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The most popular algorithm for aligning of 3D point data is the Iterative Closest
Point (ICP). The point-to-point variational problem for orthogonal transformations is
mathematically equivalent to the absolute orientation problem in photogrammetry. In this
paper the survey of the known closed form methods to solve point-to-point ICP variation
problem is proposed. Also, the new extension of the Horn algorithm for O(3) group to
SO(3) group is obtained. Computer simulation illustrates the difference of performance
for considered methods.
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Introduction

Creating a 3D spatial environment for a robot or sensor is based on algorithms for
registering point clouds. Aligning two point clouds means finding either an orthogonal or
affine transformation in R?® that maximizes consistent 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 Mackay [1], consists of the following iteratively applied basic steps:

1) a search for a correspondence between the points of two clouds;

2) a 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 [2] 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 functional is point-to-point [1].

The point-to-point variational problem for orthogonal transformations is
mathematically equivalent to the absolute orientation problem in photogrammetry |[3].
Geometric transformations can belong to the groups of GL(3), O(3), SO(3) (affine
transformations, orthogonal transformations, orthogonal transformations with positive
determinants, respectively) extended by translations. A minimization method can be
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either iterative or closed (closed-form solution). A closed-form solution can be an exact
solution to a variational problem or its approximation. In this paper we consider closed
form solutions of the point-to-point variational problem. 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 [4] a closed
form solution is described for the point-to-point affine problem.

Closed-form solutions to the point-to-point problem in the class of orthogonal
transformations were obtained by Horn [5; 6]. In [5], the solution is based on quaternions
and belongs to SO(3). In [6], the transformation matrix belongs to O(3) and may have
a negative determinant. In this case, the ICP algorithm does not converge to the true
transformation. This problem was solved by modifying the Horn’s algorithm for the class
of SO(3) in [7].

If the source and target clouds are located far from each other, then a common
algorithm of searching for a correspondence between clouds matches all points of
the source 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 significantly 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 an initial poor
correspondence is the comparative criterion for different types of variational problems.

In this paper a survey of methods to solve the point-to-point variation problem
(or the absolute orientation problem) for different cases is proposed. We consider the
following types of the point-to-point variational problem:

1) a closed form solution of the affine point-to-point [4];

2) an approximation of the exact orthogonal solution by a projection of the affine
solution onto O(3) [6];

3) an approximation of the exact orthogonal solution by SVD of the affine solution;

4) a closed form exact solution (O(3) case) [6];

5) a closed form exact solution (O(3) case, SVD) [7];

6) a closed form exact solution (SO(3) case);

7) an approximation of the exact orthogonal solution by a projection of the affine
solution onto SO(3) [7].

Note that all the considered algorithms are known, except for the algorithm described
in Section 5.1.

Especially note that the method described in Section 3.3 is used in numerous papers
in the point cloud registration field and it returns the solution belongs to O(3) (not
SO(3)) group.

The paper is organized as follows. In Section 1, we formulate the point-to-point
variational problem. In Section 2, the problem is reduced to the form without the
translation vector. In Section 3, we consider algorithms for O(3) group, in Section 4
for GL(3) group, in Section 5 for SO(3) group. In Section 6, the list of considered
variational problems and methods to their solutions is proposed. In Section 7, computer
simulation results are presented and discussed.

1. Absolute orientation problem

Let P = {p1,...,ps} be a source point cloud, and @ = {q, ..., ¢s} be a target point
cloud in R®. Suppose that the relation between points of P and Q is given in such a
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manner that for each point p; there is a corresponding point ¢;. Note that a point g;
from () can correspond to the several points from P. Denote by J the functional

J(R,T)=> |IRp; + T — ail, (1)

i=1

where R is an orthogonal matrix belongs to O(3) or SO(3) group, p; = (pi1 Pi2 pi3)’s
¢ = (¢i1 @iz qi3)". Consider the following constrained variational problem:

(R, T.) = arg min J(R,T), (2)

subject that R'R = I (O(3) case), or subject that R'R = I and det(R) = 1 (SO(3) case).
The variational problem (2) is called absolute orientation problem or point-to-point ICP
variational problem.

