Fe R ey

1 w®(0)) o
<20 [ (FY) () S de)

260000 [ e (TEOY) (14 (e, )?)” 1 o) do)
a,Lk A2 . k I Y 'Y Y

w® (0))
<20t0a (g D) IR+ 0ot

Using the same technique as in the proof of Theorem 6.1, we can bound ¢, | , by

(20)"(e=5)* L2 fora>kAL>L*

Por g < _ O([]*QHlin{k,a})
L= fora <kV(a>kAL< L)
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with the critical bandwidth L* = \/% for a > k. Thus, it follows that

ﬁ ok WE )2 L=2% || 2 + o(L~%*) fora>kAL>L*

I, <

(13!)2 [WE(0)[2 L2 || 1|2 + o(L—2*) fora<kV(a>kANL<L",

where the constant

m () (55 s

is strictly monotonically decreasing in « > k (cf. Theorem 7.1).
By combining our derived bounds for the integrals I; and Iy, we finally get the L2-error estimate

2 _ .
leclfs ge) < (2 (Cae WM (0)]) L-2minthed 4 L) IFI2 + o p2mintked).
In conclusion, we have proven the following error theorem for the FBP reconstruction method.

Theorem 7.3 (Asymptotic L2-error estimate). For a > 0 let f € L1(R?) N H*(R?). Moreover, let
W € L*°(R) be even, with supp(W) C [—1,1], and k-times differentiable at the origin, k > 2, with

WO)=1 and WD0)=0 VI<j<k—1
Then, for a < k, the L2-norm of the FBP reconstruction error er, = f — fr is bounded above by

(7.1) llerllte ey < <\]f |W(k)(o)|L—a + L—a> 1flle + o(L™).

If a > k, the L2-norm of ey, can be bounded above by

(Z car WO L + L) | flla+0(L™) for L> L

(7.2) lerllLzge) <
(WO L+ L) [flla+o(L™)  for L <L*

with the critical bandwidth L* = \/% and the strictly monotonically decreasing constant

Ca,k:( kk)’“ﬁ(a—k)a/z for a > k.

o — «

In particular,
||€L||L2(R2) < (C|W(k‘)(0)|L—min{k,a} + L—a) 1]l —i—o(L_ min{k,a}) )

We wish to draw the following conclusions from Theorem 7.3.

Firstly, the flatness of the filter’s window function W determines the convergence rate of the error
bounds (7.1), (7.2) for the inherent FBP reconstruction error. Indeed, if W is k-times differentiable
at the origin such that the first £k — 1 derivatives of W vanish at zero, then the convergence rate
in (7.1) is given by the smoothness « of the target function f as long as a < k. But for a > k the
order of convergence in (7.2) saturates at O(L~F).

Secondly, the quantity [WW*)(0)[, i.e., the k-th derivative of W at the origin, dominates the error
bound in both (7.1) and (7.2). Therefore, the value |[WW(*)(0)| can be used as an indicator to predict
the approximation quality of the proposed FBP reconstruction method.



26 MATTHIAS BECKMANN AND ARMIN ISKE

To conclude our discussion, we finally consider the following special case. Let the window function
W fulfil the assumptions of Theorem 7.3 with k > 2 and let the smoothness « of f € H*(R?) satisfy

a>k.
Then, the asymptotic L2-error estimate of the FBP method reduces to

V2 _ _
If = frlle@z) < 7 Can [WE O LT flla + o(27).

Consequently, the intrinsic FBP reconstruction error is proportional to [W*)(0)|, if we neglect the
higher order terms. For k = 2, this observation complies with the results of Munshi [13] and Munshi
et al. [14, 15], where they assumed certain moment conditions on the convolution kernel K and
differentiability of the target function f in a strict sense.

8. CONVERGENCE RATES FOR NOISY DATA

We finally turn to the important case of noisy data. In fact, for many relevant applications, the
Radon data g = Rf € L?(R x [0, 7)) is not known exactly, but only up to an error § > 0, so that
we wish to reconstruct f from given noisy measurements g° € L*(R x [0,7)) NL2(R x [0, 7)), where

||9 - 95HLz(Rx[o,w)) < 0.

