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Abstract

We focus on the quantitative and local topological properties of range images. We consider
the spaces M,, of m x m high-contrast patches of range images for m=3, 5,7, 9, 11. Using
computational topological tools to analyze range image patches, we detect that M3 (Mo,
M 1) has core subsets with the topology of a circle, M3, M5, M7, Mg and that M| have
some subspaces with the topology of a Klein bottle. We also discover that the largest sub-
space with the Klein bottle’s topology decreases as the measurements of patches increase,
which generalizes the results in the paper of H. Adams and G. Carlsson, and demonstrates
properties among optical images and range image patches, which are more similar than
those established by Lee et al.

Keywords Range images - Topology - Persistent homology - Klein bottle - Barcode

1 Introduction

Range images have attracted an increasing amount of interest in recent years for two rea-
sons: First, they can be employed in various industrial applications [13, 17]; second, more
practical models of optical images can be built by using a range image [4, 14]. Every range
image can be considered to be a very high-dimensional vector of a space P. When we
directly study a set of images G C P, we encounter the high-dimensional problem of G
and the sparsity of G in P. One approach is to analyze the state space of local patterns of
pixel values, which are modeled by small patches of images. Reducing the dimension of
the problem is one advantage of locally analyzing a range image space, and another advan-
tage (suggested by Field [9] and Hateren [22]) is that many global statistical properties of
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the space can be provided by local statistics. The authors of [15] present several interest-
ing observations about the resulting spaces of optical and range images 3 x 3 patches; for
example, they discover that most of the optical 3 x 3 high-contrast patches are concen-
trated around a 2-dimensional loop. In [6], Carlsson et al. analyzed optical patches (studied
by Lee et al. [15]) by using computational topological tools; they find that there is a large
2-dimensional subset with the same homology as a Klein bottle. The authors establish a
relation between the optical patch space and the 2-variable polynomials and applied it to
prove the existence of a subspace of the optical patch space with a topology that resembles
that of a Klein bottle.

In [2], the authors revealed that 5 x 5 and 7 x 7 range image patches possess the topology
of a circle.

In this study, we utilize the methods of [2] to range patches and describe the global
topological structure of various sizes of range image patches. In particular, we show that
there is a 2-dimensional subset of M3, M5, M7, Mg and M;; with the homology of a Klein
bottle, which can improve the image compression technique [6]. The results of this paper
show that optical patches and range patches have very similar properties.

The main contributions of this paper are listed as follows:

—  We theoretically prove that there exists a subspace in spheres S which is homeomor-
phic to a Klein bottle, and describe a method to construct a approximation of the Klein
bottle in " (n = 8§, 24, 48, 80, 120). Furthermore, by the approximation of the Klein
bottle in S”, we show that there is a subspace of high-contrast 3 x 3 (5§ x 5,7 x7,9x9
and 11 x 11) range patches with homology of a Klein bottle.

—  We demonstrate that the sizes of the largest subspaces of range patches M3, Ms, M7,
My, and M with the Klein bottle’s topology decrease with the increasing measurement
of range patches; moreover, the Klein bottle behavior of the range patches gradually
disappears as the size of range patches increases (Table 1).

—  We demonstrate that there is a subspace of the spaces of 9 x 9 (11 x 11) range patches
that has circular behavior.

2 From point clouds to complexes

For a sampled subset S of a space X, to estimate the topological construction of X, we
usually create a simplicial complex K by employing the data points as vertices and adding
edges, triangles and higher-dimension cells according to suitable rules. If K is a faithful
topological representation of X, then we can obtain Betti numbers 3; = Bz (X) by comput-
ing the Betti numbers B¢ (K) of K [21]. Various simplicial complexes can be built from X,
as a Cech (VR) complex may be as large as an (| S | —1)-simplex. In practical computations,
we usually use the witness complex [21].

For larger data sets, the subset L C S is selected as the only vertex, which is known
as a landmark point. One of the most common methods of choosing landmark points is to
inductively select the landmarks, which is named sequential maxmin.

Table 1 The sizes of the largest subspaces of M,, with the topology of the Klein bottle

M3 Ms M7 My My

The proportion of the largest subspace in M,, 29.4% 20.7% 15.5% 11.6% 7.8%
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Given the landmarks L of a point set S, we set m ,(s) as the distance from s € S to its
(p + 1)-th nearest landmark point. We define the witness complex W (S, L, €) as follows:
(a) L is the set of vertices; (b) for p > 0, the p-simplex [lp/;...[,,] belongs to W (S, L, €)
when all faces of [lo/;...I;] belong to W(S, L, €) and if a witness s € S that satisfies

max{d(lp, s),d(l1,s), ....d(Ip, )} < € +mp(s) exists.

