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The principle is to incrementally compute in a dual space the generalized preimage of the
ball set corresponding to a given hypervoxel set according to the chosen digitization model.
Each point in this preimage corresponds to a Euclidean hyperplane the digitization of which
contains all given hypervoxels. An advantage of the generalized preimage is that it does not

K : . i .

D‘g ;/t?lrgZometry depend on the hypervoxel locations. Moreover, the proposed recognition algorithm does
Hyperplane recognition not require the hypervoxels to be connected or ordered in any way.

Generalized preimage © 2008 Elsevier B.V. All rights reserved.

1. Introduction

In digital geometry, objects are usually considered as digital point or hypervoxel (pixels in 2D and voxels in 3D)
sets. Indeed, this is the structural decomposition mostly used to store digital information. A drawback of this kind of
representation is that it does not provide any information on the shape or topology of digital objects. Another way of
obtaining the description of digital objects is hyperplane decomposition. This process, called digital hyperplane recognition,
consists of determining if a digital point set forms a hyperplane segment, that is a hyperplane bounded region.

The recognition problem has so far mainly been studied in dimensions 2 and 3 (see [1,2] for an overview on 2D recognition
algorithms and digital planarity), with various approaches such as linear programming techniques [3,4], computational ge-
ometry methods [5-7] or preimage computation based algorithms [8,9]. Very few papers handle the problem in arbitrary di-
mensions [ 10-12]. Computational and efficiency aspects of digital hyperplane recognition problems are investigated in [13].

The present paper is an extension of [9] in which we propose a generalized approach for the recognition of digital
analytical hyperplanes such as Naive, Standard and Supercover hyperplanes using generalized preimages. Informally,
the preimage [14] of a hypervoxel set consists of all Euclidean hyperplanes the digitization of which contains the given
hypervoxels. More precisely, the preimage of a hypervoxel set is computed in a dual space where each point is mapped onto
a Euclidean hyperplane. Preimage computation algorithms depending on the hypervoxel locations have been proposed in
dimensions 2 and 3 [8,15].

In this work, we perform the recognition of digital analytical hyperplanes by computing the set of Euclidean hyperplanes
which intersect the ball set associated to a given hypervoxel set according to the chosen digitization model. In order to do
that, we incrementally compute the generalized preimage of the balls corresponding to the hypervoxels. This preimage is
defined in any dimension and is independent of the hypervoxel connectivity and location. More precisely, it is computed
from the dual of the ball corresponding to each hypervoxel. Indeed, each point in this dual object corresponds to a Euclidean
hyperplane which cuts the ball corresponding to the hypervoxel. Hence, a major part of this paper is devoted to determining
the formulas describing the dual of a polytope in order to compute the one corresponding to the balls associated to an
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analytical digitization model. First, a positive and a negative extrusion are defined. Then, we show that the dual of a
polytope can be computed from the extrusions of the dual of its vertices. Finally, the intersection of all ball duals forms
the generalized preimage. The recognition process consists therefore simply in computing the generalized preimage of a
ball set corresponding to a hypervoxel set (i.e. computing the dual of a ball set corresponding to a hypervoxel set). More
precisely, we start with the dual of a ball corresponding to a hypervoxel and add the duals of the balls corresponding to the
other hypervoxels as long as the generalized preimage is not empty.

In Section 2, we introduce some notations and definitions as well as the Naive, Standard and Supercover analytical
hyperplane descriptions. In Section 3, we determine the dual of a polytope and introduce the notion of generalized preimage
of a polytope set. Then, we explain in Section 4 how our digital analytical hyperplane recognition algorithm works. We
especially focus on the Naive, Standard and Supercover hyperplane cases. Conclusion and future works are proposed in
Section 5.

2. Preliminaries
In this section, we first propose some notations and give the definitions of a hypervoxel and a ball. Then, we present

four digitization analytical models considered in this work: the Naive and closed Naive models, the Standard model and the
Supercover model.

2.1. Notations and definitions

Letn € Z,n > 0. In the following, we will denote by &, the classical n-dimensional Euclidean space, and by [[1, k]| the

subset of integer values {1, ..., k} C Z. Moreover, a point with integer-valued coordinates p € Z" will be called a digital
point.

We define an a-hypercube, a € R, as follows:
Definition 1 (Hypervoxel). The hypervoxel (or n-dimensional cube) centered on the digital point (cq, ..., c,) € Z", is the
set of points (xq, ..., X;) € R" verifying

) 1 1
Vi e [[1, n], Ci_§§x1'<ci+5~

Hypervoxels in dimensions 2 and 3 are respectively called pixels and voxels.

Definition 2 (Ball). Let d be a distance in R". Then, the ball B4(c, r) with center ¢ € R" and radius r € R is defined by
Ba(c,r) = {x € R"[d(c,x) <T}.

2.2. Discrete analytical models

In this work, we study four digital analytical models: the Naive model [16,17], the closed Naive model [18], the Standard
model [19] and the Supercover model [20,21]. These models are defined in any dimension and provide a digitization of
Euclidean objects. Moreover, a distance and a ball is associated to each model.

