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ABSTRACT

The increasing availability of geometric data has motivated the need
for information processing over non-Euclidean domains modeled as
manifolds. The building block for information processing architec-
tures with desirable theoretical properties such as invariance and sta-
bility is convolutional filtering. Manifold convolutional filters are de-
fined from the manifold diffusion sequence, constructed by succes-
sive applications of the Laplace-Beltrami operator to manifold sig-
nals. However, the continuous manifold model can only be accessed
by sampling discrete points and building an approximate graph model
from the sampled manifold. Effective linear information process-
ing on the manifold requires quantifying the error incurred when ap-
proximating manifold convolutions with graph convolutions. In this
paper, we derive a non-asymptotic error bound for this approxima-
tion, showing that convolutional filtering on the sampled manifold
converges to continuous manifold filtering. Our findings are further
demonstrated empirically on a problem of navigation control.

Index Terms— Manifold filter, manifold signal processing,
Laplace-Beltrami operator, graph Laplacian

1. INTRODUCTION

Applications involving structured data in non-Euclidean domains are
attracting more and more attention these days, including but not lim-
ited to robot coordination [1, 2], resource allocation over wireless
networks [3] and 3D shape analysis [4,5]. Graph convolutional fil-
tering [6, 7] and manifold convolutional filtering [8, 9] have become
the top choices to process information over these non-Euclidean do-
mains. This can be attributed to the fact that the convolution opera-
tion consists of local diffusions over the geometric structure, which
capture features that are shared across the whole domain. Moreover,
convolutional filtering provides the fundamental block for construct-
ing deep learning architectures, which are powerful models [10] to
solve a wide range of geometric problems.

Unlike graphs, which are discrete objects, manifolds are not di-
rectly accessible in general because they are infinite-dimensional con-
tinuous spaces [4, 8]. Instead, we typically have access to a set of
points sampled from the manifold, or a sampled manifold. In many
manifold problems, a graph capturing both the local and global con-
nection structure is built from this sampled manifold to approximate
the underlying continuous manifold [3, 11] (herein, we use the terms
sampled manifold and graph interchangeably). Convolutional filters
constructed on graphs have been used to approximately process in-
formation over the manifold, which has been supported both exper-
imentally and theoretically [8, 10, 12]. However, an explicit non-
asymptotic theoretical result closing the gap between graph convo-
lutional filtering and manifold convolutional filtering is still lacking.
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Contributions. In this paper, we define manifold filtering as a convo-
lutional operation based on diffusions that are defined as exponentials
of the Laplace-Beltrami (LB) operator £ of the embedded manifold
M C RN [8]. Graphs are constructed by sampling a set of points uni-
formly over the manifold, with edge weights given by application of
a Gaussian kernel. Denoting the graph Laplacian Lj,, we derive up-
per bounds for both the operator norm difference and the difference
between the spectra of the graph Laplacian L;, and the LB operator
L. Then, to deal with the infinite dimensional spectrum and the sharp
variations in the high frequency domain of LB operator £, we import
the definition of the Frequency Difference Threshold (FDT) filters
(Definition 2) [13] to separate the spectrum into finite eigenvalue par-
titions. Finally, we show that when applying FDT filters to graphs
sampled from the manifold, graph filtering converges to the manifold
filtering with a non-asymptotic approximation bound in the order of
n 1/ (2d+8) (Theorem 3).

Related Works. Graph convolutional filtering has been thoroughly
discussed in previous works [6,7,14]. A large number of works have
studied the convergence of graph filters, such as [15] and [16] which
consider graphs that are dense or relatively sparse, and which are both
sampled from a graphon model. Unlike the graphon, the manifold is
more realistic and can be seen as a limit for graphs that have finite
degree [17]. Convolutional filtering in manifolds has been discussed
in [8,9, 12], with different definitions depending on how the graphs
are sampled from manifolds. The connection between graph filter-
ing and manifold filtering has been discussed in [8]. In this paper,
it is proved that manifold filtering can recover graph filtering by dis-
cretization in both the space and time domains; and that filtering on
graphs sampled from the manifold converges to manifold filtering.
However, there are no theoretical convergence rates. In the present
paper, we extend upon the results of [8] by proving a non-asymptotic
approximation bound for graph filters sampled from manifold filters.