A lazy witness complex may be similarly defined as a witness complex. For additional
details of lazy witness complexes and examples, please refer to [3, 21].

A parameter € is needed when building a global complex from a point set. The € cannot
be too small or too large, and there is no best value of € that first-rate catches the topology of
the set. For example, 20 points and 4 lazy witness complexes are shown in Fig. 1, where we
consider 5 landmark points, v=1, and €=0.6, 0.9, 3, and 3.5. The point set is nearly obtained
from a circle, and the Betti numbers of a circle are Bettip =Bettij= 1. Can this result be
concluded? We discover that the sequence of lazy witness complexes increases from (a) to
(d). No hole exists in Fig. 1a and b, and a new hole appears in Fig. 1c. With an increase in
€, the hole vanishes, and it is fully filled in Fig. 1d. The image has one hole; hence, Fig. lc
gives the correct answer.

If previous information about the image is not available, we cannot conclude which €
is correct, and no optimal value of € is obtained. We need a method for asserting which
holes are indispensable and which holes can be safely neglected. The normal topological
structures of homotopy and homology do not provide any identification [10]. Persistence
was established in [8] and refined in [20]; it is a rigorous response to this problem.

3 Persistent homology

When we only have the finite sampled points from an underlying space X, and without
a previous message of X, it is very difficult to estimate a value of € that creates a sim-
plicial complex whose homology group is isomorphic to that of X. To solve the problem,
the authors of [8] introduce persistence. Assuming € < €, a natural inclusion mapping
exists: LW, (S, L, €) — LW,(S, L,¥). Due to the functoriality, the linear transformation
Hi (LW, (S, L, €))— Hp(LW,(S, L, ¢))exists foreach k > 0, where Hy (LW, (S, L, €)) is
the k th homology group of LW, (S, L, €). Edelsbrunner et al. [8] observed that the directed
system of vector spaces Hy (LW, (S, L, €)) should be investigated, including all previously
mentioned linear transformations for analyzing the homology of the underlying space using
points sampled from it. Barcodes (that consist of finite intervals) and isomorphic classes
of directed systems of vector spaces are demonstrated to have a one-to-one correspondence
[20]. The barcodes can be computed from sampled points by using the software package
JAVAPLEX developed in [3].

Intuitively, the intervals of a barcode correspond to the lifetimes of the topological prop-
erties. A new topological feature emerges at the initial point of an interval and disappears at
the final point of the interval.

Recall that the i-th Betti number 3;=rank H; is approximately the count of i-dimensional
holes in a complex H;, and B; can be calculated by the barcodes. An interval [€g, €]] of a
barcode means that a hole of the complex arises at € = €g and disappears at € = €.

Long intervals can be intuitively explained to correspond to practical topological prop-
erties of the space, while tiny intervals are derived from irregularities in the point sampling.
Figure 2 displays a barcode plot of the homology of the sampled points in Fig. 1. For the
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(a) Betti0=4, Betti ; =0

2+

-8 I I I I
-6 -4 -2 0 2 4 6 8

(b) Betti =1, Betti =0

Fig. 1 Four lazy witness complexes for 20 points sampled nearly from a circle. As € is increased, a hole
appears and disappearss
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_8 1 1 1 1
-6 -4 -2 0 2 4 6 8

(¢) Bettio=1 , Betti1 =1

ot

-8 1 1 1 1
-6 -4 -2 0 2 4 6 8

(d) Betti =1, Betti =0

Fig.1 (continued)

case € = 3, the barcodes yield Bp = 1, B; = 1 and B, = 0, which are Betti numbers of the
lazy witness complex in Fig. lc. Figure 2 shows the topological property of a circle.
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Fig.2 The barcodes for the sequence of lazy witness complexes LW (S, L, €), 0 < € < 4.45, built in Fig. 1

4 The spaces of range image patches

We extract high-contrast 3 x 3,5 x 5,7 x 7,9 x 9, and 11 x 11 patches from the range
images. The data sets are extracted from the Brown database of approximately 200 range
images [12]; refer to Fig. 3 for samples.