2. Translation vector exclusion

Let us compute the gradient J(R,T') with respect to T'. Let h be the increment with
respect to T'. Note that

S

J(R,T) =) |Rpi+T —ail> =Y (Rpi+T —q;, Rps + T — q;) =

=1 1=1
= Z(Rpi — ¢, Rpi — qi) + 2(BRp; — ¢, T) + (I, T),
=1
J(R, T +h) =
=> |[Rpi+ (T +h) —ql> = (Rp; + (T +h) — ¢i, Rp; + (T + h) — q;) =
=1 =1

= Z<Rpi — Gi, Bpi — qi) + 2(Rp; — qi, (T + h)) + (T + h), (T + h)) =

S

= Z(sz‘ — i, Bpi — ¢i) + 2(Bp; — ¢, T) + 2(Rpi — @i, h) + (T, T) + 2(T', h) + (h, ).

i=1
The residual of J(R,T + h) and J(R,T) is

J(R,T+h)—J(R,T) = iQ(Rpi —qi,h) +2(T h > +(h,h) =

= D QT+ (Bpi—a)) B) + (b h) = @3 T+ (Bp =) B+ o). (3)

It follows from (3) that gradient V.J(T') is

VIT) =23 T+ (Rps — 4

=1

Let us compute the extreme value of the variable 7: VJ(T') = 0,

1 S
T, == - — Rp;. 4
Sizlq P (4)
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We substitute the expression 7} through R into (1):
S S 1 S

J(R,T,) = Rp;+T. — q||* = Rp; - — Rp; | —qf| =

(R.T.) ;||p+ al Zl p+<sjzlqg p;) q
¥ (Rp,_1i3p>_<q._1iq.> _

: "5 ’ fos =

=1 ]:1 ]:1
i=1

S S 2
R (pi—lij> - <Qi_lz(b’>
s = s =

Let p; and ¢, be

1g 1g
pézpi—Eij, qg:CJi—EZPj, (6)
j=1 j=1

where ¢ = 1,2,...,s. The functional (1) with respect to (5) and (6) takes the form
J(R) = |’y = gilI* (7)
i=1

The variational problem (2) for point clouds P = {p},...,p.} and Q' = {d¢},...,q¢.} is
reduced to

R, = arg m}%n J(R), (8)

subject that R'R = I (O(3) case), or subject that R'R = I and det(R) = 1 (SO(3)
case). Denote by P” and Q’ the following matrices:

P/n s p/sl Qil cee qgl
/ / / /
P’ = P12 -+ Ds , Q= 12 -+ Qs . 9)
p/13 cee p;?) Qi?, cee qgg

Note that the functional (7) can be rewritten as

J(R) = |RP’ - Q|1* (10)

3. Algorithms for O(3) group

3.1. Horn algorithm for matrices

Let us consider variational problem (8) with functional in form (10). Note that we
denote by (A, B) (where A and B are same size matrices) the matrix dot product, i.e.
the sum of pointwise products of matrices elements.

S IRp, - ¢|” = | RP? — Q| = (RP* — Q" RP* — Q) =

=1
— (RP*, RP’) — 2(RP’, Q") + (Q’, Q") = (R'RP*,P’) — 2(RP*, Q") + (Q", Q") =
— (P’ P)) — 2(RP’, Q") + (Q", Q") = (P’ P") — 2(R, Q(P")") + (Q, Q).

Let us denote by M the matrix

M=Q(P). (11)
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Note that M" is the covariance matrix of point clouds P* and Q’. Since (P’,P’) and
(Q’,Q’) are constants with respect to the variational problem, problem (8) is reduced
to

R, = arg m}%n(—(R7 M)) = arg ml%X(R, M). (12)

Let us consider the matrix M*M. This matrix is symmetric and positive semi-definite.
Suppose that rank(M) = 3 (matrix M is the sum of matrices of rank one). Since
rank(M'M) = rank(M), we have that rank M'M is equal to three. Thus, three
eigenvalues of the matrix M!M are strictly greater than zero. Let us write eigen
decomposition of the matrix M!M

M'M = RAR, (13)

where R is an orthogonal matrix consists of the eigenvectors, A1, Ao, A3 are eigenvalues
and A = diag(A1, A2, A\3) . Suppose that Ay > Ay > As.