2. PRELIMINARY DEFINITIONS

In order to relate graph filters and manifold filters, we start by re-
viewing the basic setup as well as the graph signal processing and
manifold signal processing frameworks.

2.1. Graph signal processing: graph filters

We consider an undirected graph G = (V, €, W) with V, |V| = n,
representing the set of nodes and £ C V x V the set of edges. The
weight function W : £ — R assigns weights to the edges. Graph
signals x € R" are defined as data supported on the graph, with the
i-th element x; representing the datum at node ¢ [6, 14].

The so-called graph shift operator (GSO) S € R™*™ is typically
selected to be the Laplacian matrix, the normalized Laplacian or the
adjacency matrix, which encodes the graph sparsity pattern. The ap-



plication of the GSO to a graph signal leads to a diffusion of the data
over the edges. Specifically, for each node 4, the GSO diffuses the
signals on the neighboring nodes x; scaled with the proximity mea-
sure [S];; to this node . Le. [Sx]; = }_ ; ;) cc[S]ijz;. Based on
this notion of diffusion, we can then define graph convolutional filters
as a shift-and-sum operation
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where {h } ! are the filter coefficients [6,7].

For an undirected graph G, the GSO is symmetric and thus can
be diagonalized as S = VAV with A containing the graph eigen-
values and V the graph eigenvectors. By replacing the GSO by its
eigendecomposition, we can thus write the spectral representation of
the graph convolution as

S
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The frequency response of graph convolution can therefore be written
as h(\) = Zf;ol hie ¥, which only depends on the coefficients hy
and the eigenvalues of S.

2.2. Manifold signal processing: manifold filters

We consider a compact smooth differentiable d-dimensional subman-
ifold M embedded in some Euclidean space RN, and a measure
over the manifold M. Manifold signals are defined as scalar func-
tions f : M — R supported on M. The inner product of functions
f, g € L*(M) can be defined as

U9 i) = /Mf(x)g(w)du(w) 3)

with du(z) representing the volume element with respect to measure
u. Therefore, the energy of manifold signal f is naturally given as
HfH2L2(M) = (f, f)L2(m)- We consider manifold signals with finite
energy, i.e., f € L*(M).

The manifold is locally Euclidean and the local homeomorphic
Euclidean space around each point x € M is defined as the tan-
gent space T, M. The disjoint union of all tangent spaces over M
is denoted T'M. The intrinsic gradient V : L*(M) — L*(TM)
is the differentiation operator and maps scalar functions to tangent
vector functions over M [10]. The adjoint of V is the intrinsic diver-
gence, which is defined as div : L?(TM) — L?(M). The Laplace-
Beltrami (LB) operator £ : L?(M) — L?(M) can be defined as the
intrinsic divergence of the intrinsic gradient [18]. More formally,

Lf=—divo Vf. C)

The LB operator measures the difference between the function value
at a point and the average function value over the point’s neighbor-
hood [10], similar to graph Laplacian matrix.

The manifold convolution of 4 : Rt — R and the manifold sig-
nal f € L?*(M) is called a manifold filter with impulse response A,
and is defined by leveraging the heat diffusion dynamics [8]. Explic-
itly, this filter, denoted h, is given by

9(z) = (hf)(z) := /OOO h(t)e™“ f(z)dt = h(L) f(z). ()

This is a spatial manifold convolution operator because it is parametrized

by the operator £ and directly operates on points * € M.

The LB operator £ is self-adjoint and positive-semidefinite.
These facts, together with the compactness of M, imply that £
has a real, positive and discrete eigenvalue spectrum {;}$2; such
that L¢p; = Ai¢pi, where ¢; is the eigenfunction associated with
eigenvalue )\;. The eigenvalues are ordered in increasing order as
0 < A1 < A2 < A3 < ... The eigenfunctions are orthonormal and
thus form an eigenbasis of L?(M) in the intrinsic sense.