The main space M,, (for m= 3,5, 7, 9, 11) in this paper consists of m x m patches
of high contrast that are acquired in 6 steps, which are similar to the procedures in [2, 6,
15]. Thus, we obtain a set of approximately 400000 high-contrast m x m patches (unit
vectors); it is our main space M, for m = 3,5, 7. The main spaces M9 and M contain
approximately 280000 high-contrast 9 x 9 patches and 190000 high-contrast 11 x 11 patches,
respectively. For computational feasibility, we randomly select 50000 patches from each
M,,; these spaces are denoted by M3, M5, M7, Mg and M ;.

We describe an outline of the proposed methodology as in Fig. 4.

5 Results for I|713, I|715, Ilh/'l7, I|7lg and I|7’11

We research the topological features of noisy point-cloud datasets M 3, {l?[ 5, M 7 ,~A~/l 9 and
M 1 using the persistent homology method. We aim to identify that M 3, Mg an~d My hgve
a circular behavior. The results in [2] suggest the existence of core subsets in M5 and M7,
which have the topology of a circle.

To discover the circle, we first identify the core subsets. The concept of local density for
a space X is defined in [2, 6]; let pj(x) =| x — x; |, where j > 0 and x; are the j-th
closest neighbors of x € X. The size of j describes the local density at x, in which a larger
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Fig.3 Samples from the Brown range image database by Huang and Lee

value of j provides a more global density approximation, while a small value of j gives a
local approximation. For a given j, all elements of X are arranged in descending order of
density, and the elements of X with the top w% density are chosen (denoted X (j, w)) for
topological computations. In many cases, the core subsets X (j, w) of X may offer important
topological properties, which are probably lost for the whole X.

We study the core subsets M (j, w) of M,, when m = 3,5,7,9,11. M™(j, w) is a
two-parameter subset that, for the right values of j and w, represents a suitable core.

Lee et al. [15] discover that 3 x 3 high-contrast range patches are intensively gathered
near the binary patches. Perhaps because few (only 510) 3 x 3 binary patches exist, as noted
in [2], the core subset M3 (300, 30) does not show a clear topological property. Considering
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m*m patches

v
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— Results for M largest subspaces of
Results for M, m (larg P
M" with the homology of a Klein bottle)

1

Fig.4 An outline of the method used in the paper

the density parameter j = 900 and cut percentage w = 30, one sample plot result of the
core subset M3(900, 30) is given in Fig. 5 as evidence of circular topology. The plot of
M?3(900, 30) displays one long line in the O-dimensional Bettiy and one long Bettiy line,
which correspond to a circle, as shown in Fig. 6. We construct the discrete cosine transform
for m x m patches of M (j, w) with DCT basis vectors.

We project core subsets onto two of the DCT basis vectors, which are vertical and hor-
izontal linear gradients; the results are shown in Figs. 6, 7, 8, 9, and 10, where a circle is
visible in them. Choosing 35 to 70 landmarks, we repeatedly perform experiments using
M?3(900, 30), M3(800, 30) and M>(700, 30); the experimental results are robust.

For 5 x5 and 7 x 7 patches, we consider their core subsets M 5(300, 30) and M7 (300, 30).
Figures 11 and 12 show the specimen PLEX plots for the core subsets. The two plots show
that they have the topology of a primary circle, as indicated by Adams and Carlsson in [2].

For 9 x 9 and 11 x 11 patches, we consider their core subsets M?® (200, 20) and
M (200, 20). Figures 13 and 14 are examples of their barcode plots, which exhibit the
topology of a circle. By selecting different landmark points, we carry out many times exper-
iments on M°(200, 20) and M'1(200, 20) respectively, and show that the results are robust.
In every experiment, the circular profile Bp = B; = 1 is found for almost full range of €
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Fig.5 Barcodes for M3(900, 30)

values, and there is no other Betti interval or there are other very short Betti intervals (Figs.

5,11, 12, 13, and 14).

In 2015, Adams et al. in [1] study 5 x 5 range patches and 3 x 3 optical flow patches,
where the optical flow data set was created in [16] from the range images of the Brown
database; the authors employ the nudged elastic band technique to show that 5 x 5 range

0.8

0.6

0.4

0.2

-1
-1

Fig.6 Projection of M>(900, 30) onto linear gradients
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Fig.7 Projection of M (300, 30) onto linear gradients

patches and 3 x 3 optical flow patches exhibit circular behavior. The results of this paper
and [1] demonstrate that 3 x 3 range patches have a topological property that is similar to
that of 3 x 3 optical flow patches.