In this section, we give for each model the definition of the digital hyperplane (or n-dimensional planes) and describe
precisely the digitization of a Euclidean hyperplane according to the distance and the ball associated to the model.

2.2.1. The Naive models [16,18]
Naive and closed Naive hyperplanes are defined analytically as follows (see Fig. 1):

Definition 3 (Naive Hyperplane [16]). The Naive hyperplane with parameters (cp,...,c,) € R*! is the set of points
(X1, ..., xp) € Z" verifying
max |c;| n max |c;|
1<i<n 1<i<n
2 =00 E it 2

i=1

wherec; > 0,orcy =0andc, > 0,0r...,0r¢c{ =C =---=c¢,—1 =0andc, > 0.

Definition 4 (Closed Naive Hyperplane [18]). The closed Naive hyperplane with parameters (co, . . ., ¢;) € R™!is the set of
points (xq, ..., X,) € Z" verifying
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Fig. 1. Examples of Naive and closed Naive hyperplanes in dimension 2: (a) Naive line, (b) Closed Naive line.

Fig. 2. Illustration of the balls associated to the Naive models: (a) Balls associated to a Naive line, (b) Balls associated to a closed Naive line.

One practical way of defining some discrete analytical models is to define them with a distance. Letp = (X1, ..., X;) € R"
and p" = (x|, ..., x,) € R". The distance associated to the closed Naive model is the distance d; defined by d;(p, p’) =
ZL] |x; — x| and the corresponding ball is By, (c, %), ¢ € Z". For instance in dimension 2, the ball By, (c, 1yis a regular
rhombus. The closed Naive model N (E) of a Euclidean object E can be defined by

N(E) = (Bd1 (0, %) ®E> VAN

The Minkowski sum of two sets A and Bis defined by AQ B = {a+b|a € A, b € B}. Definition 4 and the one based on distance
dq are equivalent for the hyperplane. The definition based on a distance is more general but the Definition 4 is analytical
and thus more practical. The definition of the Naive hyperplane as given in Definition 3 is only analytical as there is no easy
way of defining the Naive Hyperplane with a distance. As we can see however, there is only a minor difference between
the two models. The main interest of the distance definition in the case of the hyperplane is that it provides a geometrical
way for understanding the Closed Naive Hyperplane and the Naive hyperplane. The closed Naive digitization of a Euclidean
hyperplane consists of the centers of all balls which are intersected by the hyperplane (see Fig. 2(b)), whereas the Naive one
consists of the centers of all balls cut by the hyperplane except when a ball vertex is intersected (see Fig. 2(a)). In this case,
several hypervoxels adjacent to the corresponding hypervoxel do not belong to the Naive digitization. This is due to the fact
that one inequality in Definition 4 is strict.

Proposition 5. Let B be a ball By, (c’, %), ¢’ € 7", and let H be a Euclidean hyperplane with equation ¢y + Z?:l cix; = 0 that

passes through a vertex v = (v, . .., vy) of B. Moreover, we assume that the first c; # 0 verifies ¢; > 0.
Letj € [[1, n]l such that |¢j| = max{_, |c;|. Then, if ¢; > 0 (resp. ¢; < 0), the digital point (v1, ..., vj—1, Vj — % Vjt1s -5 Un)
(resp. (v1, ..., Vj_1, Vj + % Vj+1, - - - » Un)) belongs to the Naive digitization of H.
Proof. By definition, a digital point p = (x1, ..., x,) belonging to a Naive hyperplane verifies the following inequalities:
max || n max ||
1<i<n 1=<i=n

———— <+ ) X<
2 i=1

2
Since |¢j| = max}_, |c;|, we want to determine k € {—1, 1} such that

L] - 1
_7:c0+ Z Civi + G Uj+ik .

i=1,ij
Then, since ¢y + Z?:] civ; = 0, we have
—M = lkcj, ke{-1,1}.
2 2

Hence, if ¢; > 0, we have

G 1
—— = —kci, ke {—1,1
2 27 { }
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Fig. 3. Digital points belonging to the Naive digitization of a Euclidean line according to the slope of the line (in dark grey).
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Fig. 4. Examples of Standard and Supercover hyperplanes in dimension 2: (a) Standard line, (b) Supercover line.

and so we deduce that k = —1. Else, if ¢; > 0, we have
5~ Dekei—1.1)
2 - 2 ] ’

and then we deduce thatk = 1. O
Proposition 5 is illustrated in Fig. 3.

2.2.2. The standard [19] and supercover [20,21] models
Standard and Supercover hyperplanes are defined analytically as follows (see Fig. 4):

Definition 6 (Standard Hyperplane [19]). The Standard hyperplane with parameters (co, . .., ¢,) € R""! is the set of points
(X1, ..., X,) € Z" verifying

n n
> lail n > lail

i=1 i=1
- <o+ E CiXi <
2 = 2

wherec; > 0,orcy =0andc, > 0,0r...,0r¢c{ =C; =---=¢,_1 = 0andc, > 0.