Denoting [f]; = (f, @i)r2m) = [ f(2)bi(z)dp(z) and
e ¢ = e ig;, the manifold convolution can be represented
in the manifold frequency domain as

6l = / " R(tye e[ fls. ®)

Hence, the frequency response of the filter h(£) is given by A(\) =
157 h(t)e~**dt, which depends only on the function » and on the
eigenvalues of the LB operator. Summing over all ¢, we thus get

g=h(L)f = Z h(\i)[flii. )

3. CONVERGENCE OF FILTERING ON SAMPLED
MANIFOLDS

Our goal is to derive a non-asymptotic approximation bound for man-
ifold filtering on sampled manifolds, providing theoretical guarantees
when the sampled manifold is modeled as a graph and showing that
graph filtering can be used to approximate manifold filtering. We start
by constructing the graph corresponding to the sampled manifold.

3.1. Sampled manifolds as graphs

Let X = {z1,22,...2n} be a set of n points sampled uniformly
and independently at random from the d-dimensional manifold M
according to measure y. The empirical measure associated with du
is pp = L 37" | 0x,, where 8., is the Dirac measure supported on
;. Similar to the definition of inner product in L?(M) (3), the inner
product in L?(G,,) is defined as

n

(u,v)2(@,) = /u(m)v(m)dpn = %Zu(mz)v(x,) (8)

i=1
The norm in LQ(Gn) with measure p,, is therefore
2
lullz2(a,) = (W w) 2@,

for u,v € L*(M). For signals u,v € L?*(G,,), the inner product is

n

1
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From X, we construct an undirected graph G,, by seeing the
sampled points as nodes. The weights of the edges connecting nodes
z; and x; are determined by
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where ||; — x| stands for the Euclidean distance between points x;
and z; and € is a parameter related to the Gaussian kernel [19]. The
adjacency matrix A, € R"*"™ can be written as [A,];; = w;; for

Wiy =



1 < 4,7 < n. Thus, the graph Laplacian associated with this graph
can be written as
L;, = diag(A,1) — A,

with [L;]ij = —W;j if 7 75 ] and [L;]” = Zzzl wik [20].

To discretize manifold signals f € L?(M) on the sampled
manifold, we define a uniform sampling operator P,, : L?(M) —
L?*(G,,) yielding signals f € L?(G,,) defined explicitly as

f= Pnf with f(acl) = f(a:l), z; € X. (10)
This indicates that f shares the function values of the manifold signal
f at the sample points X . Seeing the graph Laplacian as an operator
acting on f : X — R, we can write the diffusion operation on each
point x explicitly as

Lif(z) =Y wy (f(z:) —f(z;)), i=12...n. (D)
j=1

It can be seen that this formulation can extend to a continuous mani-
fold signal f, which we denote as

n
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If we further extend the set of sample points from X to all the points
on the manifold, we finally get the functional approximation of the
graph Laplacian,
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which operates on all x € M.

L f(z) = du(y), (13)

3.2. Graph Laplacian approximation of the LB operator

We first demonstrate the consistency of the discrete graph Laplacians
defined in (12) when operating on the eigenfunctions ¢; € L?(M)
of the LB operator £. The quality of the approximation given by the
discrete Laplace operator on the sampled manifold is quantified by
the following non-asymptotic result.

Theorem 1. Let M C RN be a compact smooth differentiable d-
dimensional manifold with LB operator £, whose spectrum is given
by { i, @i }i21, and assume ¢p; € C(M). Let G, be the discrete
graph connecting points {z1, z2, . . ., Z, } sampled uniformly and in-
dependently at random from M, with edge weights as in (9) and
e = €(n) > n~ Y4 Then, it holds

Libi(e) — £1(0)] < (ca “1(21,{%02&) AL as

with probability at least 1 — . The constants C1, C> depend on the
volume of the manifold.