Applying the approximate FBP formula (2.2) to the noisy data g¢°, this yields the reconstruction
1
(8.1) fi=5Bla*9").

Using standard concepts from inverse problems and regularization theory, we see that the overall
FBP reconstruction error

(8.2) e =f—17

can be split into an approximation error term and a data error term,

§ §
e, = f—-fi + fu—r1.
— ——
approximation data

error

In the following of this section, we analyse the L2-norm of the overall FBP reconstruction error e‘z

in (8.2) with respect to the noise level ¢ as well as the filter’s window function W and bandwidth L.
To this end, we first show that the noisy FBP reconstruction f¢ in (8.1) also satisfies f? € L2(R?).
By the triangle inequality we have

led lLeme) < I = frllieee) + 1L = flllLe@e)-
Hence, we will estimate the data error (in Section 8.1) and the approximation error (in Section 8.2)
separately. In preparation, we first need to collect a few relevant results concerning the Radon

transform. Since the following results are well-known, we omit the proofs and refer to the literature
instead. We first recall that for f € L!(R?) the Radon transform Rf is in L}(R x [0, 7)).

Lemma 8.1. The Radon transform R : L}(R?) — LY(R x [0, 7)) is continuous. In particular, for
f € LY(R?) we have
IRfllLr@xo,m) < mII.fll m2)-
Next we recall that the L?-norm of Rf is bounded for f € L2(R?), i.e., for f square integrable
and compactly supported.
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Lemma 8.2. Let f € L2(R?) be supported in a compact set K C R? with diameter
diam(K) = sup{[|(z — X,y = Y)|[p2 | (z,9), (X, Y) € K} < o0.
Then, Rf € L2(R x [0, 7)), where

IRFI 20,0y < 7 diam(K) [ fII72(re)-

By Lemma 8.2 the Radon transform R is a densely defined unbounded linear operator from
L2(R?) to L2(R x [0,7)) with domain L2(IR?). Next we turn to the adjoint operator R¥ of R.

Lemma 8.3 (see [26, Theorem 12.3]). The adjoint operator R* of R : L2(R?) — L2(R x [0, 7))
is given by

R g(z,y) = / g(zcos(f) +ysin(6),0)dod  for (x,y) € R%
0
For every g € L2(R x [0,7)), R¥g is defined almost everywhere on R? and satisfies

R¥*g € LE . (R?).

loc

Lemma 8.3 shows that, up to the constant %, the back projection operator B is the adjoint
operator of the Radon transform R, i.e.,

1
B==R".

0
In particular, for g € L2(R x [0, 7)) the function By is defined almost everywhere on R? and satisfies
Bg € Li,.(R?).

Finally, recall the standard Schwartz space
S(R?) = {f €C*(R?) |V, B € NG : |fla,p < o0}
of all rapidly decaying C*°-functions on R?, where

‘f|a,ﬁ = sup ‘(x’y)a Dﬂf(‘ray” for avﬁ S Ng
(w,y)ER?

Likewise, the Schwartz space S(R x [0, 7)) can also be defined on R x [0, 7), in which case, for any
f=f(S,0) € S(R x [0,7)), its rapid decay is only with respect to the radial variable S € R. The
next lemma shows that the Radon transform of any f € S(R?) lies in S(R x [0, 7)) € L2(R x [0, 7)).

Lemma 8.4 (see [5, Theorem 4.1]). The Radon transform R : S(R?) — S(Rx[0, 7)) is continuous.
Recall that the back projection operator B is (up to constant 1/7) the dual operator of R by
(R, 9r2@x[o,x)) =T (f,Bg)12®e)y Vf€SR?), geSRx[0,)).