0.8
0.6
0.4

0.2

-1

Fig.8 Projection of M7 (300, 30) onto linear gradients
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Fig.9 Projection of M (200, 20) onto linear gradients.

Remark 1 Recently, the authors of [7] have shown that 3 x 3 range image patches have a
core set with topology of a circle by using the nudged elastic band method; the core set
in [7] is different from our set M3(900, 30). The circular behavior of 9 x 9 range image
patches is shown in [19]; the 9 x 9 patch set of [19] is different from our My.

Fig. 10 Projection of M'!(200, 20) onto linear gradients
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Fig. 11 Barcodes for M? (300, 30)
In [6], the core subset of optical patches, with values of j = 15 and w = 30, was

observed to have the first Betti number §; = 5. By computing the Betti number By, the
results indicate [6] that a main circle and two secondary circles arise in the lower density.
A decrease in the density parameter j-values causes a more localized density sensitivity. In
[6], the space X (j, w) of optical patches was shown to span a two-manifold: the Klein bottle
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Fig. 12 Barcodes for M7 (300, 30)
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Fig. 13 Barcodes for M 9(200, 20)

for some appropriate values of the cut parameter w and the density parameter j. Additional
topological features of spaces of range patches are not easily detected using core subsets
with lower values of j and w, as previously demonstrated for optical patches. We conducted
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Fig. 14 Barcodes for M1 (200, 20)

@ Springer



16454 Multimedia Tools and Applications (2021) 80:16441-16472

five hundred trials using M" (j, w) and selected different landmark points and lower values
of j and w. We cannot obtain desirable results. Figure 15 shows the experimental results
for M3 (200, 20); M 3 (200, 20) has Betti number By = 1, and B; = 5 in a small range of ¢
values, but the experimental result is very unstable. We cannot conclude a definitive result
for M3(200, 20). In sections 6 and 7, we further analyze the topological features of spaces
of range patches using techniques of Carlsson et al. [6].

6 Klein bottle and spaces of polynomials with two variables

The authors of [6] show the existence of a space of optical patches, whose first Betti number
is 5. The space is reasonably depicted as a three-circle model (Fig. 16), which is represented
by C3. C3 consists of a primary circle (5;,) and two secondary circles (labeled S, and Sy,).
S, and Sj, intersect Sj;, at two points and do not cross each other.

Recall that the standard expression of a Klein bottle can be described as a quotient space
of a planar square (Fig. 17) [11]. The 3-circle model C3 may be sensibly embedded in a
Klein bottle, as shown in Fig. 17. The level black lines constitute the primary circle Sj;,.
The vertical red and blue lines constitute the secondary circles that are separately relevant
to S, and Sy, as shown in Fig. 17.

In section 4, each m x m patch of range images was processed as a unit vector in R”*™
(m=3, 5,7, 9, 11). To determine the topological properties of various subspaces of M,
(m=3,5,7,9, 11), we establish a relation between the m x m patches and the 2-degree
polynomials with double-variable polynomials P, which have the form u3(u1x + usy)* +
us(uix + ury), where uy, us, u3, us are real parameters such that (uy, up) and (u3, ua)
belong to the planar unit circle S'. For additional details, please refer to [5].

lazyRange (dimension 0)

o 20
%
m 10
O T T T T T T T T T b
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
lazyRange (dimension 1)
6 ~
— 4r
=
[0
m of
B>
O 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
lazyRange (dimension 2)
3 ~
._N [ -
©
m {f —
0 1 1 1 1 1 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Fig. 15 Barcodes for M?3(200, 20)
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Fig. 16 Three-circle model

lin

T

We introduce the mapping f : St xSl — P by (u1, ua, us, us) — uz(urx +
12Y)% + ua(u1x + usy) [6]. We note that the mapping f is onto P but is not a one-to-one
correspondence. Thus, we obtain the relation

(w1, uz, uz, ug) ~ (—uy, —uz, uz, —ug).

If we use (cos wy, sinwp, cos wo, sin w») instead of (u1, uyz, us, ug), w; € [0, 27r] and wy €
[0, 2], then the relationship can be stated by (w1, w2) ~ (7 + w1, 2r — w»). Hence, P is
homeomorphic to st x Sl/((wl, @) ~ (T + wi, 2w — w)).