Proof. See Appendix A.1. O

This theorem provides a point-wise upper bound for the error in-
curred when using the discrete graph Laplacian to approximate the
LB operator operating on the eigenfunctions of £. We can see that
this bound is not only related to the number of sampling points n,
but also grows with the corresponding eigenvalue ;. This makes
sense considering that higher eigenvalues correspond to eigenfunc-
tions with high oscillation [21].

Based on this approximation result, we can further derive a non-
asymptotic approximation bound relating the spectra of the graph
Laplacian and the LB operator using the Davis-Khan theorem [22].
This result, stated in Theorem 2, will allows us to analyze the approx-
imation of a manifold filter by a graph filter through their spectral
representations.

Theorem 2. Let M C R" be a compact smooth differentiable d-
dimensional manifold with LB operator £ whose spectrum is given
by {\i, ¢i}i2;. Let Ls, be a discrete graph Laplacian defined as in
(12) with {z1, z2, ...,z } sampled uniformly and independently at
random from M whose spectrum is given by {){ ,,, @5 ,}i=;. Fix
K € N and asumme that n is sufficiently large so that e = ¢(n) >
n /(@4 Then, with probability at least 1 — 2¢ ™", we have

llaids . — dill < Q2ve,  (15)

with a; = {—1,1} for all ¢ < K. The constants Q;, Q2 depend on
Ak, the eigengap of £ i.e., 0 = mini<;<x{Ai — Xi—1, hi+1 — Ai},
d and the volume of M.

|)\z - /\s,n| S Ql\ﬁ7

Proof. See Appendix A.2. O

3.3. Graph filtering approximation of manifold filtering

Equipped with theoretical approximation results for both the eigen-
values and eigenfunctions of the Laplacian operators, we can now
prove that graph filters can approximate manifold filters well in the
spectral domain. We first show that we can generalize the definition
of manifold convolutional filters to sampled manifolds using the same
impulse response h.

From the definition in (5), recall that the manifold filter is para-
metric on the LB operator when the impulse response h(t) is fixed.
By replacing the LB operator with the discrete graph Laplacian de-
fined in (12), we can then obtain a graph convolutional filter

g :/ h(t)e Lnfdt = h(LS)F, g feR™.  (16)
0

This can be seen as a continuous-time graph filtering process, differ-
ent from the discrete-time graph filtering process hg in (1), where
the exponential term e~Tn can be seen as the graph shift operator.
The frequency representation of this graph filter can be written as

g = Z E(Ai,n)<f7 ¢§,n>L2(Gn)¢;n7 (17)
i=1

which reveals the full dependency on the eigendecomposition of Ly, .
Thus, we can relate graph filtering and manifold filtering using the
spectral approximation results for the graph Laplacian and LB oper-
ator presented in Theorem 2.

Unlike the finite spectrum of the graph Laplacian, the LB oper-
ator £ possesses an infinite spectrum. We consider Weyl’s law [23]
when analyzing the spectral properties of £. This classical result
states that the eigenvalues \; of £ grow in the order of %/, There-
fore, the difference between neighboring eigenvalues becomes quite
small in the high frequency spectrum, i.e., large eigenvalues accumu-
late. Leveraging this fact, we can use a partition strategy to separate
the spectrum into finite groups as in Definition 1.

Definition 1. [13] (a-separated spectrum) The a-separated spectrum
of LB operator £ is defined as the partition A1 (a)U. . .UAn () such
that \; € Ax(a) and A\; € Ay(w), k # 1, satisfying |\; — Aj| > o

The following defined «-FDT filter allows obtaining the a-
separated spectrum as in Definition 1.



Definition 2. [13] (a-FDT filter) The a-frequency difference thresh-
old («-FDT) filter is defined as a filter h(£) whose frequency re-
sponse satisfies

|A(A:) —

withy, <yfork=1,...,N.