Definition 7 (Supercover Hyperplane [21]). The Supercover hyperplane with parameters (co, ..., c,) € R*"! is the set of
points (X1, ..., X,) € Z" verifying

n
|cil n > lail
i=1 i=1
<+ Y cx < :
2 e A

E}

If we replace the distance d; in the close Naive model definition based on the Minkowski sum, we obtain the Supercover
model. Letp = (x1,...,%,) € R"andp’ = (x],...,x,) € R". The distance associated to the Supercover models is the
distance d, defined by doo (p, p') = Supicyy X — Xi| and the corresponding ball is By, (c, 1), ¢ € Z". In dimension n, the
ball By, (c, 1) is a hypervoxel. Just as for the closed Naive and the Naive models, we have a geometrical interpretation based



480 M. Dexet, E. Andres / Discrete Applied Mathematics 157 (2009) 476-489

Fig. 5. Digital points belonging to the Naive digitization of a Euclidean line according to the slope of the line (in dark grey).

on the distance definition of the Supercover model. The Supercover digitization of a Euclidean hyperplane also consists of
the centers of all hypervoxels which are intersected by the hyperplane (see Fig. 4(b)), whereas the Standard one consists of
the centers of all hypervoxels cut by the hyperplane except when a hypervoxel vertex is intersected (see Fig. 4(a)). In this
case, several hypervoxels adjacent to this vertex do not belong to the Standard digitization. This is due to the fact that one
inequality in Definition 6 is strict.

Proposition 8. Let B be a ball By (c’, 1), ¢’ € Z", and let H be a Euclidean hyperplane with equation ¢y + Z?zl cix; = 0 that

passes through a vertex v = (vq, . . ., vy) of B. Moreover, we assume that the first ¢; # 0 verifies ¢; > 0.
Then, each digital point (x4, .. ., x,) belonging to the standard digitization of H verifies for alli € [[1, n]:
.Xi:l)i-f—%l'fC,'<0,
.Xl':l),'—%l'f(.‘,'>0,
e Xxi=vi+3orxi=v;—2if =0.
Proof. By definition, a digital point p = (x4, ..., X;) belonging to a Standard hyperplane verifies the following inequalities:
n n
> leil n > lail

i=1

=
<o+ cixi <

2 =0 ; i 2

We want to determine k; € {—1, 1},i € [[1, n]], such that

n
> lail n ;
_’—]2 =co+ ; Ci (vi + Ekl)

that is, since ¢co + > 1, ¢iv; = 0,

n
dolal o, ;
i=1
— 2 = Z] Ek,‘C,'.
i=

Hence, we have
> (il —kic) =0
i=1
and then
Z(k;(’,’ — kiCi) = Z(k; — k,’)Ci =0
i=1 i=1

with ki € —1, Tand kjc; > 0
However, since Vi € [1, n]], (k| — k;)c; > 0 we deduce that

ielnll k=K

that is

e ifc; > Othenk; = —1,

e ifc; < Othenk; =1,

o ifc; =0thenk; = —1ork;=1. O

Proposition 8 is illustrated in Fig. 5.
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3. Dual of a polytope

In order to define the dual of a polytope, we use a dual transformation similar to the well known Hough transform
which is an efficient tool usually used in image processing to recognize parametric shapes in an image. A review on existing
variations of this method is presented in [22].

In the following two sections, we first define the parameter space in which our dual transformation is performed as
well as the positive and negative extrusions of a point. Then, we describe the dual of a polytope and define the notion of
generalized preimage, which is the basis of the recognition algorithm presented in Section 4.

3.1. Definitions and properties

In this work, we use the n-dimensional parameter space #, C R", and define the two functions D¢ : &, — %, and
Dy : Py — &, by:

n—1
De (X1, ... Xn) = i(y1,...,yn) € Palyn = _inJ’i+xn}
i=1

n—1
Dp Y1, ... Yn) = {(Xh s, Xp) € Elxy = Zy:'xi +Yn} .
i=1

Informally, each point in &, (resp. &) is transformed by D¢ (resp. Dy ) into a hyperplane in £, (resp. &,). In the rest of this
paper, we will generically write Dual for Dg or Dyp.

Definition 9 (Dual Object). Let O be a subset of R". Then,
Dual(0) = UDual(p)

pe0
is called the dual of O.
Proposition 10. Let O, and O, be two subsets of R" such that O; C O,. Then
Dual(0¢) < Dual(0,).

Proof. Since O; < O0,, we deduce that Dual(0,) = Upeo2 Dual(p) = [Upeo1 Dual(p)] U [Up602\01 Dual(p)]. Then,
Dual(0,) € Dual(0,). O

Moreover, the following properties can be deduced from our definition of the duality.

Proposition 11. Let O, and O, be two subsets of R". Then,
Dual(0, U 05) = Dual(07) U Dual(0,).

