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Abstract

An important part of the well-known iterative closest point algorithm (ICP) is the variational
problem. Several variants of the variational problem are known, such as point-to-point, point-
to-plane, generalized ICP, and normal ICP (NICP). This paper proposes a closed-form exact
solution for orthogonal registration of point clouds based on the generalized point-to-point
ICP algorithm. We use points and normal vectors to align 3D point clouds, while the com-
mon point-to-point approach uses only the coordinates of points. The paper also presents a
closed-form approximate solution to the variational problem of the NICP. In addition, the
paper introduces a regularization approach and proposes reliable algorithms for solving varia-
tional problems using closed-form solutions. The performance of the algorithms is compared
with that of common algorithms for solving variational problems of the ICP algorithm. The
proposed paper is significantly extended version of Makovetskii et al. (CCIS 1090, 217-231,
2019).

Keywords Variational functionals - Global optimization - Exact solution - Closed-form
solution - Iterative closest points (ICP) - Normal ICP (NICP) - Affine transformations -
Orthogonal transformations - Surface reconstruction - Computer geometry

1 Introduction

Creating a 3D spatial environment for a robot or sensor is based on algorithms for registering
point clouds. Point cloud registration methods have been the subject of research since the
early 1990s, and a wide range of options have been proposed. Aligning two point clouds
means finding either an orthogonal or affine transformation in R> that maximizes consistent
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overlap between the two clouds. The iterative closest points algorithm (ICP) is the most
common method for aligning point clouds based on exclusively geometric characteristics.
The algorithm is widely used to record data obtained with 3D scanners. The ICP algorithm,
originally proposed by Besl and Mckay [2], Chen and Medioni [3], consists of the following
iteratively applied basic steps:

(1) search for correspondence between the points of two clouds;
(2) minimization of the error metric (variational problem of the ICP algorithm).

The two steps of the ICP algorithm alternate among themselves, that is, the estimation of
the geometric transformation based on the fixed correspondence (step 2) and updating the
correspondences to their closest matches (step 1). The key point of the ICP algorithm [4] is
the search for either an orthogonal or affine transformation, which is the best with respect to
a metric for combining two point clouds with a given correspondence between points.

The variational problem of the ICP algorithm contains the following three basic
components: functional to be minimized; class of geometric transformations; functional
minimization method. The most common types of functionals are presented in different
variants of the ICP; that is, point-to-point [2], point-to-plane [3], generalized ICP [5], and
normal ICP (NICP) [6]. Geometric transformations can belong to the groups of GL(3),
0(3), SO(3) (affine transformations, orthogonal transformations, orthogonal transforma-
tions with positive determinants, respectively) extended by translations. A minimization
method can be either iterative or closed (closed-form solution). A closed-form solution can
be an exact solution to a variational problem or its approximation. Among all iterative meth-
ods, Levenberg-Marquardt, Gauss-Newton, conjugate gradients are most often used. For
example, the variational problem [2] contains the point-to-point functional, the transforma-
tion class of SO (3), and the Gauss — Newton minimization method. Note that the solution
to a variational problem in the class of orthogonal transformations is mathematically more
complicated than in the class of affine transformations, since in the former case it is necessary
to deal with the manifold O (3) (or SO(3)) in R°.

Many different variants of the variational problem have been proposed. In [7] is described
closed form solution for point-to-point affine problem. Closed form solutions of the affine
point-to-plane problem are described in [8,9]. Closed-form solutions to the point-to-point
problem in the class of orthogonal transformations were obtained by Horn [10,11]. In [10],
the solution is based on quaternions and belongs to SO (3). In [11], the transformation matrix
belongs to O (3) and may have negative determinant, and therefore, the ICP algorithm may
not converge. This problem was solved by modifying the Horn’s algorithm for the class of
SO(3) in [12]. More robust ICP algorithms with other functionals called the generalized ICP
[5] and NICP [6] were also proposed. The corresponding variational problems are solved by
iterative conjugate gradients and Gauss-Newton methods.

Typically, the ICP algorithm monotonically reduces the functional values, but owing to the
problem non-convexity, the algorithm often stops at suboptimal local minima. The accuracy
of the solution depends on the quality of correspondence between source and target point
clouds. Suppose that the target cloud is obtained from the source cloud by a true orthogonal
transformation, and the ideal correspondence between the points of the source and target
clouds is known. In this case, any variational problem finds the true orthogonal transforma-
tion (with obvious conditions for iterative methods). For example, in this case the simplest
point-to-point variational problem (for GL(3) class) [7] finds the true (even orthogonal)
transformation. Note that in real applications, the correspondence between point clouds is
far from ideal. If the source and target clouds are located far from each other, then a common
algorithm of searching for correspondence between clouds matches all points of the source
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cloud with a small subset of the target cloud. In this case the affine variational problem finds
a transformation that strongly distorts the source cloud. Also the bad correspondence signif-
icantly reduces the probability to obtain a good answer for orthogonal variants of variational
problems. Thus, the probability of obtaining an acceptable transformation as a result of the
ICP algorithm with initial poor correspondence is the comparative criterion for different types
of variational problems.

Experimental comparative analysis of the NICP algorithm, generalized ICP, NDT [13],
and KinFu [14] is presented [6]. The analysis shows that the NICP yields better results and
higher robustness compared to other state-of-the-art methods.

In [1] there is proposed the functional of generalized point-to-point ICP variational prob-
lem and a method to solve it. The proposed paper is significantly extended version of [1].

The proposed paper consists of the two main parts. The first part describes a variational
problem in which information on the coordinates of points and normal vectors of point cloud
is used. We offer a closed-form exact solution to this variational problem. Since the solution
of the variational problem [1] using the method from [11] can have a rotation matrix with
negative determinant, in this paper we propose a closed-form exact solution to the variational
problem in the class of SO(3) using the method from [12]. This variational problem with
regularization is denoted as A_MH-RICP.