Therefore, we conclude from Lemma 8.4 that Bg is a tempered distribution on R?, Bg € S'(R?),
for all g € S'(R x [0,7)). Moreover, since L2(R x [0, 7)) C S’(R x [0,7)), we have

(8.3) Bge S'(R?) VgeLRx[0,1)).
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8.1. Analysis of the data error. Now we analyse the data error fr, — f¢ in the L?-norm. To this
end, we first show that

Rpg = %B(QL *g)
defines a continuous linear regularization operator
Rp : LY R x [0,7) NLA(R x [0, 7)) — L*(R?).
Theorem 8.5. Let g € LY(R x [0, 7)) NL2(R x [0,7)). Then, we have Rpg € L?(R?), where
1/2
IRLgr2(re) < \/%7 (s:[ulil] S| |W(S)|2> L' ||gllL xo,m))-

Proof. Since Az, € LY(R) N L23(R), for all L > 0, the band-limited function ¢z, is well-defined on
R x [0,7) and we have ¢z, € L?(R x [0, 7)). Therefore, for all § € [0, 7) the Fourier inversion formula

AL(S) = F(F1AL)(S) = Far(S.,0)
holds in the L2-sense, in particular for almost all S € R. Since g € L'(R x [0, 7)), we obtain
Ap(S)Fqg(S,0) = F(qr *g)(S,0) for almost all S € R

by the Fourier convolution theorem. Moreover, Young’s inequality yields (qr * g)(-,6) € L2(R), for
any 6 € [0, 7). This in combination with the Fourier inversion formula (in the L2-sense) gives

(qr * 9)(S,0) = F1[AL(S) Fg(S,0)] for almost all S € R.
In particular, we have (qr, * g) € L2(R x [0,7)). Therefore,
1
Rrg= B(QL *g)

is well-defined almost everywhere on R? and satlsﬁes Rrg € L (R?), due to Lemma 8.3.
On the other hand, we have Rypg € S'(R?) by (8.3). This allows us to determine the (distribu-
tional) Fourier transform of Ry g, as being defined via the duality relation

(F(Reg),w) = (Reg, Fu) =  (Blar * g), Fw)yagey Vw € SE).
Now for any Schwartz function w € S(R?), we have
(Rpg, Fw) = o / / / qr * g)(z cos(0) + ysin(9), ) dd Fw(x,y) de dy
by the definition of the back projection 5. From this, and by using the parameter transformation

x =tcos(f) — ssin(d) and y=tsin() + scos(d),

we obtain

(Rpg, Fw) = % /R /R /Oﬂ(qL * g)(t,0) Fw(tcos(0) — ssin(f), tsin(f) + s cos(d)) do dt ds

1 s
— %/0 /R(qL % 9)(t,0) R(Fw)(t,0) dtdo

by Fubini’s theorem and by the definition of the Radon transform R. Now Parseval’s identity gives

/f*lf(x) d:c—/f r)dr  Yf,heLY(R).
R
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Recall that, for any 6 € [0, 7), we have
(qr * 9)(t,0) = FAL(t) Fg(t,0)] for almost all ¢ € R,
where Ay (-) Fg(-,0) € L}(R), since A, € L2(R) and g € L?(R x [0,7)). Further recall that the
two operators F : S(R?) — S(R?) and R : L}(R?) — L!(R x [0, 7)) are continuous, respectively.
Moreover, since S(R?) C L!(R?), we have
R(Fw)(-,0) € LYR) Vw e S(R?)

for any 0 € [0, 7). Therefore, the application of Parseval’s identity yields
1 ™
(Rig, Fu) = o / / Ap(t) Fo(t.0) F~L(R(Fw))(t. 0) dt df.
o Jr

To continue our analysis, we note that the Fourier transform F and its inverse F ! are related via
f=@n)ThFf Ve LNRY,
where * : L1(R") — L*(R") denotes the parity operator, defined as
[ (z) = f(—z) for z e R™
Since Fw € L'(R?), the Fourier slice theorem gives

FHRFw))(t,0) = (2m) 7" F((R(Fw))*)(t,0) = (2m) 7" F(R((Fw)"))(t,0)
= (2m) 7 F(R((2m)* F~ w)) (¢, 9) Wf( (F~ w))(t,0)
=21 F(Ftw)(t cos(), tsin(h)) = 27 w(t cos(h), tsin(h))

for any (t,0) € R x [0,7), by using the Fourier inversion formula on S(R?). So we finally obtain

(Rrg, Fw) 1/0”/]R Ar(t) Fg(t, 0) 2m w(t cos(), tsin(h)) dt dd

/ / Wi (t) Fg(t,0) w(tcos(0),tsin()) |t| dt d6.

o Jr

Transforming back to Cartesian coordinates, i.e., (x,y) = (tcos(f), tsin(d)), we have
F(Rrg)(Scos(),Ssin(f)) = Wr(S)Fg(S,0) for almost all (S,6) € R x [0, ).