)\])l < 7y for all iy )\j S Ak(a) (18)

To derive an approximation bound, we will also need the mani-
fold filter to have a Lipschitz frequency response as in Definition 3.

Definition 3 (Lipschitz filter). A filter is Ap-Lispchitz if its fre-
quency response is Lipschitz continuous with Lipschitz constant Ay,
|h(a) — h(b)] < Apla —b|forall a,b € (0,00).  (19)
Equipped with the above requirements for the filter frequency
response, we can finally establish the upper bound on the manifold
filter approximation error on the sampled manifold.

Theorem 3. Let X = {x1,x2,...z,} be a set of n points sampled
by an operator P, (10) from a d-dimensional manifold M C R".
Let G, be a discrete graph approximation of M constructed from X
with weight values as in (9) with e = e(n) > n~ /(@9 Let h()
be the convolutional filter parameterized by the LB operator £ of the
manifold M (5) or by the discrete graph Laplacian operator L;, of
the graph G,,. Under the assumption that the frequency response of
filter h is Lipschitz continuous and a-FDT with a® > e and v =
Q%+/€/a, with probability at least 1 — 2n~2 it holds that

J=Puh(L)fll 2.
< (NQ/ ) Ve+ Cgcy/loin (20)

where N is the partition size of o-FDT filter and C|. is related with
d and the volume of M.

[h(Ly) Py

Proof. See Appendix A.3. O

From this theorem, we see that if we take ¢ = n-1/ (d+4), the dif-
ference between filtering on the manifold and the sampled manifold
is in the order of O(n~/(24+®)  Thus, with a large enough num-
ber of sampling points, this approximation provides a good accuracy
with high probability. This provides a formal theoretical guarantee
for the ability of graph filters to approximate manifold filters on sam-
pled manifolds, enabling approximate linear information processing
on continuous non-Euclidean domains.

4. NUMERICAL EXPERIMENTS

We consider a problem of automatic navigation control of an agent
[24]. We intend to control an agent to find a path to the goal with-
out colliding to obstacles. We sample grid points over the free space
which means avoiding the obstacle areas to construct a graph struc-
ture. We generate four trajectories with Dijkstra’s shortest path al-
gorithm leading a starting point to the goal. Each point along the
trajectory is labeled with the direction of the velocity. The adjacency
matrix can be calculated based on the weight value defined in (9) with
the Euclidean distance between each two points. We note that if the
direct path between two points goes through the obstacles, we set the
distance between them as infinity, i.e. the weight value as zero, so
as to better capture the geometric structure. The input graph signal is
the position of the nodes and the output of the graph filter is the di-
rection of this node leading to the goal. We construct a one-layer and
two-layer graph filters with 5 filter taps in each layer. We train all the
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Fig. 1: Graph filtering performance with n = 413
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Fig. 2: Graph filtering performance with n = 1117

architectures for 30,000 epochs with SGD optimizer with the learn-
ing rate set as 0.0002. The performance of the learned graph filter is
testified by randomly generating 100 starting points and computing
the trajectories. If the trajectory can reach the goal without colliding
into the obstacles, the trajectory is marked as “success”.

We first sample n points uniformly over the free space avoid-
ing the black obstacles as shown in Fig. la (n = 413) and Fig. 2a
(n = 1117). In Fig. 1a and Fig. 2a, the red stars depicting labeled
points as training dataset and the blue arrows attached to the red stars
point to the optimal directions leading to the goal. The blue stars de-
pict unlabeled points over the free space. We implement a 1-layer or
2-layer graph filters to learn and estimate the directions for all the un-
labeled points. Figure 1b and 2b show the learned directions starting
from each unlabeled points as the red arrows show using graph fil-
tering. The numbers of successful trajectories within 100 generated
testing are shown in Table 1. We can see that graph filtering can effi-
ciently learn the potential successful trajectories for unlabeled points
based on these sampled manifolds. More sampling points character-
ize the free space more accurately, which leads to more successful
testing trajectories. This is also in accordance with our theoretical
result presented in Theorem 3. Moreover, more layers of filters also
learn a more accurate prediction.

n =413 | n = 1117
1-layer graph filter 74 75
2-layer graph filter 79 84

Table 1: Number of successful trajectories.