Proposition 1. The matriz S = (M*M)Y? can be expressed as
S = (M'M)Y? = RVARY, (14)
where VA = diag(v/A1, VA2, VAs). The matriz S = (M'M)'? is symmetric.
Proof. We have
(RVAR) (RVAR) = RVAVAR! = RAR! = MM,

(M'M)" = (RAR")" = R(A)'R = RAR' = M* M.
]
Proposition 2. The matriz U = M(M*M)~'/? can be expressed as
U= MMM =MRWVA)'R, (15)
where (vA)™! dlag(r o \ﬁ) The matriz U = M(M*M)~'/? is orthogonal.
Proof. We have the equalities

(M'M)TV2(MIM) )7 = (R(VA) TR (R(VA)TIRY) ! =
— (ROVA)LWA) IR = (RATIRY)) L = RAR! = MM,

UtU = (MR(VA) IR MR(VA) IR = (R(VA)IREM) MR(VA) IR =
= ROVA)TR(MMRVA) TR = ROVA)TIR(RAR)R(VA) 'R =
= ROWVA)TAWVA) TR = RR = 1.

O

Proposition 3. The equality

18 valid.
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Proof. Tt is obvious that US = M(M!'M)~Y2(M*M)'/? = M. Substitute (16) to the
functional in variational problem (12) and obtain

R, = arg m}%X<R, M) = arg mgx(R, US) = arg mgx(UtR, S) =
arg mgX(UtR, RVAR!) = arg mgx(?RtUtRﬂ%, VA),
subject that R'R = I.

The matrix R!U? RR is orthogonal. Let us denote the diagonal elements of this matrix
by 71, ro, r3. In this case the dot product can be written as

<§RtUtR§R, \/K> = 7“1\/X1 + TQ\/X2 + 7“3\/X3'

Maximum value of dot product of an orthogonal matrix and the matrix v/A is equal to
\/Xl +\/X2+\/X3, i.e r = 1, To = 1, rs = 1 and %tUtR%:I
Therefore, we have that

R=U=M(M'M)™2 (17)

O

3.2. Nearest orthogonal matrix (O(3) case)

Let us denote by M a 3 x 3 matrix, rank(M) = 3. We call a nearest orthogonal
matrix for the matrix M such matrix R,, that

R, :argménHR—MH?, (18)

subject that R'R = I. We rewrite the functional in variational problem (18) as
=(R'R,I) —2(R, M) + (M, M) = (I,I) — 2(R, M) + (M, M). (19)

Since terms (I, 1) and (M, M) are constant with respect to variational problem (19),
the variational problem takes the form

R, = arg mgx(R, M), (20)

subject that R'R = 1.
Variational problems (20) and (12) are coincide. Therefore, the nearest orthogonal
matrix R for the the matrix M is

R=M(M'M)~'2, (21)

3.3. Solution of the variational problem by Singular Value Decomposition

Let M be a 3 x 3 matrix and rank(M) = 3. Let us apply Singular Value
Decomposition (SVD) to the matrix M = UDY’, where 4 and U’ are orthogonal
matrices, D = diag(v/A1, v A2, vV A3) and A, Mo, A3 > 0 are eigenvalues of the matrix
M'M.

Formula (21) describes the solution of variational problem (12). Substitute SVD of
the matrix M to (21) and get

R = M(MtM)—1/2 _ (ilDiUt)((uD%t)t(uD%t))_l/Q _
= (ﬂD’Bt)(’nDﬂtﬂD%t)*l/Z — (ﬂD%t)(QIDQQIt)*l/?_
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Since (YD~1GH)(VBD10H))~ = (YD~2Y")~! = BD*V!, we have that
(UDY) (BD*WH) V2 = (UDYH) (VDY) = Uvt,
and
R = M(M'M)~'? = 4. (22)

Remark 1. The sign of the matrix R determinant in (22) is defined by the sign of the
matrix M determinant
det(R) = det(M(M'M)~?) = det(MR(VA) HR') =
= det(M) det(R) det((vVA) ™)) det(R) = det(85?),

where the matrices ® and (v/A)~! are defined in (13) and (15), also note that det(R) =
det(R*) > 0 and det((v/A)~1)) > 0.

If the condition det(M) = det(Q’(P’)") < 0 holds (we use here (11)), then we have
that det(R) = —1.

Remark 2. If on an iteration of ICP algorithm we obtain a geometrical transformation
with det(R) = —1, then ICP practically can not to converge to the right solution,
because we have in this situation clouds RP and () that can not be aligned by rotations
and translations.