Note that the ._MH-RICP functional without regularization term coincides with the NICP
functional [6] if all point information matrices are identity matrices, and all normal informa-
tion matrices are diag(}). To solve the variational problem, the authors [6] use the iterative
Gauss-Newton method based on quaternion parametrization of SO (3), while in this paper
we derive a closed-form exact solution.

In the second part of the paper, we deal with the variational problem with a functional
that coincides with the NICP functional, but for arbitrary information matrices. To solve
the variational problem, a three-stage method is proposed. First, we find a solution to the
variational problem in the class of GL(3). Second, we project the obtained onto the sub-
manifold SO (3) in R°. Third, the translation vector is computed. These three steps offer
a closed-form solution to the variational problem, which approximates the exact solution.
A similar approximation method is used [15] for point-to-plane ICP. This variational prob-
lem with regularization is denoted as £2_MH-RICP. The £2_MH-RICP functional (without
regularization term) coincides with NICP functional.

Here we emphasize that the variational problems of £2_MH-RICP (for the zero value of
the regularization parameter «) and NICP in terms of the three basic components have the
same first and second elements and different third elements.

The aim of the different types of variational problems implementation is increasing a prob-
ability to find a suitable transformation between point clouds with poor initial correspondence.
In the proposed paper we compare the £2_MH-RICP and NICP variational problems, since
NICP variational problem offers better results than other known methods [6].

An analysis of the ICP algorithm work allows us to formulate the regularized variant of
the ICP algorithm (RICP). We add an additional regularization term with the parameter o
to the functional. The use of the regularization term increases the probability of obtaining
a good result of the ICP algorithm work with poor correspondence in the first steps of the
ICP algorithm. The experimental results show that convergence of the A_MH-RICP and
£2_MH-RICP methods is better than the convergence of the A_MH-ICP and £2_MH-ICP
methods without regularization respectively (in case of poor correspondence). In such a way
the proposed variant of the ICP variational problem improves the quality of the ICP algorithm
work to solve the global optimization problem.

Note that the proposed approach can be applied to various ICP variational functionals.

@ Springer



500 Journal of Global Optimization (2022) 83:497-519

With the help of extensive computer simulation, we show that the proposed algorithms
yield good convergence to a suitable transformation, even when the correspondence of points
is estimated incorrectly at the first iterations.

The paper is organized as follows. In Sect. 2, a closed-form exact solution to the gen-
eralized point-to-point variational problem in the class of SO(3) is presented. In Sect. 3,
we propose a closed-form approximation of the exact solution to the variation problem with
NICP functional. In Sect. 4, computer simulation results are presented and discussed. Sec-
tion 5 summarizes our conclusions.

2 Generalized point-to-point approach

Let P = {p!,..., p*} be asource point cloud, and Q = {g!, ..., ¢} be a target point cloud
in R3. Suppose that the relation between points of P and Q is given in such a manner that
for each point p' exists a corresponding point g’. Denote the surfaces constructed from the
clouds P and Q by S(P) and S(Q) respectively; let Tp (p') and To (¢%) be the tangent planes
of S(P) and S(Q) at points p’ and ¢', respectively.

The ICP algorithm is defined as a geometrical transformation for rigid objects, mapping
PtoQ

Rp; + T,
11 12 113 ) ) ) ) . o
R=|raurmrm |, p'=0 vy P, 4 =@ a5 45" )
3] 132 133
where R is a rotation (orthogonal) matrix, 7 is a translation vector, i = 1, ..., s. Denote by

Jn(R, T) the following functional:
N
TR T)=> | Rp'+T —q" |I*. ©)
=1

The point-to-point variational problem is formulated as follows: to find

argmin J,(R, T). 3)
R.T

Let n’P and n; be the normal vectors to planes Tp ( p')and To (gh, respectively,i = 1,...,s.

Remark 1 Suppose that normal vectors are given. The coordinates of the vectors can be
provided initially with the point clouds or calculated from the local context [6].

Consider the functional Jy (R, T') as

s s
Je(R,O) = I Rp'+T —q" I? +1)_ || Rnly —n, |I%, “
1=1

1=1

where X is a parameter. A the generalized point-to-point variational problem is given as
follows: to find
arg IIIeli;l Jo(R, T). (®)]
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Let us define a functional J,¢(R, T') as

Jg(R,T) =a || R—1 |7

s s
+D IR +T =g |7 +2 ) || Rniy =l |17, (©)
1=1 1=1
where « is a regularization parameter, / is the identity matrix. The corresponding variational

problem is looking for
arg Il?i;l Jrg(R, T). )

Remark 2 The introduction of the proposed regularization term can be explained by the
following way. Since the initial steps of the ICP algorithm often show poor correspondence
between point clouds, this can lead to random rotation with large angles of the clouds relative
to each other. In this case, the probability of finding good correspondence between the
clouds for the next steps of the ICP algorithm is low, and the ICP algorithm often stops at
a suboptimal local minimum. Sufficiently large values of the parameter « and the proposed
form of regularization prevent large rotation angles at the first stages of the ICP algorithm.
On the other hand, the use of large values of the regularization parameter o even with a good
correspondence between point clouds often lead to poor results, while the processing time of
the ICP algorithm after the first few steps increases significantly. Therefore, the parameter
value should be reduced after the first steps of the ICP algorithm.

Let us denote versions of the ICP algorithm based on variational problems (5) and (7) as
A_MH-ICP and A_MH-RICP, respectively.