5. CONCLUSIONS

In this paper, we introduced manifold convolutional filters defined
with the exponential Laplace-Beltrami operator to process geometric
data. To access the manifold model, we sample uniformly over the



manifold and construct a graph model as a sampled manifold. We
first prove the non-asymptotic approximation error bound of discrete
graph Laplacian to LB operator in both operator and spectral aspects.
By transferring the manifold filtering to the sampled manifold, the
approximation of the graph filtering to the manifold filtering can be
derived. The non-asymptotic error bound decreases with the number
of sampling points growing. The approximation of graph filtering is
verified empirically on a navigation control problem over a manifold.
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A. APPENDIX

Proof of Theorem 1

We decompose the operator difference between the graph Laplacian
and the LB operator with an intermediate term L€, which is the func-
tional approximation defined in (13). We first focus on the operator



difference between L€ and £. From [19], we can get the bound as

L s — Li|| < CVel|@ill grasatas 1)
For the Sobolev norm of eigenfunction ¢;, according to [25, Lemma 4.4]
we have
d+2
il garz+r <CX (22)
which leads to
d+2
IL i — Lol < Cuv/er, * . 23)

For the operator difference between L;, and L with Hoeffding’s in-
equality as

P(|L¢i(x) — Ls(x)| > e1) < exp ( 2nel> - (24

||¢Z||Hd/2+1

Therefore, we can claim that with probability at least 1 — §, we have

Inl/6

Ly, @i(x) — o

L ¢i(x)| <

@ill gasaer. (29

Combining (23) and (25) with triangle inequality, we can get the con-
clusion in Theorem 1.

A.2. Proof of Theorem 2

We first import two lemmas to help prove the spectral properties.

Lemma 1. Let A, B be self-adjoint operators with {\;(A), u;}524
and {\;(B),w;}2; as the corresponding spectrum. Let Pry, be
the orthogonal projection operation onto the subspace generated by
w;. Then we have

2“Bu1 —
min;.i [A;(B)

Au,
= Xi(A)]
(26)

laiw; — wil| < 2[lu; — Prw,wl| <

Proof. The first inequality is directly from [26, Proposition 18]. Let
PTVLW be the orthogonal projection onto the complement of the sub-
space generated by w;. Then we have

i = Prouil = [Prowill = || >, wyw, | @
i
Therefore, we have
HPri‘,iBui - Prd‘,iAuiH
= H Z(Bui,wJ-)wj — Z(Aui,Wj>WjH (28)
JF#i JF#i
= H(ui,Bwj)w — Z/\Z(A)<UZ,W]>W] (29)
J#i
=| D ON(B) = M) (30)
> m1n|)\ M) (i, wy)wy| (31)
7 J#i
= min|Ai(B) — Ai(A)[lui — Prouill, (32)
VES

together with ||Bu; —
conclude the proof.

Au|| > ||Pry,Bu; — Pry;, Au;|. We can
O

The following lemma is adapted from [27, Lemma 5c]

Lemma 2. Let A, B be self-adjoint operators with {\;(A), u; }52;

and {\;(B), w; }$2, as the corresponding spectrum. Then we have

_ {((A-Bjui, wy)
|(ui, wi)

[(A = B)u|
|{us, wi)

(33)

With the above lemmas and our proposed Theorem 1, which in-
cludes the operator difference, we can prove Theorem 2. We first fix
some K € N, wich provides an upper bound for \; < Ag for all
1 < i < K. By taking the probability 1 — n~2 and ¢ = n~/(¢+4),

we can conclude that the operator difference in Theorem 1 can be
dt2
bounded with order O(4/€), with the constant scaling with A.*

Combine with Lemma 1 and theta = mini<jzi<i [Aj — i 5|, we
can get

c C
laidptn — ¢ill < Ve, (34)

where we denote the constant as §2; to include the effects of K, the
eigengap and the volume of M.