4. Algorithms for GL(3) group
4.1. Solution for GL(3)

Here we consider variational problem (8) with functional in form (10). We will
interpret here the matrix R as matrix of an affine transformation. Let us denote this
matrix as R,. Rewrite the considered functional by the following way:

J(Ra) = [|[RaP’ = Q|* = (R.P’ = Q" R,P’ = Q) =
= (R,P’, R,P") — 2(R,P’, Q) + (Q’, Q).

Let us denote by h the increment with respect to R,. The increment of the functional
takes the form

J(Ra + h) = <(Ra + h)P’ - Q,v (Ra + h)P, - Q,> =
= ((Ry + h)P’, (Ry + h)P’) = 2((R, + h)P’, Q") + (Q*,Q’) =
= (R.P", R,P") + 2(R,P" hP’) + (hP", hP’) — 2(R,P*, Q) — 2(hP’, Q) +(Q", Q).

We consider the difference

J(R, + h) — J(R,) = 2(R,P’, hP’) + (hP* hP?) — 2(hP’, Q") =
= 2(R,P’ — Q' hP") + (hP’, hP?) = 2((R,P’ — Q")(P*)', h) + (hP’, hP?).

Thus, the gradient VJ(R,) is VJ(R,) = 2(R,P’—Q’)(P’)!, and the equation V.J(R,) =
0 takes the form (R,P’— Q’)(P’)! =0, R,P’(P’)" — Q’(P’)! =0, and

Ry = (Q(P7))(P*(P?)") . (23)
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4.2. Projection of affine solution to O(3)

We can obtain an approximated orthogonal solution R = R,(R!R,)™'/? of the
variational problem (12) by applying affine solution (23). The matrix R is projection of
R, to O(3) by formula (21).

5. Algorithms for SO(3) group

It follows from Remark 2 that eliminating the possibility of obtaining an orthogonal
matrix with a negative determinant increases the convergence of ICP to true geometric
transformations. Therefore, the algorithms to solve variation problem (12) in the SO(3)
class have better performance than algorithms for O(3).

5.1. Modified Horn algorithm for SO(3) case

Consider the following variational problem:

R, = arg m}gx(R, M), (24)

subject that R'R = I and det(R) = 1. Denote by sgndet the sign of a
matrix determinant. Note that sgndet(R) = sgndet(U) = sgndet(M(M!M)~1/?) =
sgndet(M). If sgndet(M) = 1, then the solution R = U belongs to SO(3).

Suppose that sgndet(M) = —1. Since M = US and S = (M*M)'/? (formulas (16)
and (14)) we have

(R,M) = (R,US) = (U'R, S) = (U'R, (M'M)"?) = (U'R, RVAR!) = (RIU'RR, V/A).

The matrix RIU'RR is orthogonal and sgn det(R'U'RR) = sgndet(U) = sgndet(M) =
—1. Note that any element R, of the group O(3) can be represented as R, = R E,
where Ry is an element of SO(3) and F = diag(+1, £1,+1). Particularly, we have that
RU'RR = R,E;, where i = 1,2,3,4 and F; = diag(1,1,—1), By = diag(—1,—1,—1),
E3; = diag(—1,1,1), By = diag(1, —1,1).

Note that any rotation in R? can be represented by a value « of the rotation angle,
and a rotation axis. The rotation axis contains the origin of the coordinates system and
is defined by a direction vector v = (x,y, z). We suppose that ||v|| = 1. The matrix Rj
can be written as

cosa+ 2%(1 —cosa) ay(l —cosa)— zsina xz(1 — cosa) + ysina
Ry=| ay(l —cosa)+zsina cosa+y*(1 —cosa) zy(l —cosa)—zsina
zz(l —cosa) —ysina zy(l —cosa) +xsina  cosa + 2%(1 — cos )

Proposition 4. For any matriz Ry from SO(3) the following condition holds (recall
thdt>\12)\22)\3>0)2

(RyE1,VA) < /M + vV — Vs, (25)
Proof. Let us rewrite (25) as v A1 + VA2 — v As— < R.Ey, VA > 0. Since

(R,Ey, VM) = (cos a4 2*(1 — cos @)/ A +
+(cos a4+ y2(1 — cos @)/ As — (cosa + 2%(1 — cos ) )/ Ag =