2.1 Exclusion of translation vector

Let us apply to all points of the cloud P the following transformation:
(P} =} - %ZL] P}
S
(P =ry— 5 2= Py ®)
Py =rp;— 5 i P3
and the corresponding transformation to points of the cloud Q,

@) =q] — y Xio1 4}

@)y =q5— 3 i1 45 ©)
s
@3=a5— 52193
wherei =1, ...,s. We get new clouds P’ and Q' from P and Q by translations. For clouds

P’ and Q’, the functional (4) takes the form
N s
Jo(R) =Y I R(p) = (") 1> +2 Y |l Rnl, —nl |, (10)
1=1 1=1

where (p)’ and (¢')' are points of the clouds P’ and Q’,i = 1, ..., s. The variational problem
(5) takes the following form: to find

arg min Jg(R). (11)
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The functional (6) and variational problem (7) can be rewritten respectively as

S S
Jg(Ry=a | R=TIP+) I R =@ IP+2 ) Il Raby—nl 1P, (12)
1=1 1=1
to find
arg mlgn Jrg(R). (13)

Rem‘ark3 We will use the notation p’ and ¢’ in Sects. 2.2 and 2.3_ instead of (p’)! and
(¢")", respectively, for simplicity. The original notation (p) and (g’)" will be used again in
Sect. 2.4.

2.2 Reduction of the variational problem

Let us reduce the variational problem (11) to a problem that can be solved by the Horn’s
method [11]. The functional (10) can be rewritten as

N s
Jo(R) = Z <Rp' —¢' Rp' —¢q' > +AZ < Rni7 —ng Rnfy —n; >
1=1 1=1

N
= Z(< Rpi, Rpi > -2 < Rpi,qi >+ < qi,qi >)
1=1
s
+A Z(< Rn’p, Rnlp > -2 < Rnlp,n‘ >+ <n ,nf] >), (14)

q
1=1

where < -, - > denotes the inner product. Note that expressions < ¢', ¢' > and < n,, n, >

do not depend on R. Therefore, these expressions do not affect the variational problem (11).
The functional J, (R) takes the form

N
Jg(R) =Y (< Rp',Rp' > =2 < Rp',¢' >)

1=1

N
+A Z(< Rn’},, Rni7 > -2 < Rn"p,n; >) + const

1=1

s
= Z(< RtRpi, pi > -2 < Rpi,qi >)

1=1

s
+A Z(< R’Rn;, n; > -2 < Rn;,n; >) + const. (15)
1=1

Since R is an orthogonal matrix, then R‘R = E. The inner products < p’, p' > and
< n’p n’,7 > do not depend on R. It follows that the functional J, (R) takes the form

1=1 1=1

N )
Jg(R) =2 (Z < Rpi, qi > +AZ < Rnip,nf] >) + const. (16)
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The variational problem (11) can be rewritten as follows: to find
N s
i i
argm£x<Z<Rp,q >+AZ<Rnp,nq >>. 17)
1=1 1=1
Note that the inner product < Rp’, g* > can be expressed by the matrix trace
<Rp'.q' >=1r(R-(p'(¢")")). (18)
Denote the matrix p’(g’)' by M’. It means that
Y <Rpg ==Y tr(R-(p'(g)) =) tr(R-M)
1=1 1=1 1=1
N N
=tr (Z(R-M‘)) =tr(R- Y M. (19)
1=1 1=1
Let denote the matrix D), as
S
D,=Y M. (20)
1=1
Then we can write
N
> <Rp.q' >=tr(R-Dy). 1)
1=1
Note that the following condition holds:
s
> <Rp.q'>=tr(R-D,) =< R.(D,) >, (22)

1=1

where < R, (D,)" > denotes the sum of the products of the corresponding matrix elements.

Denote the matrix ni, (nfl)’ by M,i,, and let D, be the following matrix:

s
D, =Y Mj.
1=1
In a similar way, we get

N
Z < Rn;,n; >=1tr(R-D,) =<R,(D,)" >.

1=1

The variational problem (17) can be rewritten as follows: to find

N N
i i
argm[?x <Z <Rp'.q" > —H»Z < Rnp,nq >)
1=1 1=1
=arg m}glx(< R, (Dp)t > 4L < R, (D) >).
Let D be the following matrix:

D = (D) 4+ A(Dy)".

(23)

(24)

(25)

(26)
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Then the variational problem (25) takes the following form: to find

argmlgx <R,D>. 27

So, the variational problem (5) is reduced to (27). In a similar manner, the variational problem
(7) can be reduced to the following problem: to find

arg ml?x <R,D+al >. (28)

Remark 4 The solution (27) was obtained [1] using the Horn’s method [11]. The problem
(28) can be solved in a similar way. The disadvantage of this approach is that the solution
belongs to the class of transformations O(3). Next, we obtain a closed-form exact solution
to the variational problem in the class of transformations S O (3) using the method from [12].

2.3 Closed-form solution to the variational problem

In [12] is considered the following variational problem: to find

argmin | RP = Q |, (29)

where 3 x s matrix P consists of the vector-columns p, 3 x s matrix Q is composed of the
vector-columns qi ,i =1,...,s. The variational problem (29) is equivalent to the standard
point-to-point problem after exclusion of the translation vector. The problem (29) has a
solution U SV?, where matrices U and V are elements of a singular value decomposition
UDV'! of the matrix Q P’ (suppose that D is a diagonal matrix with non-increasing diagonal
elements), and S is defined as

(30)

1, if det(U)det(V) =1
" \diag(1,1,...1,—=1), if det(U)det(V) = —1,

To solve the variational problems (3), (5) and (9), the matrix Q P’ is replaced by the matrices
(D) (see (20)), D (see (26)) and (D + ), respectively. Solutions to these variational
problems are orthogonal matrices with positive determinants.