Proof. Dual(0; U 0,) = Upeoluo2 Dual(p) = [Upeol Dual(p)] U [UPEOZ Dual(p)] = Dual(0;) U Dual(0,). O

Proposition 12. Let O, and O, be two subsets of R". Then,
Dual(0, N 03) € Dual(01) N Dual(0,).

Proof. Since 01 N 0, € 07 and 0, N 0, C 0,, we deduce that Dual(O1 N 0,) € Dual(0;) and Dual(0O, N 0,) < Dual(0,).
Thus, Dual(01 N 05) € Dual(0,) N Dual(0,). O

Remark 13. Let p € R" be a point. The dual of each point which lies in Dual(p) is a hyperplane which passes through p.

Moreover, in order to describe the dual of a polytope, we need to define the positive and negative extrusions of a point as
follows:

Definition 14 (Positive and Negative Extrusions). Let p = (xq, ..., X;) € R" be a point. The positive extrusion of p is defined
by:

pt={p=K,....x)) eR"Vie [1,n— 1], x; = x; and x, < X,,}.
In the same way, the negative extrusion of p is defined by:

p ={p=K,....,x) eRWVie[1l,n—1],x; = x; and x, > x,,}.
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a b
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Fig. 6. Positive and negative extrusions of a point p (half-lines) and their dual object: a half-space, (a) Positive extrusion of p, (b) Negative extrusion.

Let O; and O, be two subsets of R" such that 0; € 0,. Then, OT C O;“ and O] C O, . Moreover, the following properties
can be deduced from Definition 14.

Proposition 15. Let O and O, be two subsets of R". Then,
(0,U0)" =07 Uo0;.
In the same way, (0, U 0;)” =07 UO0;.
Proof. (01U02)" = U,c0,00, P = [Up601 p+] U [UpEOz p*] = 0} U 05 . The proof of (0; U0,)~ = 0; U0 is obtained
in the same way. O
Proposition 16. Let p € R" be a point. Then,
Dual(p)* = Dual(p™).
In the same way, Dual(p)~ = Dual(p™).
Proof. Let us consider p = (x1, ..., x,) € &,. Then,

n—1
Dual(p*) = De(p*) = | J Dualph = {(yl,...,y,,) € Palyn=— ) _xyi+x,
i=1

pept =, xp)ept
n—1
+
=0 ) EP = =) it x(= | P =D =Dud(p)*.
i=1 P'eDe (p)

The proof of Dual(p)~ = Dual(p™) can be obtained in the same way. O

Proposition 16 is illustrated in Fig. 6.

3.2. Polytope dual representation
In this work, we need to define the dual of a polytope. An n-polytope, n € Z, is defined as follows:

Definition 17 (n-polytope). Let P be a polytope in dimension n, or n-polytope. Then, there exists a finite set of k half-spaces
H = {Hy,...,Hy} suchthat P = ﬂle H;, and such that if H; is the hyperplane forming the boundary of the half-space H;
(or boundary hyperplane of H;), then Vi € [[1, k]|, H; N P # .

Notations. Let P be an n-polytope, and let # be the corresponding half-space set. We define three subsets of #, denoted
by #g, #+ and ¥ _, as follows:

e Jy is the half-space set in # defined by an inequality of the form ¢, + Y1~} ¢;X; > 0 or similar to ¢, + Y1~} ¢X; < 0,
with (¢c1,...,¢,) € ™.

e ¢, is the half-space set in # defined by an inequality of the form X, > ¢, + Y1, ciX;, (c1, ..., Cn) € E™.

e #_ is the half-space set in # defined by an inequality of the form X, < ¢, + Z::f ciXi, (cq, ..., cp) € EM

Moreover, we denote by #o, #, and #_ the three boundary hyperplane sets corresponding respectively to the half-
space sets g, # and F_.
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Fig. 7. Positive and negative extrusions of a polytope in dimension 2: (a) A 2-polytope P, (b) Positive extrusion of P, (c) Negative extrusion of P.

Proposition 18. Let P be an n-polytope. Then,

P=P NP
with
Pr= (] H
He(HoUH 1)
and

Pr= () H

He(FouUF_)

Proof. Let us prove P = (. ,u%, ) H- The proof of P = (. ,uz_, H can be obtained in the same way.
Letp = (p1, ..., pn) € PF.Then, there existsp’ = (p}, ..., p,) € Psuchthatforalli e [1,n— 1],

Ci:C‘/

A
. and ¢, =c,.

Hence, for all H € # and for allH € ., p € H. We deduce that p € (g ,07%_) H-

Now, letp = (p1,...,Dn) € mﬁe(ﬁouﬁ,) H. Let us proceed by contradiction and assume that p ¢ P Then, for all
p =), ...,p,) € P, thereexistsi € [1,n — 1] such that ¢; # ¢/ or ¢, # c;. Then, there exists H € #o or H € ¢, such
thatp ¢ H. We deduce thatp & (gzz,u% H- O

Proposition 18 is illustrated in Fig. 7 in the case of dimension 2.
Let us now describe the dual of an n-polytope P from its vertices.
Let 'V be the set of vertices of P. We define two subsets of 'V, denoted by V. and V_, as follows:

V,={veV|FH € #,,v e HN P}
V_.={veV|FH e #_,v € HNP}.