= cosa(v/A + v/ Ao = VAg) + (1 = cos ) (VA + v/ dey® — VAs2?),
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we have that
Vi Vs /-
—(cos (/A1 + VA — VAs) — (1 = cos @) (v/ Mz + VAey® — vV As22))
= (1 —cosa)(vV A1+ VX — VAs) — (1 = cosa) (VA2 + VAsy® — VAs2?) =
Osa)(\/_1—$2)+\//\_2(1—y2)+\/>\_3(22—1))

=(1-
0, (1—22) >0, (1—y?) > 0 and (22—1) <0, since ?+y?+2% = 1,
V3. It follows that

Consider the following inequalities (R, E;, vVA) < VA1 +vA2— A3, where i = 2,3, 4.
Denote by F.ux2, Fauxs and Eau the following matrices:

Eoue = diag(—1,—-1,1), FEuus =diag(—1,1,—1), FE,.a = diag(l,—1,-1).
Note that sgn det(Fauxe) = sgn det( Eaux3) = sgndet(Eyuxa) = 1 and
FaweEr = Ea,  EawsbBr = B3, Eawabr = Ey.
Note that it is possible represent the expression (R,E;, v/A) in the form
(R.Ei, VA) = ((RyEaua) 1, VA), i=2,3,4.

The matrix RsF.. is an element of SO(3). It follows that the following conditions
holds: (RyE;, vA) < (Ey,v/A), where i = 1,2, 3, 4. In such a way, the dot product takes
maximum value when R, = F, and

RU'RR = E,. (26)

Let us express R from equation (26): R = URE;R'. Note that if sgndet(U) = —1,
then sgndet(R) = 1. So, we obtain that R = URE;R". The solution of the variational
problem (12) for SO(3) is

M(M!M)=Y2 if sgndet(M) = 1,

R = 27
{M(M'UM)I/2 R diag(1,1,—1) R, if sgndet(M) = —1, (27)

where R is the matrix consisting of eigenvectors of the matrix M*M and eigenvalues of
MM ordered in the descending order.
5.2. Algorithm for SO(3) based on Lagrange multipliers

Let us consider here variational problem (24). The constrained variational problem

(24) can be reformulated as unconstrained problem by applying Lagrange multipliers
(R., Cy, \y) = arg max J(R,C, \), where

J(R,C,\) = (R, M) — (C,R'R — I} — A(det(R) — 1),
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and C is a symmetric matrix of Lagrange coefficients, the number A is the Lagrange

coefficient. Let us denote J; = (R, M), Jo = (C,R'R — I) and J3 = A\(det(R) — 1), then
‘](R7 Ca )‘) = Jl(Ra C: )‘) - JQ(Ra Oa >‘) - J3(Ra 07 >‘)

Let us compute the gradient V.J(R) with respect to R. The gradient V.J; is V.J;(R) = M.
Compute the gradient VJ5(R). Jo(R,C,\) = (C,R'R — I) = (C,R'R) — (C, I). Let us
denote by h the increment with respect to R, then

Jo(R+h,C,\) = (C,((R+h)"(R+h)—1)) =(C,(R+h)(R+h)) —(C,I),

(C.(R+h)"R+h)) = (C, (R +h)(R+h)) = (C,R'R+ R'h + h'R + h'h) =
(C,R'R+ R'h+ h'R+ h'h) = (C,R'R) + (C, R'h) + (C,h'R) + (C, h'h),

Jo(R+h,C,\) — J(R,C,\) = (C, R'h)+ < C, h'R) + o(h),

(C, R'h)+ < C,h'R) = (RC, h) + (C, h'R) = (RC,h) + (I, ' RC") =
— (RC, h) + (h, RC') = (RC + RC", h) = (2RC, h).

We have that V.Jy(R) = 2RC. Compute the gradient V.J3(R).

Proposition 5. Let R be 3 X 3 orthogonal matriz, then

ddet(R)
R R.