2.4 Return from P’ and Q' toPand Q

Let matrix R, be a solution to the variational problem (27). Then R, is also a solution to the
variational problem (11)

s N
R, = argmin (Z IR = (@) IP +2)_ || R, —n}, ||2> : 31)

1=1 1=1

Denote by v, and v, the following vectors:
N N N t N s N t
0= (Tt 2 Tot) - (S T ). e
1=1 1=1 1=1 1=1 1=1 1=1
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Rewrite (8) and (9) as
INE i 1
(p) =p - P (33)
INE i 1
@) =q' = <v. G4

The functional in (31) can be rewritten by taking into account (33) and (34) as

s N
. 1 . 1 . .
D NRG = —vp) = (g" = —vg) IP 423 Il Rujy — g 1P

=1 1=1

s A
. . 1 ) .
=Y IRy’ —¢' + (v — Rvp) I+ Rnly —nl, 1% (35)
1=1 1=1
It can be seen that the matrix R, minimizes both the left and right sides of the Eq. (35). It
means that the optimal translation vector T is obtained as

1
T, = ;(vq — Ryvp). (36)

The matrix R, and the vector T are solutions to the variational problem (5). In the same
way, the vector T for the variational problem (7) can be computed.

3 Closed-form approximation of the exact solution to the NICP
variational problem

Denote by Jg; the following functional:

Jo(R,T)=a | R—1|?

N
+) (R +T — g 2F (Rp' +T — ")
1=1
N
+) (Rn! —n!)' @/ (Rn! —n), (37)
1=1
where 27 = {@],... 2]} and 2" = {27,... 2"} are point information and normal
information matrices, respectively. Information matrices have size of 3 x 3 and are symmetric.
The information matrices were introduced in [6] to enlarge the basin of convergence of the ICP
algorithm. Let us briefly recall a general method for calculating point and normal information
matrices.

The information matrices characterize the surface around a point ¢’ € Q with its normal n;’
and curvature o;. To compute the normal, the covariance matrix of the Gaussian distribution
N;i (i, ;) of all points lying in a sphere of radius r centered at the query point ¢’, where
the mean u; and the covariance X; are calculated as follows:

1 .
pi=— > q, (38)
Vil 4
ql€Vi
1 . .
=T > (@) =)' (¢ = ), (39)
! glieV;
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where V; is the set of points composing the neighborhood of ¢’ . The eigenvalue decomposition
of the matrix X; is calculated as

0
A2
0 A

=N

0
0 | %, (40)

3

where A1, X2, A3 are the eigenvalues of X; in ascending order, ) is the matrix of eigenvectors.
The normal n? is taken as the smallest eigenvector and, if necessary, reoriented to the observer.
The curvature o; is computed as

A
oj=—1 (41)
A+ A2+ A3
If the curvature o; is sufficiently small, then the matrix X is given as
€00
Z=M[010 ]|, (42)
001

where ¢ is a small coefficient. The point information matrix .Qip of point g; is defined as
2 =@ (43)
If the curvature o; is small enough, the normal information matrix £2 is set as follows:

oo
r=n[o010 |5, (44)
001

otherwise, the matrix §2/" is equal to the identity matrix.

All information matrices are symmetric. Note that the point and normal information matri-
ces can be individually selected as symmetric matrices for special point cloud types.

The functional Jg, (37) coincides with the functional (24) from [6] when the parameter
« is equal to zero. To solve the variational problem, the authors [6] use the iterative Gauss-
Newton method based on quaternion parametrization of SO(3), while we derive a closed
form solution to the following variational problem: to find

inJo (R, T). 45
arg min 2(R,T) (45)
The proposed solution is an approximation of the exact solution of the problem (45).

3.1 Functional J in homogeneous coordinates
The functional J (R, T') in homogeneous coordinates takes the form
JoA)=a || R—1|

N N
+Y (AP =gV Q" (AP — g+ Y (An! —nly 2" (An! —nf), (46)
1=1

1=1
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where
ripriz ri3 Ty
s TN SN S " S RS B BN
A=l it | PP=wrps U g = @ g ),
0 0 01
nf = (@) @) a))z 0 nf = (@) @) @) 0,
)1 21 2130 (211 (212 (2113 0
o — (27)21 (2)22 (£2])23 0 ohn — | (221 (8222 (82123 0
! 231 (2030 (271330 |77 (2131 (2732 (21330 |’
0 0 0 0 0 0 0O O
T=MT T T3 0, i=1,...s.
The matrices .th P and .Ql.h” are symmetric, i = 1, ...s. The matrix R is the 3 x 3 submatrix

of the matrix A. The variation problem (45) takes the following form: to find

arg Ir}Ain Jo(A). 47)

3.2 Gradient of the functional J

Denote by J1(A), J2(A) and J3(A) the following functionals:

N
L
Ji(A) =) (Ap' — ¢ 2" (Ap' — g,
1=1

:
D(A) =Y (Anf — ) 2] (Anf —nl),
1=1
JA)=a || R—1]|*. (48)
Since Jo(A) = J1(A) + Jo(A) + J3(A) then we have VJo(A) = VJi(A) + VJr(A) +

VJ3(A). At first, we consider the gradient VJ;(A). The functional J;(A) can be rewritten
as

S
N =Y ap' — g el Aap' 4"
1=1

s N s
i h - iNt b i NP
= (P AR AP =2 (¢ 2 AP + ) (4")' 2" (49)

1=1 1=1 1=1
Let us look at the functional J; (A + k), where & is a small variation of the function A.
S . .
A +0) = (P (A+h) 2" (A +h)p'
1=1
23 @y e A+ np + 3@ el

1=1 1=1
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s S s
— Z(pl)tAthhPApl + Z(pl)lhtglhpApl + Z(pl)thtglhphpl

1=1 1=1 1=1

N N s
—2) (@) 2" Ap' =2 (@) 2"+ (@) 2" (50)
1=1

1=1 1=1

The difference between Ji (A + h) and J;(A) is as follows:

JA+0) = JA) =2 (YR 2" Ap' =23 @) 2! hp' + o). (51)

1=1 1=1

Proposition1 Let u and v be 4 x 1 columns, M be a 4 x 4 matrix. Then the following
conditions holds:

u'Mv = tr(Mou') = tr(vu' M) =< vu', M" > . (52)
Using Proposition 1, the linear part of (51) can be written as

) )
ZZ(pl)tthlh[’Apl _ 2Z(ql)t91hphpl

1=1 =1

s s
=23 (' 2" Ap'(p)) =2 tr(hp' (g')' 2
1=1 1=1

s N
=2tr (Z h’szf’PApi(pi)’) —2tr (Z hpi(q")f:zf”)

1=1 1=1

N s
=21r (Z Ql.’”’Apf(p")fhf) —2r (Z .Qihpqi(pi)tht>
1=1 1=1
N ) ) s ) )
=<2 e ap' . h>— <2 Q¢ (p') . h >
1=1 1=1
=<2y QAP (P =22 d (P h > (53)
1=1 1=1

We get that the gradient J; (A) is expressed as

VI(A) =2 QP Ap'(p')y —2> 2"q (p'). (54)

1=1 1=1

In the same way, we can obtain the gradient of the functional J,(A)

s s
V(A) =2 QM Anf n]) =23 2!"nl 0! (55)
1=1 1=1
Finally, the gradient of the functional J3(A) is given as
rm—1 r riz 0
Vs(A) = 2 rop rp—1 r3 0

31 r3 r33—10
0 0 0 O

(56)
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3.3 Computation of the solution

Let us compute the extremal function of the functional Jg

VJg(A) = VJi(A) + VI (A) + VJ3(A) = 0. (57)
Let P! and N’ be defined as follows:
P =p'(ph, N =nl®l), (58)
wherei =1, ..., s. We also define the data matrix M as
N N
M= 27¢' (p) = 2Mnd @l (59)

1=1 1=1
Then the formula (57) can be rewritten as
S N
S 2PAP + 3 QMAN' + VI3(A) = M. (60)
1=1 1=1
Let us rewrite the system of linear equations (60) in the matrix form as
BA =M, ©61)
where
M =My +a My Miz My My My +a
Mys Myy Mz M3z Mzz+oa Ms),
A= (A1 A Az A Ay Ax Az Ay Azl An Az A,

B isa 12 x 12 matrix. In order to determine the entries of B, we first define

N N
Hitmn = Y (2" (PYun. Gramn = ¥ (21"t (N )un (62)

1=1 1=1

vyherek: I,....,3,n=1,...,4,l=1,...,3andm = 1, ..., 4. Auxiliary 12 x 12 matrix
B is defined as

é4(k—l)+n,4(/—l)+m = Himn + Grimn- (63)
The matrix B is calculated as

B=1§+diag(aaa0aaa0aaa0) (64)

Proposition 2 The matrix B is symmetric.

Proposition 2 follows from

S N
Hitmn = Y (2" (Pn = > (2] (P = Hitam. (65)

1=1 1=1

Corollary 1 In general, to calculated the matrix B, it is necessary to know 144 elements of
Hyjmn. Proposition 2 reduces this number to 78 (the same for Gimy). Proposition 2 also
helps to numerically solve the linear system (62) using methods with self-conjugate matrices.
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3.4 Projection on SO(3) and recalculation of translation vector

Let A be a3 x 3 left-upper (affine) submatrix of the matrix A. Let us consider singular value
decomposition U D V! of the matrix A.The projection R, of A to the manifold SO (3) is the
matrix U SV, where S is given by the formula (30).

The translation vector T is computed as

S
= WZQf'p(qi — R.ph), (66)
1=1

A -1
W= (Z Qﬁp) :
1=1

The orthogonal transformation (R, T%) is the proposed approximation of the exact solution
to the variational problem (45).

where

3.5 Summary of the algorithm

The input data for the algorithm are the point clouds P and Q, the correspondence between
clouds, the point and normal information matrices §2” and £2". The algorithm consists of
the following steps:

(1) represent the functional Jo (R, t) (37) as the functional J(A) (46) in homogeneous
coordinates;

(2) compute the gradient VJ (A) of the functional J (A);

(3) compute extremal matrix A from the equation VJgo (A) = 0 (57);

(4) extract a left-upper 3 x 3 submatrix A from the matrix A;

(5) compute orthogonal matrix R, as the projection A to submanifold SO (3) (see detailed
description in Section 3.4);

(6) compute translation vector Ty by the formula (66).

4 Computer simulation

In this section, with the help of computer simulation, we show the performance of the proposed
and NICP [6] algorithms in terms of the following criteria: convergence rate (the frequency of
convergence of ICP algorithm to a correct solution for given conditions); total processing time;
processing time for solving a variation problem; number of iterations (for ICP algorithm).
The tested algorithms use the same parameters of the ICP algorithm, with the exception of
the parameters of variational problems. Implementation of the NICP variational problem is
taken from [16]. The same level of parallel optimization of the NICP and proposed algorithms
for software implementations are used. All values of parameters were manually selected for
the best performance of the all tested algorithms.

The experiments are organized as follows. Orthogonal geometric transformation given by
a known matrix is applied to a source point cloud. Source and transformed clouds are input
to a tested ICP algorithm. The ICP algorithm converges if the reconstructed transformation
matrix coincides with the original matrix with a given accuracy.
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The program realization of the NICP variational problem allows to vary the number of
iterations of the Gauss-Newton method. We consider here the variants with one iteration (of
the Gauss-Newton method) A_NICP_1 and £2_NICP_1, with 15 iterations (of the Gauss-
Newton method) A_NICP_15.