This upper bound of the eigenfunction difference leads to
[{(u;,w;)] > 1 —Q1/2y/e > 1. Combining with Lemma 2, the
difference of the eigenvalues can also be bounded in the order of

O(Ve).

A.3. Proof of Theorem 3

We first write out the filter representation as

[Ih(L)Pnf = Poh(L)f]|

Z (Afn)(

nf>¢znG¢z Zh’

f7 d)z MPn¢z
(35)

We decompose the a-FDT filter function as h(X\) = h(® () +
Yiex, V() as

h()\) — h(C)) MNelA
h((’)()\):{ W)= 2 ) [Ak(@)kex, 36)
0 otherwise

i’E(C) A€ [Ar(a)]kex,
KON =4 b)) AeM(a) @7
0 otherwise

With the triangle inequality, we start by analyzing the output dif-
ference of h(?)(X) as

N
SThO N PLS, ¢ e, b — Zh“’) )(f, Bi) mPrps
7.:1]\]S
< |2 (R0 O 0)) (Puf, ¢l e, b
i=1
N
+ 1D RN (Puf, bl )c, di — (f ¢ ) mPagi)|| . (38)
i=1

The first term in (38) can be bounded by leveraging the Aj-
Lipschitz continuity of the frequency response. From the eigenvalue
difference in Theorem 2, we can claim that for each eigenvalue \; <
Ak, we have

IAfn = Xl < Qive (39)



The first term is bounded as

N

Y AP0 =Y )P, ¢, b

=1

NS
<3O0 = KO QOIS S, 9]

Ns

< AR = MlIPa £l 1P < NoAnuve.

i=1

The second term in (38) can be bounded combined with the con-

vergence of eigenfunctions in (43) as

O0N) (Puf, d7)cndr — (f, i) mPrchi)

NS
STRO ) ((Pof. ¢V c, dF — (Puf, ¢7)c, Prdi)

where h(”(£) and h¥) (L,, ) are filters with filter function h") () on
the LB operator £ and graph Laplacian L,, respectively. Combining
the filter functions, we can write

IPnh(L)f = h(Ly)Pnf|
P,.h(L)f+P, > hV(L

lelm

h(0>(Ln)Pnf_ Z h(l)(Ln)Pf

lekm
< [P.h (L) f — (L) P, fI|+
> P (L) f —hO(L)PLf]l. (49)

leKm

(40)

(41

’ (48)

Above all, we can claim that

‘ IB(L)P. f — PLh(L) ]| < (N2 + AnQ) Ve + C

logn
(50)
Q) (Puf, @) e, Pudi — (f, di)mPuspi) | (42)
From the convergence stated in Theorem 2, we have
Therefore, the first term in (42) can be bounded as
Ng
D B0 (Puf, b1, d! — (Puf, ¢1) mPuci)
N
<Y P flll@F — Pagill < NoQav/e.  (44)
=1
The last equation comes from the definition of norm in L?(G,). The
second term in (42) can be written as
N
D OO (P f, ¢) G, Prdi — (f, di) mPri)
i=1
Ns
< RO OD(Puf, ¢ e, — (f bl [Prgpill.  (45)
Because {x1,x2, -+ ,xn} is a set of uniform sampled points from
M, based on Theorem 19 in [26] we can claim that
n logn
(Put, ¢¥)a, — (fsbidul = O (\/ S ) @

Taking into consider the boundedness of frequency response |A(?) (\)| <

1 and the bounded energy ||P,¢;||. Therefore, we have

jh(w) (Pouf, 07V — (fs bi)at) Puchi

ZO(F)

Combining the above results, we can bound the output difference
of h{%). Then we need to analyze the output difference of hY (\) and

bound this as

Hpnm”(c) f=hO(L,)P,.f

<|

(W(C) + )P f — (R(C1) — 8)Pnf

| <20/Pusl,

€]