Since W € L*®(R) is compactly supported with supp(W) C [~1,1] and g € L2(R x [0, 7)), we
can conclude that F(Rpg) € L?(R?). Indeed, from transformation to polar coordinates we obtain

| F(Reg) |2 ey = / / F(Rug)(X.Y)P dX dY
:/W/ |}"(RL9)(SCOS(9),Ssin(@))|2|S| dsdéo
//|WL 21| Fg(S, 0)[2 dS do.
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Because the scaled window function Wp, has compact support in [—L, L], we finally obtain

||f<RLg>||iZ(R2><< sup |S|WL<S>|2> / / Fg(S.0)? dS do
0 R

Se[—L,L]
=2rL ( sup || |W(S)|2> 19117 2 & x [0,y < 0©-
Se[—1,1]
By the Rayleigh-Plancherel theorem, we also have Ry g € L?(R?) with
2 1 2 L 2 2
IRl = gz WP REay < 57 (s IS ) llEacestony
ie.,

1/2

1 1

HRL9HL2(R2) < 7\/% (S S[UI; . ‘S| |W(S)|2> L' ||g||L2(R><[U,7r))7
€l-1,

which completes our proof. O

We are now in a position, where we can analyse the data error fr — ff in the L2-norm for target
functions f € L'(R?) N H*(R?) with some « > 0 satisfying Rf € L?(R x [0, 7)), where

1 1
fo= 53(% «*Rf) and f) = 55(% xg°)
with noisy measurements g° € L'(R x [0, 7)) N L2(R x [0,7)).
Theorem 8.6. For a > 0 let f € L(R?) NH*(R?) satisfy Rf € L?(R x [0,7)). Further, for § >0
let ¢° € LY(R x [0,7)) NL%(R x [0,7)) satisfy
IRf = 9 llL2@x0.m)) < 6
Then, the L2-norm of the data error f, — f2 is bounded above by
IfL = fllvzrey < cw L2,

where

1

2 2

Cy = sup |S||W(S)|*.
27 SE[—1,1]| H ( )‘

Proof. Due to Lemma 8.1, f € L*(R?) implies Rf € L'(R x [0,7)). Moreover, Rf € L%(R x [0, 7))
and ¢° € L*(R x [0,7))NL2(R x [0, 7)) by assumption. This allows us to use the linear regularization
operator Ry : LY(R x [0,7)) N L2(R x [0, 7)) — L2(R?), satisfying
1
Rrg= 55(% *9),
to obtain the representation
fr—f1 = RL(Rf) = Rrg” = RL(Rf — ¢°) € L*(R?).

Finally, by using Theorem 8.5, this gives the error estimate

V2T \ sel-1,1]

as stated. O

1/2
1 -
llfL—fillL2<R2>S( sup S||W<S>|2> LY |Rf = ¢°L2@x(o.m) < ew L2,
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8.2. Analysis of the approximation error. For convenience, we recall two relevant estimates
on the approximation error ey, = f — f, from §5 and §7, which we use in the analysis of the overall
FBP reconstruction error. We first rely on the basic assumption that the smallest maximizer
S5 w.r €10,1] of the even function

(1-W(S))*
D, S)=-——-—-+-+— forSel[-11].
aW,L( ) (1 +L252)a or € [ ]
is uniformly bounded away from 0, i.e., there exists a constant c, w > 0 satisfying
(A) S;,W,L Z CQ,W VL > 0.