We can see in Fig. 7 that the vertices numbered 1, 2, 3 and 4 belong to the vertex set V. of P. In the same way, vertices
numbered 4, 5 and 6 belong to the vertex set V_.
The dual of an n-polytope can then be defined by:

Theorem 19 (Dual of a Polytope). Let P be an n-polytope, V. and V_ the two vertex sets defined previously. Then:

Dual(P) = [ U Dual(v)+i| N [ U Dual(v)_i| .

vEV4 veEV_

Proof. Let us first prove the following lemma:

Lemma 20. Let P be an n-polytope. Then,
Dual(P) = Dual(P)* N Dual(P)".
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Proof. In the following, we assume that H € &,.
Since Dual(P) € Dual(P)* and Dual(P) < Dual(P)~, we deduce that Dual(P) < Dual(P)* N Dual(P)~.
We now prove that Dual(P)* N Dual(P)~ < Dual(P). Consider a point p = (x1, ..., X;) € Dual(P)* N Dual(P)~. Then,
I =),....x,) € Dual(P) |p € pt
and
I =K/,....x;) € Dual(P) |pep”.

We deduce that Vi € [1,n — 1], x{ = x; = x{ and x, < x, < x],.

Next we prove that Dual(p) N H # @, which would imply p € Dual(P). Since p’ € Dual(P) and p” € Dual(P), we have
Dual(p’) NP # @ and Dual(p”) NP # P.Letq = (q], ..., q,) € Dual(p’) "Pandq” = (q, ..., q)) € Dual(p”) N P. Then,
we have

n—1 n—1
! / / 1/ 1 !
q, = Zx,—qi +x, and ¢q, = inqi + X,
i=1

i=1
Since x;, < x, < x],, we deduce that

n—1 n—1

/ ! ' a

q, < E Xiq; +x, and q, > E Xiq; + Xq.
i=1 i=1

Thus, Dual(p) N [q', q”] # . Finally, since P is convex we know that [¢/, q"] C P. We then deduce that Dual(p) "\P # . O
Let us now define two object sets #, and F_ by

F.={HNP,H e 3}
and

F_ ={HNP,He #_}.

Let & be a set. In the following, we will denote by |$| the cardinal of the set §. Especially, we remark that | | (resp. | F_|)
is equal to | #, | (resp. | F#_]).

For instance, in dimension 2, the set #,. (resp. #_) corresponds to the segments which belong to the boundary of P such
that there two endpoints are vertices in 'V (resp. V_). In Fig. 7, £, is composed of the segments [1, 2], [2, 3] and [3, 4]. In
the same way, #_ is composed of the segments [4, 5] and [5, 6]. In dimension 3, these two sets are composed of faces of P.

The following relation is then verified:

Lemma 21. Let P be an n-polytope. Then,
pr=JF".
FeFy

In the same way, P~ = Jp.y F.

Proof. Let us prove that

Pr=JFr= U (H,-ﬂP)+=|:

FeFy ie[[1,|F4 |1, Hie #+

+
H,ﬂP:| .

ie[1,|C+|I.Hie s+
First, we have

HiNP CP.
ie[1,|C+ [1.Hie#y

Hence,

+
[ HiN P] C P*.
ic[[1,|C4+ |, HieH+
Now let p € P*. We know that P* = (3,7, H, which is equivalent to P* = (1), _,. ;. H'. Hence, we deduce that for

allH; € #.,i € [1, |C4|]], there exists p; = (pi;, ..., Pi,) € Hisuchthatp € pi*. Letp’ = (pi, ..., Pi,_,» P,) be the point
which verifies Vi € [[1, |C,[1], p}, = pi,. Then, since P is a polytope, we have p’ € P.
The second equality can be obtained in the same way. O
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" Dual(P )
Dual(P ™) Dual(P™)

1 6 & /1

Fig. 8. Dual of a 2-polytope P: (a) Dual of the positive extrusion of P, (b) Dual of the negative extrusion of P, (c) Dual of P.

Lemma 22. Let P be an n-polytope. Then,
Dual(P*) = |_J Dual(w)*.

veEV4

In the same way, Dual(P~™) = | Dual(v)~.

veEV_

Proof. Let us prove that Dual(P") = Uer Dual(v)™.

By definition, for each vertex v in 'V, there exists F € . such thatv € F.Hence, J,cy, v € Uges, F. Moreover,
Usev, V7 S Upeg, T Then, U,ey, v7 S Upes, FT- However, according to Lemma 21, we have (.4, F* = P
We deduce that Dual(Uvev+ v") € Dual(P"), and then UveV+ Dual(v*) € Dual(P™).

Let us prove the second inclusion. Let p € Dual(Pt) = Dual(UFe%r F*). Then, there exists F € . such that
Dual(p) N F' # (. Let us prove that there exists one vertex v in V such that Dual(p) N v* # @.