.
>

Fig. 17 A representation of a Klein bottle by pasting a square
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A similar method exists to form a torus as a formation of the Klein bottle. The result of
the mapping f that acts on the torus is demonstrated in Fig. 18. The right half is mapped
onto the left half by f, according to the identifications on the boundaries as illustrated
by the arrows. Each half of the figure is a denotation of a Klein bottle. Thus, the im f is
homeomorphic to a Klein bottle, and P is homeomorphic to the Klein bottle ([6]).

We note that the three-circle space Cs is also involved in the space P. For set (43, u4) =
0,1) and (u1,up) € S ! we obtain the primary circle of C3 and secondary circles when we
letuy =1, up =0and u; =0, up = 1.

We define the mapping /3 : P — S® as a composite for computing the values of the
polynomials at the planar grid points Hz = {—1, 0, 1} x {—1, 0, 1} by removing the mean
and similarly normalizing hs : P —> $%* at Hs = {—2,—1,0,1,2} x {-2,—1,0, 1,2},
h7: P +— S¥®at Hy = {-3,-2,—-1,0,1,2,3} x {-3,-2,—-1,0,1,2,3}, hg : P —>
S8 at Hy={-4,-3,-2,-1,0,1,2,3,4}x {-4,-3,-2,-1,0, 1,2,3,4},and hy; : P —> S'20
at H11={-5,-4,-3,-2,-1,0,1,2,3,4,5}x {-5,-4,-3,-2,-1,0, 1, 2, 3,4, 5}.

Proposition 1 Every mapping h,,(m=3, 5, 7, 9, 11) is one-to-one.

The proof is nearly identical to that of [6].

A one-to-one continuous mapping from a compact space to its image is a homeomorphic
mapping; hence, by the Proposition, each image of i, (m = 3, 5,7, 9, 11) is homeomorphic
to a Klein bottle.

Y
Y
Y

27

e -
(01 27

Fig. 18 The image of the mapping f, a representation of a Klein bottle [6]
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7 Embedding of a Klein bottle into 52, 5?4, 548, 580 and 5120

In the previous section, we conclude that each of §8, 524 548 80 and §120 has a subspace
with the topology of a Klein bottle. We have mapped our spaces M,, (m=3,5,7,9, 11) into
spheres 58, 524, 548 §80 and §120, respectively, as discussed in section 4. To determine the
topological properties of various core subsets of M,,, we embed the Klein bottle into the
spheres, where M3, M5, M7, Mg and M;; exist. In this section, we provide experimental
results that support our theoretical conclusion of the previous section.

For embedding the space C3 into a unit ball, we initially and randomly elect 300 points
{(a1, b1), ..., (@300, b300)} from S'. We evaluate h,, o f images of the 300 points for
uz = 0,uq = l;u; = 1,up = 0;and u; = 0,uy = 1. The set of all images is denoted
as C™(300), m = 3,5,7,9, 11. We know that C3(300), C°(300), C’(300), C°(300) and
C11(300) are sampled from the images of C3 with the maps h3 o f, hs50 f,h70 f,hoo f
and hy; o f, respectively. Figure 19 displays one sample barcode plot of C3(300), which
demonstrates that C3(300) has Betti numbers Bo = 1, By = 5 and B, = 0, that is, C3(300)
is an appropriate approach of the image of C3 using the map /30 f. We obtain similar results
for C?(300), C7(300), C°(300) and C'1(300), as separately shown in Figs. 20, 21, 22 and
23. After conducting many experiments, we discover that the results are extremely steady.

To embed a Klein bottle into a unit ball, first, we uniformly select r points from the
unit circle (denoted by {xi, ..., x,}). All possible tuples (x;, x;) compose a set of the torus
S x S!. Second, we map each of the r2 points into S8, 524 g8 §80 apg §120 by maps
h3o f,hso f,h70 f,hgo fand h11 o f and separately denote the set of images of each
map as K3(r), K>(r), K7 (r), K°(r) and K''(r). The points are sampled from the images
of the Klein bottle with the maps i3 o f, h5 o f and hg o f and h11 o f. We consider r=160
for m=3, 5, 7, and r=200 for m=9, 11. One sample barcode plot of the space K3(160) is
displayed in Fig. 24, which yields the Betti numbers of a Klein bottle (with the mod 2):
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Fig. 19 Barcodes for C3(300)