Theorem 8.7 (see Theorem 5.5). For a > 0 let f € L1(R2)NH*(R?) and let W € C([—1,1]) satisfy
W(0) = 1. Then, the L2-norm of the approzimation error f — fr is under the assumption (A)
bounded above by

If = frllieme) < (C;ﬁ!/v 1= Wlloo, =117 + 1) L™ | flla-

Our second L2-error estimate on ey, from §7 works only with conditions on W, stated as follows.
Theorem 8.8 (see Corollary 7.2). For o > 0 let f € LY(R?) N"H*(R?) and let W € C*([-1,1]), for
k > 2, satisfy

WO)=1 and WD0)=0 V1<j<k-1.
Then, the L2-norm of the approzimation error f — f1, is bounded above by
1f = frllz @y < (Cap WP oo fra) +1) Lm0 £l
with some constant co 1, > 0 independent of W and f.
8.3. Analysis of the overall FBP reconstruction error. Starting from the decomposition
led lreey < IIf = follieme + 1L — fllieee)

we combine the results of this section to estimate the FBP reconstruction error € in (8.2).
On the one hand, combining Theorem 8.6 with Theorem 8.7, gives the estimate

leb Iz < (e 1= Wloo, vy + D)L I flla + ew L6,
2
By coupling the bandwidth L with the noise level § via L = 5~ zart | £]|2°F" we obtain

e i) < (ea 11— Wilao o1y + cw + 1) /157 6555,
ie.,
If = filas = O(07557)  for 5,0,
This gives our first result concerning convergence rates for noisy data.

Corollary 8.9 (Convergence rates for noisy data I). Let f € L1(R?) N H*(R?), for a > 0, satisfy
Rf € L?2(R x [0,7)). Furthermore, suppose W € C([—1,1]) with W(0) = 1 and, moreover, let
¢° € LY(Rx [0, 7)) NLA(R x [0, 7)) satisfy |Rf —¢°|lL2x[o,x)) < 8. Then, the L2-norm of the FBP
reconstruction error 65L =f- f]‘z is under assumption (A) bounded above by

_ Py 2q
leg Lz ey < (cafw 11 = Wlloo(—1,0y + cw + 1) [ £147 6751,
2
where L = §~ 7ot If &>t . In particular, we have

”6%”L2(R2) = 0(5%) for  §\,0.
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On the other hand, the combination of Theorem 8.6 and Theorem 8.8 yields the estimate
leg lrare) < (Cam IW S oo (c1,0y + 1) Lm0 [ £l + ey L6,

2 [ —
By choosing L = § 2min{k,a}+1 ”fHémm{k,m}-H we now obtain

2min{k,a}

1 smin{ka}
led 22y < (Cak WP oo, (c1,0) + e + 1) [ F &7 ETF gTmimtiarT,
ie.,
5 _2min{k.a}
||f — fL”LQ(]Rz) = O(é?m]n{k,a}+l) for (5 \‘ 0.

This finally yields another result concerning convergence rates for noisy data.

Corollary 8.10 (Convergence rates for noisy data IT). Let f € L*(R?)NH*(R?), for a > 0, satisfy
Rf € L2(R x [0,7)). Moreover, suppose that W € C*([—1,1]), for k > 2, with
W) =1 and WOD0)=0 VI<j<k-1,
and let g° € LY(R x [0,7)) NL?(R x [0, 7)) satisfy |Rf — ¢°lL2rx[0,x)) < 6. Then, the L*-norm of
the FBP reconstruction error e% =f- fg is bounded above by
min (k)

1 2
led ILze) < (Cark WP oo 1,1 + ew + 1) [ FIE™ 5T gzmmtar

2
where L = §~ Zmmtkal+ 1 || f|| 2™ In particular, we have

2 min{k,a}

€ lusqeey = O (o7 ) - for 6 0.

9. CONCLUSION

We have analysed the inherent FBP reconstruction error which is incurred by the use of a low-
pass filter with a compactly supported window W and finite bandwidth L. We refined our L2-error
estimate from [1] to prove, under reasonable assumptions, convergence of the FBP reconstruction
f1 to the target function f as the bandwidth L goes to infinity. Moreover, we developed asymptotic
convergence rates in terms of the bandwidth L and the smoothness « of the target function f.

By deriving an asymptotic error estimate, we observed that the flatness of the filter’s window
function is of fundamental importance. Indeed, if the window W is k-times differentiable at the
origin, such that the first k — 1 derivatives vanish at zero, then the convergence rate of the obtained
error bound saturates at O(L %), and the quantity | *)(0)| determines the approximation quality
of the chosen low-pass filter. The estimates provided for the approximation error can be combined
with error estimates on the data error to obtain convergence rates for noisy data.
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