We denote by A_MH-ICP the ICP algorithm variant based on the variation problem (5),
by A_MH-RICP the ICP variant based on the variational problem (7). The NICP functional
(24) in [6] coincides with functional (4) when all point information matrices are identity and
all normal information matrices are A/, where [ is identity matrix
=1, Q'=.u, (67)

1

where i = 1,...,s. We denote by A_NICP_1 and A_NICP_15 the respective variants of
the NICP algorithm with restriction (67), by £2_NICP_1 the respective variant of the NICP
algorithm with nontrivial information matrices.

We denote by £2_MH-RICP the ICP algorithm variant based on the variation problem (45),
by £2_MH-ICP the ICP variant based on the same variational problem when the parameter o
is equal to zero. When comparing the performance of £2_MH-RICP with that of £2_NICP_1,
the best information matrices are selected for each algorithm and each 3D model.

4.1 Separate examples
4.1.1 Stanford bunny

3D model of the Stanford bunny [17] consists of 34817 points. The resultant point cloud Q is
obtained from the cloud P by an orthogonal transformation, defined by the following matrix
A[}"HE :

0.554098 0.445902 0.702956 0.986970
0.445902 0.554098 —0.702956 2.070842
—0.702956 0.702956 0.108196 2.958520
0.000000 0.000000 0.000000 1.000000

Atrue =

For both algorithms A = 0.3. The recovered matrix by the proposed A_MH-RICP algorithm
is

0.554098 0.445902 0.702956 0.986970
4 | 0.445902 0.554098 —0.702956 2.070842
AMH=RICP =1 _ 0702956 0.702956 0.108196 2.958520
0.000000 0.000000 0.000000 1.000000

The recovered matrix by the A_NICP_1 algorithm is

0.326606 0.369834 —0.869799 1.138148
s | 0.384461 0.788708 0.479718 1.539322
ANICPL= 10863434 —0.491083 0.115410 4.719121

0.000000 0.000000 0.000000 1.000000

Figure 1a shows a source cloud P (yellow color) and the resultant cloud Q (green color)
obtained from P by the geometrical transformation A, .. Figure 1b shows the alignment
result of the clouds with the A_MH-RICP algorithm. Figure 1c shows alignment result of the
clouds with the A_NICP_1 algorithm.
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wal ® &

Fig.1 a Test cloud P (yellow), resultant cloud Q (green); b alignment result of the clouds with A_MH — RICP
algorithm; ¢ alignment result with A_NICP_1 algorithm. (Color figure online)

4.1.2 Armadillo

3D model of Armadillo [17] consists of 21259 points. The resultant point cloud Q is obtained
from the cloud P by the orthogonal transformation, defined by an following matrix Ay, e:

0.589745 —0.410255 0.695623 1.017242
—0.410255 0.589745 0.695623 1.997038
—0.695623 —0.695623 0.179491 3.022741
0.000000  0.000000 0.000000 1.000000

Atrue =

For both algorithms A = 0.3. The recovered matrix by the proposed A_MH-RICP algo-
rithm is

0.589745 —0.410255 0.695623 1.017242
4 | —0.410255 0.589745 0.695623 1.997038
AMH=RICP =1 _().695623 —0.695623 0.179490 3.022741
0.000000  0.000000 0.000000 1.000000

The recovered matrix by the A_NICP_1 algorithm is

0.805599 0.358720 0.471518 0.325207
4 | 0285274 0.462664 —0.839381 2.300575
ANICP L= 519257 0.810717 0.270388 1.718160

0.000000 0.000000 0.000000 1.000000

Figure 2a shows a source cloud P (yellow color) and the resultant cloud Q (green color)
obtained from P by the geometrical transformation A, ,.. Figure 2b shows the alignment
result of the clouds with the A_MH-RICP algorithm. Figure 2c shows the alignment result
of the clouds with the A_NICP_1 algorithm.

4.2 Influence of regularization to the performance of the proposed algorithms

The purpose of this section is to study the influence of the proposed regularization on the
performance of different ICP algorithms with poor correspondence between the source and
target point clouds at the first iterations.

We consider here A_MH-ICP, A_MH-RICP, £2_MH-RICP and §2_MH-ICP algorithms.
For the first five iterations of ICP algorithm with regularization are used the following values
of «: 10000; 5000; 2500; 1250; 625. And for the following iterations, zero values of the
parameter « are used.
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(b) (©)

Fig.2 a Test cloud P (yellow), resultant cloud Q (green); b alignment result of the clouds with A_MH-RICP
algorithm; ¢ alignment result with A_NICP_1 algorithm. (Color figure online)
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Fig. 3 a The convergence rate of A_MH-RICP (blue), A_MH-ICP (blue dashed line), 2_MH-RICP (green),
£2_MH-ICP (green dashed line) algorithms; b the convergence rate of A_MH-RICP_1, A_MH-RICP_2,
A_MH-RICP_3, A_MH-RICP_4 algorithms (blue lines) and $2_MH-RICP_1, £2_MH-RICP_2,
£2_MH-RICP_3, 2_MH — RIC P_4 algorithms (green lines). (Color figure online)

In this experiment, a 3D model of the Stanford bunny consisting of 1250 points is used.
Note that the point cloud P lies in a centered cube with the edge length of 2. Let us set the
value of the rotation angle. We fix the value of the rotation angle. We take a random, uniformly
distributed direction vector that defines a line containing the origin of the coordinate system.
This line is the axis of rotation at a fixed angle. Also, the components of the translation
vector are a random variable uniformly distributed in the interval [8, 10]. The synthesized
geometric transformation matrix (original matrix) is applied to the source cloud of points
P. The resulting cloud is Q. The tested algorithms are applied to the clouds P and Q. We
say that the ICP algorithm converges to true data if the reconstructed transformation matrix
coincides with the original matrix with accuracy up to three digits after the decimal point.
To guarantee statistically correct results, 1000 trials for each fixed rotation angle are carried
out. The rotation angle varies from 0 to 90 degrees with a step of 5 degrees. Figure 3a shows
the convergence rate of A_MH-RICP (blue), A_MH-ICP (blue dashed line), £2_MH-RICP
(green), $2_MH-ICP (green dashed line) algorithms.