Let us proceed by contradiction and assume that for all v € F, Dual(p) N v™ = . We know that there exists H € #,

suchthat F=HNP=HN [ﬂ!‘ﬂ ﬁl] = ﬂ:;] (H N H;). Hence, if we considered the hyperplane H as space, we deduce that

F is an n — 1-polytope, since for all i, H; N H is a half-space in H, and then F is equal to the intersection of several half-spaces.
Since F is the convex hull of its vertices, we deduce that if Yv € F, Dual(p) N v*" = @, then, Vp’ € F, Dual(p) Np' = @.
Moreover, F* = |J,o; P = Uper ker, P + kOX, = Uker, €+ kOX,. Since F is a polytope, F + kOX, is also a polytope and
the same method can be applied to prove that Vp’ € F + k(Wn, Dual(p) Np’ = @.

A similar proof can be used to show that Dual(P~) = Uvew Dual(v)~. O

The proof of Theorem 19 is obtained from Lemmas 22 and 20. O

Theorem 19 allows us to describe the dual of a polytope from the dual of its vertices. More precisely, the dual of a polytope
is defined by the intersection of two objects, each one being a union of several half-spaces (see Fig. 8). Each half-space is the
positive or negative extrusion of the hyperplane dual of one vertex of the polytope. In Fig. 8(c), we can see the representation
of the dual of the polytope in Fig. 7(a).

3.3. The notion of generalized preimage

In this section, we define the generalized preimage of a set of polytopes. This preimage is a geometrical object computed
in the parameter space from the duals of the polytopes. Each point in the preimage is associated to a hyperplane which cuts
all polytopes. The generalized preimage of a polytope set is then defined as follows:

Definition 23 (Generalized Preimage). Let # = (Py, ..., Py) be a set of k polytopes, and let Dual(P;), i € [1, k]|, be the dual
of P; in the parameter space. The generalized preimage Gp of & is defined by:

k
Gp() = () Dual(Py).

i=1

4. Digital hyperplane recognition

In this section, we present our digital hyperplane recognition algorithm. Moreover, we assume this hyperplane is
analytically defined with a distance and a ball such as the digital hyperplanes defined in Section 2.2 (such as the closed
Naive hyperplane or the Supercover hyperplane) or that the definition is closely related to such a definition (such as Naive
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hyperplane and Standard hyperplane). The aim of our algorithm is to determine if a hypervoxel set belongs to a digital
hyperplane. More precisely, we want to determine all Euclidean hyperplanes the digitization of which contains the given
hypervoxel set. We call these hyperplanes the solution hyperplanes.

In order to do that, the idea is to compute the set of Euclidean hyperplanes (if it exists) which cross all balls corresponding
to the given hypervoxels by computing the generalized preimage of the balls. Then we can deduce if the hypervoxel set
belongs or not to a digital hyperplane depending on whether the preimage is a nonempty set or not.

However, according to the digitization model used, some points located on the border of the dual of the ball are not
associated to solution hyperplanes (because these hyperplanes cross ball vertices), and thus some points on the border of
the generalized preimage are not associated to solution hyperplanes. This is for instance the case for the Standard and Naive
models since one inequality in the analytical digital hyperplane definitions (see Definitions 3 and 6) is strict.

In the following, we first detail our recognition algorithm. Then, we apply our algorithm to the Naive and Standard
digitization models. The algorithms for the closed Naive and the Supercover models are only marginally different.

4.1. Recognition algorithm

Let # = {Hq, ..., Hy} be a set of k hypervoxels. The digital hyperplane recognition (see Algorithm 1) is simply performed
by computing the generalized preimage Gp of the balls {By, ..., By} associated to #. First, Gp(By), i.e. the dual of By,
is computed according to the polytope dual definition given by Theorem 19. Then, Gp({B1, B2}) is computed from the
intersection of Gp(B1) and Dual(B,). And so on until Gp({By, ..., Bx}) is computed or Gp becomes empty. Note that the
balls can be considered in any order, and the corresponding hypervoxels do not need to be connected.

Algorithm 1: Standard and Supercover hyperplane recognition algorithm

Data: A set J¢ of k hypervoxels Hy, ..., Hi and their associated balls By, ..., By.
begin
GP <— Dual(By);
i<— 2;
while GP # Jand i < ndo
GP <— GP N Dual(By);

L i<«<—i+1;
if GP # () then

| # belongs to a digital hyperplane.
else

| # does not belong to a digital hyperplane.

end

4.2. Example: Application to Naive and Standard hyperplane recognition

For a given ball associated to a given digitization model, some parts in the generalized preimage do not correspond to
solution hyperplanes. It is the case when one or several inequalities in the hyperplane digitization definition are strict, for
instance for the Standard and Naive models. In the case of the Supercover and closed Naive digitization models, all points in
the generalized preimage are solutions. The algorithms for the Supercover and closed Naive models are therefore the same
minus the discussions about the ball vertices that we do not need to consider.

In the following, we study the case of the Naive and Standard models and describe which part of the dual of the balls
corresponds to solution hyperplanes.