@ Springer



16458 Multimedia Tools and Applications (2021) 80:16441-16472

lazyRange (dimension 0)

15F
'.Eo 10
[ =
L 5=
O 1 1 1 1 1 D
0 0.1 0.2 0.3 0.4 0.5
lazyRange (dimension 1)
6 ~
B>
— 4r >
S 1>
m ot B>
>
O 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5
lazyRange (dimension 2)
1 ~
N
©
m
0 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

Fig.20 Barcodes for C*(300)

Bo = 1,B; = 2 and B = 1. Thus, K3(160) is an acceptable estimation of the Klein bottle
in $8. For different landmark points (from 30 to 80) and different max-filtration values, the
result is very stable. We have similar results for K> (160), K7 (160), K°(200) and K ' (200),
as shown in Figs. 25, 26, 27 and 28, respectively.
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Fig.21 Barcodes for C7(300)
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Fig.24 Barcodes for K3 (160)

8 Results for M3, Ms, M7, Mg and M1,

For optical patches, with a decrease in the density estimator j, the topology of the core
sets X (j, w) varies from the topology of a circle to that of the 3-circle space and then to
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Fig.25 Barcodes for K> (160)
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Fig.26 Barcodes for K 7(160)

the Klein bottle [6]. For range patches, we do not obtain results that are similar to those of
optical patches by the same way. For example, the core set X (j, w) of M3 is not obtained by
employing appropriate parameter values of j and w, whose topology is identical to that of
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Fig. 27 Barcodes for K°(200)
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Fig.28 Barcodes for K '1(200)

the Klein bottle. In this section, we will use an alternative approach to show that M, (m=3,
5,7,9, 11) has a proper subset with the topology of C3 and an appropriate subset with the
topology of the Klein bottle.

For each p € C3(300), we compute the Euclidean distance from p to all points of M3
and identify the closest point of M3, for which this distance is the smallest. Thus, we obtain
a subspace of M3 by gathering the closest points to each point p € C3(300), and denote
it by CC3(300). Using a similar approach, we obtain the subspaces CC" (300) of M, for
m =5,7,9,and 11.

One plot result of the space CC>(300) is shown in Fig. 29, which yields the Betti num-
bers fp = 1 from € = 0.03 to € = 0.6 and the B; = 5 from € = 0.11 to € = 0.56. Thus,
CC3(300) has the topology of the three-circle space C3. Figures 30, 31, 32 and 33 show
that CC3(300), CC7(300), CC®(300) and CC'1(300) have the topology of C3. We con-
ducted more than 100 trials on each of CC?(300), CC?(300), CC7(300), CC°(300) and
CC'(300) by selecting different landmark points. The results are extremely robust.

As discussed in the previous section, each of S8, 524 548 §80 and $120 has the subspace
K3(160), K3(160), K7(160), K°(200) and K '1(200), respectively, and their topology is
identical to that of the Klein bottle. We will describe how to experimentally identify sub-
spaces of M,, (m=3,5,7,9, 11) with the topology of a Klein bottle. Considering M3 as an
example, the procedure is described as follows:

For any p of K3(160), we compute the Euclidean distance from p to all points of M3.
Thus, we obtain a subspace of M3 by considering all ¢ closest points to p € K3(160)
and denote it by K 3(160, 1). Using a similar method, we obtain the subspaces K 53160, 1),
K7(160, 1), K°(200, t), and K '1(200, r) of M5, M7, Mg and M, respectively.

One sample barcode result for the space K3(160, 3) is shown in Fig. 34, which yields
the Betti numbers o = 1, B; = 2, and By = 1 for € values from 0.14 to 0.31. This result
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Fig.29 PLEX results for CC3(300)

indicates that K3 (160, 3) has the topology of a Klein bottle. Figures 35, 36, 37 and 38 show
that K>(160,9), K7(160,9), K°(200,7) and K'1(200,7) have the topology of a Klein

bottle. We perform more than 200 experiments for K 3(160, t)y att+ = 1,2,3,5; hence,
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Fig.30 PLEX results for CC>(300)
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Fig.31 PLEX results for CC7(300)

the result is very steady. The results of K5(160, t) (t = 3,5,7,9) and K7(160, 1) =
5,7,9) are also very steady. However, the results for K 9(200, 7) and K 11(200, 7) (including
K9(200, t) and K11(200, ¢) for 1= 3, 5,9, 11) are not very stable.
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Fig.32 Barcode results for CC®(300)
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Fig.33 Barcode results for CC'! (300)