Remark 5 The convergence rate of the algorithms with regularization (A_MH-RICP and
£2_MH-RICP) is much better than that of the corresponding algorithms without regular-
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Fig.4 The convergencerate of A_MH-ICP_nf, A_MH-RICP_nf, A_MH-ICP_nand A_MH-RICP_n algorithms
in the case of: a Gaussian noise; b impulse noise

ization (A_MH-ICP and £2_MH-ICP). Therefore, in further experiments, only the proposed
algorithms with regularization will be used.

Now we study the convergence of the ICP algorithms with regularization for a different
choice of « at the first iterations. Four following variants of choosing the values of « are
tested:

(1) 10000, 5000, 2500, 1250, 625, 0, ..., (A\_MH-RICP_1 and £2_MH-RICP_1);
(2) 10000 for the first ten iterations, O, ..., (\_MH-RICP_2 and £2_MH-RICP_2);
(3) 1000000, 1009000 1000000 1009000 " (1 _MH-RICP_3 and £2_MH-RICP_3);
(4) 1000000 for the first ten iterations, O, ..., (A_MH-RICP_4 and §2_MH-RICP_4).

Figure 3b shows the convergence rate of the tested algorithms depending on the rotation
angle between point clouds. Note that the third variant of choosing the values of « yields
the best convergence rate. However, we use further the first variant because it gives suitable
convergence and requires the minimal processing time among the tested algorithms.

Next, we examine the performance of the proposed algorithm with regularization in the
presence of outliers modeled by additive and impulse noise. As the source point cloud, a 3D
model of the Stanford bunny is used (in the original coordinate system, the points lie in a
centered cube with the edge length of 2). Clouds P and Q are independently corrupted noise.
The L, norm of the residual of the matrices of the true geometric transformation and the
result of the ICP algorithm is calculated. If the norm value is less than the threshold of 0.2,
then we say that the ICP algorithm finds the correct transformation.

First, outliers are modeled by additive Gaussian noise. Each coordinate of each point is
distorted by adding a Gaussian random variable with a zero-mean and a standard deviation
of o =0.12.

Second, outliers are modeled by impulse noise. The probability of distortion of a point by
impulse noise is 0.1. Each coordinate of the distorted point is changed by adding a random
variable uniformly distributed in the interval [—0.4; 0.4].

Denote by A_MH-RICP_nf and A_MH-ICP_nf the respective algorithms applied to noise-
free clouds. Denote by A_MH-RICP_n and A_MH-ICP_n the respective algorithms applied
to noisy clouds. Figure 4a, b show the convergence rate of the tested algorithms in the case
of additive Gaussian noise and impulse noise, respectively.
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Fig.5 The performance of the tested algorithms: a convergence rate of A_NICP_1 (red), _NICP_15 (purple)
and A_MH-RICP (blue); b total processing time of A_NICP_1 (red), NICP_15 (purple) and x_MH-RICP
(blue); ¢ processing time for solving the variational problem of A_NICP_1 (red), A_NICP_15 (purple) and
A_MH-RICP (blue); d number of ICP iterations of A_NICP_1 (red), A_NICP_15 (purple) and x_MH-RICP
(blue). (Color figure online)

One can observe that the algorithm A_MH-RICP is much robust to outliers that the same
algorithm without regularization A_MH-ICP.

4.3 Comparison of A_NICP_1 and A_NICP_15 algorithms

Since the performance of the NICP algorithm depends on the number of iterations of the
Gauss-Newton method, in our experiments we compare the performance of the algorithm
with 1 (A_NICP_1) and 15 (A_NICP_15) iterations with respect to convergence rate, total
processing time, processing time for solving a variation problem, and number of iterations
(for ICP algorithm). Additionally, the proposed algorithm A_MH-RICP is also tested. The
value of X for the tested algorithms is equal to 0.3.

Figure 5 shows the performance of the algorithms with respect to the used criteria.

One can observe that the performance of the A_NICP_1 algorithm is better in terms of
convergence rate, total running time, processing time for solving a variation problem than that
of the A_NICP_15 algorithm. So, in further experiments, only the NICP algorithm variants
utilized one iteration of the Gauss-Newton method will be used.
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4.4 Comparison of the proposed algorithms and NICP

The Sect. 4.4 is the main part of the Sect. 4. Now we compare the performance of the proposed
algorithms and the A_NICP_1, £2_NICP_1 algorithms.

4.4.1 Stanford bunny

The conditions of the experiment are described in the Sect. 4.2.

In this experiment, A_MH-RICP and §2_MH-RICP use variable values of the regulariza-
tion parameter «. For the first five iterations of the ICP algorithm the parameter « takes the
following values of: 10000; 5000; 2500; 1250; 625. For the next iterations, zero values of
the parameter are used.

The point and normal information matrices are computed by formulas (43) and (44),
respectively.

If the curvature (formula (41)) is more or equal 0.02 we use diagonal matrices (instead
diagonal matrix in formula (40)) diag(1.5,1,1,0) and diag(0.005, 1, 1,0) (as normal
information matrices, formula (44)) for £2_MH-RICP algorithm, diag(1, 1, 1, 0.0) (instead
diagonal matrix in formula (40)) and diag(0.0005, 0.1, 0.1, 0) (as normal information matri-
ces, formula (44)) for 2_NICP_1.