Proof. We have that

11 Ti2 T13
det(R) = det 91 T92 T93 =
31 T32 733
7“11(7’227“33 - 7”237”32) - 7‘12(7“217”33 - 7’237“31) + 7“13(7’217“32 - 7”227”31) =

711722733 — 711723732 — T127217°33 + 7127723731 + 713721732 — 713722731,

Odet(R) Odet(R) 9ddet(R)

ori1 Oris ori3
Odet(R) | pae(r) odet(r) odet(R) | _
OR ora1 Orag Oras
Odet(R) 0Odet(R) 0Odet(R)
Ors1 Orso Orss
TooT'33 — T23T32  —T21733 + 723731 T21T32 — 722731
—T19733 + 713732 T11T33 — 713731 —T11732 + T12731 )
T12T23 — 713722 —T11723 + T13T21  T11T22 — 712721
. 1 T92T33 — T23T32  —T12733 + 713732 T12723 — T13722
B —T91733 + T23T31  T11733 — 713731 —T11723 + 713721 )

~ det(R)

21732 — 122731 r11732 + 712731 11722 — T12721

- ddet(R)\" ddet(R)
1— _— =
R _< OR ) R OR



Algorithms to solve absolute orientation problem for GL(3), O(3) and SO(3) groups 107

So, we obtain that
VJ(R)=VJi(R) —VJy(R) —VJ3(R) =M —2RC — AR =M — 2RC — R\,

where \,, = diag(A, A\, \). We are looking for such orthogonal matrix R with postive
determinant that VJ(R) = M — 2RC — R\, =0,

R(2C + \,) = M. (28)

Note that 2C + A, and (2C' + \,,)"! are symmetric matrices. Consider the transposed
equation for (28)

(2C + Ay)' R = M. (29)
We multiply each side of (29) with each side of (28) and obtain
(2C + M) R'R(2C + Ap) = M'M,
(20 + \,)* = M'M,
(2C + ) = RVAGR!,
where & = diag(sy, $2,53), s, =lors; = —1,i=1,2,3, and
(2C + A\p) "' = R(VA) TSR
It follows from (28) that R = M(2C 4 \,,)~! = MR(VA) 'SR,
(R, M) = (MR(VA)'SR, M) = (R(VA) 'SR, M M) =
= (R(VA) 'SR, RAR') = (VA) 'S, A) = (6, (VA)'A) = (&, (VA)).

Note that sgndet(R) = sgndet(M)sgndet(S). If sgndet(M) = 1, then we obtain that
sgn det(&) = 1 and maximum value of the expression (R, M) = (&, v/A) can be reached,
when (R, M) = (&,vVA) = VA + VX2 + Vs, i.e. =1.

If sgndet(M) = —1 then we obtain that sgndet(&) = —1 and maximum value of
the expression (R, M) = (&, (v/A)) can be reached, when

<R7M>:<67\/K>:\/>‘_1+ \/)‘_2_\/>‘_37

i.e. & =diag(1,1,-1).
The solution of variational problem (12) for SO(3) takes the form

R MR(VA)T'RE, if sgndet(M) =1,
| MR(VA) Mdiag(1,1, —1)R!, if sgndet(M) = —1,

{ M(M!M)=Y2,  if sgndet(M) = 1,

M(M!M)~Y2 R diag(1,1,—1) R, if sgndet(M) = —1,

where R is the matrix consists of eigenvectors of the matrix M*M and eigenvalues of
M*'M ordered in the descending order.

Remark 3. Let us consider the singular value decomposition (SVD) of the matrix
M = UDY!, where U and U* are orthogonal matrices, D is a diagonal matrix. Since

M'M = UDU'UDY" = YD*T' = RAR,
we obtain that % = R and D? = A. Note that MR(VA)"'R! = UDVYD 'Yt =
U, MR(VA)diag(1,1, —1)R* = UDVBD'diag(1,1, —1)V* = Udiag(1,1, —1)W".
So, the solution of the variation problem can be written as

S0t if sgndet(U) = sgn det(7),

R= 30
{ildiag(l, 1, —1)", if sgndet(h) # sgn det (7). (30)
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5.3. Nearest orthogonal matrix (SO(3) case)

Let us denote by M a 3 x 3 matrix, rank(M) = 3. We call a nearest orthogonal
matrix for the matrix M a matrix R,, such that R, = arg m}%n |R — M||?, subject that

R'R = I and det(R) = 1. By analogy with the item 3.2 we obtain that the variational
problem takes the form

R, = arg m}gx(R, M), (31)

subject that R'R = I and det(R) = 1. Therefore, the nearest orthogonal matrix R for
the the matrix M can be computed by (30), where M = ${DY".