4.2.1. Naive hyperplanes
We want to determine which points on the boundary of the dual of a ball By, (c, %) are associated to solution hyperplanes.
We know that each point (cg, ..., c,_1) is associated to a hyperplane with equation ¢y — x,, + Z;:ll cix; = 0. Moreover, we

know that this hyperplane contains a vertex of the ball.
We deduce from Proposition 5 the following property:

Proposition 24. Let B be a ball By, (¢’, ) ¢’ € 7", and let H be a Euclidean hyperplane with equation cy + Z?:l cix; = 0 that

passes through a vertex v = (vq, . . vn) of B. Moreover, we assume that theﬁrst ¢; # 0 verifies¢; > 0.
Hence, there exists j € [[1,n]] such that v = (cf, ..., cj 1 ] + 3 JH,...,C,’,) (resp. v = (c;,...,cJL],c]f —
%, Ciy1s > Cp))- Then, if ¢; > 0 (resp. ¢; < 0), ¢" belongs to the Naive digitization of H.

Hence, from Proposition 24, we can easily determine which points in the dual of a ball By, (c’, %) are associated to solution
hyperplanes. We can see in Fig. 9 an example of dual ball in dimension 2.
Fig. 10 illustrates the recognition process in dimension 2 in the case of the Naive hyperplane recognition.
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Fig. 10. Example of 2D generalized preimage computation: Naive hyperplane recognition.

4.2.2. Standard hyperplanes

We want to determine which points on the boundary of the dual of a ball By, (c, 1) are associated to solution hyperplanes.
We know that each point (cy, . .., c;—1) is associated to a hyperplane with equation ¢y — x,, + Z}:]] ¢ix; = 0. Moreover, we
know that this hyperplane contains a vertex of the ball.

We deduce from Proposition 8 the following property:

Proposition 25. Let B be a ball By (c’, 1), ¢’ € Z", and let H be a Euclidean hyperplane with equation co + ZL cix; = 0 that
passes through a vertex v = (vq, ..., Uy) of B. Moreover, we assume that the first ¢; # 0 verifies ¢; > 0.
Hence, if v, > c, (resp. v, < c,)and c, > 0 (resp. ¢, < 0), then ¢’ belongs to the Standard digitization of H.

Hence, from Proposition 25, we can easily determine which points in the dual of a ball B4 (c’, 1) are associated to solution
hyperplanes. We can see in Fig. 11 an example of dual ball in dimension 2.
Fig. 12 illustrates the recognition process in dimension 2 in the case of the Standard hyperplane recognition.

5. Conclusion and future works

In this article, a new digital hyperplane recognition scheme in arbitrary dimension has been presented. This algorithm
determines if a given hypervoxel set belongs to a digital hyperplane by providing the set of Euclidean hyperplanes which
cut all balls associated to the given hypervoxels. This set is deduced from the computation in a dual space of the generalized
preimage of the balls. This preimage is defined as the intersection of the duals of the balls. The recognition algorithm does
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4,

Fig. 12. Example of 2D generalized preimage computation: Standard hyperplane recognition.

not require the given hypervoxels to be connected. Moreover, during the recognition process, hypervoxels can be considered
in any order.

The results proposed in this paper are very general. Indeed, since the generalized preimage is defined for any polytope
set, this can easily lead to recognition algorithms in multi-scale grids or heterogeneous grids, such as for instance irregular
isothetic grids [23].

One of the major tasks that needs to be addressed now is a thorough study on the complexity of the proposed method. The
proposed algorithm is very general in its scope as there are no requirements on the hypervoxel connectivity or order in which
they are fed to the algorithm. For instance, let us consider the Standard hyperplane recognition. To perform intersection
operations, the first approach is to intersect directly the generalized preimage and each hypervoxel dual. It is not an efficient
method since the dual of a hypervoxel is an open concave polytope. However, the generalized preimage of a hypervoxel set
can be obtained by simply computing intersections of convex polytopes and hyperplanes, as seen in [9]. Let k be the number
of given hypervoxels. These improvements lead to a complexity for our algorithm of @ (k) in dimension 2 when applied
on 4-connected curves [24]. Indeed, the generalized preimage of a pixel set is a polygon with at most four edges [14,25].
In dimension 3 [2,26] and higher, the complexity is @ (k?) in the worst case. In the general case however, the complexity
in time and space depends on the connectivity of the surface and on the order in which the hypervoxels are added to the
recognition algorithm. This is still a somewhat open question.

References

[1] R.Klette, A. Rosenfeld, Digital straightness - a review, Discrete Applied Mathematics 139 (1-3) (2004) 197-230.

[2] V.Brimkov, D. Coeurjolly, R. Klette, Digital planarity - a review, Discrete Applied Mathematics 155 (4) (2007) 468-495.

[3] J. Frangon, J.-M. Schramm, M. Tajine, Recognizing arithmetic straight lines and planes, in: Discrete Geometry for Computer Imagery, in: LNCS, vol.
1176, 1996, pp. 141-150.