If the curvature is less 0.02 we use diagonal matrices diag(1, 1, 1, 0) (instead diagonal
matrix in formula (42)) and diag(0.1, 1, 1, 0) (instead diagonal matrix in formula (44))
for £2_MH-RICP algorithm, diag(10, 1, 1, 0) (instead diagonal matrix in formula (42))
and diag(0.1,0.01, 0.01, 0) (instead diagonal matrix in formula (44)) for £2_NICP_1. The
parameters of point and normal information matrices were manually selected for best per-
formance for the all considered algorithms.

Figure 6 shows the performance of A_NICP_1 (red), £2_NICP_1 (yellow), A_MH-RICP
(blue) and §£2_MH-RICP (green) algorithms for:(a) convergence rate; (b) total processing
time; (c¢) processing time for solving the variational problem; (d) ICP iterations numbers.

One can observe that the A_MH-RICP algorithm outperforms the »_NICP_1 algorithm
with respect all the criteria used, and of the performance of the £2_MH-RICP algorithm is
better than that of the £2_NICP_1 algorithm in terms of convergence rate, total processing
time, and processing time for solving a variation problem.

4.4.2 Armadillo

The conditions of the experiment are described in the Sect. 4.2.

In this experiment, ._MH-RICP and £2_MH-RICP use variable values of the regulariza-
tion parameter «. For the first five iterations of the ICP algorithm the parameter « takes the
following values of: 10000; 5000; 2500; 1250; 625. For the next iterations, zero values of
the parameter are used.

The point and normal information matrices are computed by formulas (43) and (44),
respectively.

If the curvature (formula (41)) is more or equal 0.02 we use diagonal matrices (instead
diagonal matrix in formula (40)) diag(0.5, 1, 1, 0) and diag(0.005, 1, 1, 0) (as normal infor-
mation matrices, formula (44)) for £2_MH-RICP algorithm, diag(0.15, 0.1, 0.1, 0) (instead
diagonal matrix in formula (40)) and diag(0.1, 1, 1, 0) (as normal information matrices,
formula (44)) for £2_NICP_1.

If the curvature is less 0.02 we use diagonal matrices diag(1, 1, 1, 0) (instead diagonal
matrix in formula (42)) and diag(0.1, 1, 1,0) (instead diagonal matrix in formula (44))
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Fig.6 The performance of the tested algorithms: a convergence rate of ._NICP_1 (red), £2_NICP_1 (yellow),
A_MH-RICP (blue) and §2_MH-RICP (green); b total processing time of A_NICP_1 (red), £2_NICP_1 (yel-
low) , A_MH-RICP (blue) and £2_MH-RICP (green); ¢ processing time for solving the variational problem
of A_NICP_1 (red), £2_NICP_1 (yellow), A_MH-RICP (blue) and £2_MH-RICP (green); d number of ICP
iterations of A_NICP_1 (red), £2_NICP_1 (yellow), A_MH-RICP (blue) and §2_MH-RICP (green). (Color
figure online)

for £2_MH-RICP algorithm, diag(10, 1, 1,0) (instead diagonal matrix in formula (42))
and diag(0.1,0.01, 0.01, 0) (instead diagonal matrix in formula (44)) for £2_NICP_1. The
parameters of point and normal information matrices were manually selected for best per-
formance for the all considered algorithms.

Figure 7 shows the performance of A_NICP_1 (red), £2_NICP_1 (yellow), »_MH-RICP
(blue) and §£2_MH-RICP (green) algorithms for:(a) convergence rate; (b) total processing
time; (c¢) processing time for solving the variational problem; (d) ICP iterations numbers.

One can observe that the A_MH-RICP algorithm outperforms the A_NICP_1 algorithm
with respect all the criteria used, and of the performance of the £2_MH-RICP algorithm is
better than that of the £2_NICP_1 algorithm in terms of convergence rate, total processing
time, and processing time for solving a variation problem.

Remark 6 The experiments show that the proposed A_MH-RICP algorithm has a slightly
better convergence rate compared to the A_NICP_1 algorithm and is significantly faster, and
the proposed £2_MH-RICP algorithm has a better convergence rate than the £2_NICP_1
algorithm and also faster than it.

Remark 7 The proposed algorithms have some disadvantages. So the proposed regulariza-
tion increases the processing time of the ICP algorithm. In addition, the £2_MH-ICP and
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Fig.7 The performance of the tested algorithms: a convergence rate of A_NICP_1 (red), £2_NICP_1 (yellow),
A_MH-RICP (blue) and £2_MH-RICP (green); b total processing time of A_NICP_1 (red), £2_NICP_1 (yel-
low) , _MH-RICP (blue) and £2_MH-RICP (green) algorithms; ¢ processing time for solving the variational
problem of A_NICP_1 (red), £2_NICP_1 (yellow), A_MH-RICP (blue) and §2_MH-RICP (green); d number
of ICP iterations of A_NICP_1 (red), £2_NICP_1 (yellow), A_MH-RICP (blue) and £2_MH-RICP (green).
(Color figure online)

§£2_MH-RICP algorithms, as well as the £2_NICP_1 algorithm, are sensitive to the choice of
point and normal information matrices.

5 Conclusion

In this paper, we proposed a regularization approach to 3D point cloud registration. New
variants of the variational problem of the ICP algorithm were formulated. A closed-form
exact solution for orthogonal registration of point clouds based on the generalized point-to-
point ICP algorithm and a closed-form approximate solution to the NICP variational problem
were derived. We also proposed robust ICP algorithms by adding a regularization term to
common variational functionals that are able to find a suitable transformation between point
clouds with poor correspondence. With the help of extensive computer simulation, we showed
that the proposed algorithms yield good convergence to a suitable transformation, even when
the correspondence of points is estimated incorrectly at the first iterations. The proposed
approach can be applied to various ICP variational functionals.
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