Remark 2 The author of [19] studied K°(140, ) for 9 x 9 range patches and showed that

K?(140, 9) has the same topology as

a Klein bottle.
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Fig. 34 Barcode results for K3(160, 3)
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Fig. 35 Barcode results for K5(160, 9)

To discover the largest subspace of M3 with the same topology as a Klein bottle, we
consider g % of the closest points to K 3(160), which are denoted as A,(f’ 160) I [6], Carlsson
et al. employed the symbol A , to denote the subspace of M acquired by collecting g% of
the nearest points to Ko and show the subspace A 5o with the homology of a Klein bottle.
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Fig.36 Barcode results for K7(160, 9)
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Fig. 38 Barcode results for K'1(200, 7)
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Fig.39 PLEX results for A% U K3(160, 7)

However, we cannot determine that the subspace A((]7,160) has the homology of the Klein

bottle for a proper value of ¢, which shows the difference between optical images and range
images.
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Fig.40 PLEX results for A '*” U K3(160,7)
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Considering the union of A%‘mo) and K3(160, 7), 121835 points exist in A%’lGO) U
K3(160, 7); its size is approximately 29.4% of that of M3. Figure 39 shows that the sub-
space can be approximately modeled by a Klein bottle, that is, the largest subspace of
Mj established in this way shows a topological estimation of K3(160). The topology of
the space experiences a change slightly greater than 33%. Figure 40 explains the progress
to some extent. Similarly, we consider A%‘MO) U K3(160, 9) (A§75‘160) U K7(160, 9)). We
observe the existence of the largest subspace of M5 (M7) with the topology of the Klein bot-
tle; its size is approximately 20.7% (15.5%) that of M5 (M7), which provides a topological
approximation to K> (160) (K’ (160)).

For 9 x 9 and 11 x 11 range patches, we consider A{(19’2OO) U K%(200, 1), A((111,200) U
K11(200, 1). We perform 2000 experiments for ¢g=5, 7, 8, 9, 10, 11, 12, 13, 15 and #=3, 5,
7,9, 11. We detect that A*°” U K°(200,7) (A$'"2*? U K 1(200, 7)) may be the largest
subspace of Mg (M) with the homology of a Klein bottle. A total of 32452 (14742) points
exist in A§91,200) U K°2(200, 7) (A;“*zoo) U K'1(200, 7)); its size is approximately 11.6%
(7.75%) that of Mg (M11). We perform 200 experiments with A(191,200) U K2(200, 7), where
154 experimental results show the Klein bottle feature, while the other 46 experiments do
not. Figures 41 and 42 present two PLEX results.

Similarly, we perform 100 tests with A%'""*°” U K 1(200, 7). We discover that 71 exper-
imental results indicate the homology of a Klein bottle, while the other 29 experiments do
not reveal the Klein bottle homology.

The sizes of the largest subspaces of M,, with the topology of the Klein bottle are sum-
marized as Table 1. Thus, we conclude that the Klein bottle feature of the spaces M3, Ms,
M7, Mg and My gradually vanishes as the size of the range patches increases. The author
of [18] proves that the largest subspace of 3 x 3 (5§ x 5, 7 x 7) natural image patches with
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Fig.41 PLEX results for A'72% U K°(200, 7)
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Fig.42 PLEX results for A%*°” U K9(200,7)

the homology of a Klein bottle depends on the measurements of the patches and that its
size decreases as the size of the natural image patches increases. Hence, we are usually
concerned with the space of m x m image patches with a sufficiently small m.

9 Conclusions

Topological features of the spaces of 3x3,5x5,7x%x7,9%x9 and 11 x 11 range image patches
are detected by persistent homology. The main advantage of the topological techniques is
that they enable the identification of nonlinear properties of the spaces that are potentially
difficult to detect by statistical methods. We have shown that the space of 3 x 3 (9 x 9
and 11 x 11) high-contrast range patches has core subsets to be modeled as a circle. By
establishing the relationship between the space of range image patches and the space of 2-
variable polynomials, we determine that the subspaces of 3 x 3,5 x 5,7 x 7,9 x 9 and
11 x 11 patches have the homology of a Klein bottle. These results suggest that the features
of the range patches and optical patches are probably similar and that the purpose of image
compression by the Klein bottle can be extended to range images.
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