[4] L. Buzer, A linear incremental algorithm for Naive and Standard digital lines and planes recognition, Graphical models 65 (1-3) (2003) 61-76.

[5] C.E.Kim, I. Stojmenovié, On the recognition of digital planes in three-dimensional space, Pattern Recognition Letters 12 (11) (1991) 665-669.



M. Dexet, E. Andres / Discrete Applied Mathematics 157 (2009) 476-489 489

[6] L. Debled-Rennesson, J. Reveillés, A linear algorithm for segmentation of digital curves, International Journal of Pattern Recognition and Artificial
Intelligence 9 (6) (1995) 635-662.
[7] Y. Gerard, I. Debled-Rennesson, P. Zimmermann, An elementary digital plane recognition algorithm, DAMATH: Discrete Applied Mathematics and
Combinatorial Operations Research and Computer Science 151, 169-183.
[8] J. Vittone, J.-M. Chassery, Recognition of digital Naive planes and polyhedrization, in: Discrete Geometry for Computer Imagery, in: LNCS, vol. 1953,
2000, pp. 296-307.
[9] M. Dexet, E. Andres, A generalized preimage for the Standard and Supercover digital hyperplane recognition, in: Discrete Geometry for Computer
Imagery, in: LNCS, vol. 4245, Szeged, Hungary, 2006, pp. 639-650.
[10] V.E. Brimkov, S.S. Dantchev, Complexity analysis for digital hyperplane recognition in arbitrary fixed dimension, in: Discrete Geometry for Computer
Imagery, in: LNCS, vol. 3429, Poitiers, France, 2005, pp. 287-298.
[11] L Stojmenovié, R. Tosi¢, Digitization schemes and the recognition of digital straight lines, hyperplanes, and flats in arbitrary dimensions, in: Vision
Geometry, in: Contemporary Mathematics Series, vol. 119, American Mathematical Society, 1991, pp. 197-212.
[12] V. Brimkov, S. Dantchev, Digital hyperplane recognition in arbitrary fixed dimension within an algebraic computation model, Image and Vision
Computing 25 (10) (2007) 1631-1643.
[13] D.Ceeurjolly, V. Brimkov, Computational aspects of digital plane and hyperplane recognition, in: Combinatorial Image Analysis, LNCS, vol. 4040, Berlin,
Germany, 2006, pp. 291-304.
[14] L. Dorst, AW.M. Smeulders, Discrete representation of straight lines, IEEE Transactions on Pattern Analysis and Machine Intelligence 6 (4) (1984)
450-463.
[15] D. Ceeurjolly, Algorithmique et géométrie discréte pour la caractérisation des courbes et des surfaces, Ph.D. Thesis, Université Lumiére Lyon 2, Lyon,
France, 2002.
[16] J.-P. Reveillés, Combinatorial pieces in digital lines and planes, SPIE Vision Geometry IV, 2573.
[17] E. Andres, R. Acharya, C. Sibata, Discrete analytical hyperplanes, Graphical Models and Image Processing 59 (5) (1997) 302-309.
[18] E. Andres, Modélisation analytique discréte d’objets géométriques, Thése d’habilitation, Université de Poitiers, France, 2000.
[19] E. Andres, Discrete linear objects in dimension n: The Standard model, Graphical Models 65 (2003) 92-111.
[20] D. Cohen-Or, A. Kaufman, Fundamentals of surface voxelization, Graphical Models and Image Processing 57 (6) (1995) 453-461.
[21] E. Andres, P. Nehlig, ]. Francon, Tunnel-free Supercover 3D polygons and polyhedra, Computer Graphics Forum (Eurographics) 16 (3) (1997) 3-14.
[22] H. Maitre, Un panorama de la transformation de Hough - a review on Hough transform, Traitement du Signal 2 (4) (1985) 305-317.
[23] D. Ceeurjolly, L. Zerarga, Supercover model, digital straight line recognition and curve reconstruction on the irregular isothetic grids, Computers and
Graphics 30 (1) (2006) 46-53.
[24] M. Dexet, E. Andres, Linear discrete line recognition and reconstruction based on a generalized preimage, in: Combinatorial Image Analysis, LNCS, vol.
4040, Berlin, Germany, 2006, pp. 174-188.
[25] M.D. Mcllroy, A note on discrete representation of lines, AT&T Technical Journal 64 (2) (1985) 481-490.
[26] D. Ceeurjolly, L. Sivignon, F. Dupont, F. Feschet, ].-M. Chassery, On digital plane preimage structure, Discrete Applied Mathematics 151 (1-3) (2005)
78-92.



	A generalized preimage for the digital analytical hyperplane recognition
	Introduction
	Preliminaries
	Notations and definitions
	Discrete analytical models
	The Naive models 16,18
	The standard 19 and supercover 20,21 models


	Dual of a polytope
	Definitions and properties
	Polytope dual representation
	The notion of generalized preimage

	Digital hyperplane recognition
	Recognition algorithm
	Example: Application to Naive and Standard hyperplane recognition
	Naive hyperplanes
	Standard hyperplanes


	Conclusion and future works
	References