5.4. Projection of affine solution to SO(3)

We can obtain an approximated orthogonal solution R of variational problem (12)
by applying the affine solution (23) in (30), where R, = {UD’. The matrix R is the
projection of R, to SO(3) by formula (30).

6. List of types of variational problems

The approaches described above allow us to solve the following variants of variation
problem (2). The input data for all algorithms are the point clouds P and @), the output
data are the matrix R and the vector 7. The matrices P’ and Q’ are described in (9).

6.1. Affine point-to-point

A closed form solution of variation problem (2) in this case is given by formula (23)
for the matrix R and by formula (4) for the vector T.

6.2. Approximation of the exact orthogonal solution
by projection of the affine solution onto O(3)

A closed form solution of (2) in this case is given by formula (23) (affine solution)
and by formula (21) (projection onto O(3)) for the matrix R and by (4) for the vector T
6.3. Approximation of the exact orthogonal solution by SVD

of the affine solution

A closed form solution of variation problem (2) in this case is given by (23) (affine
solution) and by formula (22) (SVD of the matrix R,) for the matrix R and by formula
(4) for the vector T.

The algorithms described in items 6.2 and 6.3 are equivalent.

6.4. Closed form exact solution (O(3) case)

A closed form solution of variation problem (2) in this case is given by formula (17)
for the matrix R and by formula (4) for the vector T
6.5. Closed form exact solution (O(3) case, SVD)

A closed form solution of variation problem (2) in this case is given by formula (22)
for the matrix R and by formula (4) for the vector T
The algorithms described in items 6.4 and 6.5 are equivalent.
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6.6. Closed form exact solution (SO(3) case)

A closed form solution of problem (2) in this case is given by formula (27) or (30)
for the matrix R and by formula (4) for the vector T

6.7. Approximation of the exact orthogonal solution
by projection of the affine solution onto SO(3)

A closed form solution of variation problem (2) in this case is given by formula (23)
(affine solution) and by formulas (31) or (30) (projection onto SO(3)) for the matrix R
and by formula (4) for the vector T'.

7. Experimental comparison of some considered algorithms

We compare here the algorithms described in items 6.6 and 6.7. The ICP algorithm
based on a closed form exact solution for SO(3) is denoted as PtP _es, the ICP algorithm
based on the approximation of the exact orthogonal solution by projection of the affine
solution onto SO(3) is denoted as PtP_pr. We compare these algorithms in terms of
the convergence rate (i.e. the frequency of convergence of ICP algorithm to a correct
solution).

The algorithms PtP _es and PtP_pr use the standard method for searching the
correspondence between clouds based on k-d tree. Our experiments are organized as
follows. An orthogonal geometric transformation given by a known matrix is applied to
a source point cloud. The source and transformed clouds are input to a tested algorithm.
The ICP algorithm converges if the reconstructed transformation matrix coincides with
the original matrix with a given accuracy.

Stanford Bunny
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Fig. 1. Convergence rate for Stanford Bunny
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Stanford Armadillo
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Fig. 2. Convergence rate for Stanford Armadillo

In the experiments, we use two following point clouds: Stanford Bunny and Stanford
Armadillo. The Stanford Bunny and Stanford Armadillo clouds consist of 1024 points.
All points lie in a centered unit sphere. The statistical experiments are organized
as follows. Let us 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. In addition, the components of
the translation vector are a random variable uniformly distributed in the interval (0, 1).
The synthesized geometric transformation matrix (true matrix My,,.) is applied to the
source cloud P. The tested algorithms are applied to the clouds P and (). We say that
the registration algorithm converges to true data, if the reconstructed transformation
matrix M. coincides with the original matrix with a given accuracy. 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 10 degrees.

Fig. 1 shows the convergence rate of the PtP _es and PtP _pr algorithms for Stanford
Bunny. Fig. 2 shows the convergence rate of the PtP_es and PtP_pr algorithms for
Stanford Armadillo.
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AJITOPUTMBI PELIEHU ST 3AJAYN ABCOJIFOTHOYI OPUEHTAIIN
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Haubosiee umcroJib3yemblii ajJropurmM perucTpaiuu 00JIAKOB TOYEK B TPEXMEPHOM IIPO-
CTPAHCTBe — UTepaTUBHbI agropurM Gimxkaitmux Todek (ICP). Bapuarnmonunas 3amada
Tuna point-to-point st OPTOroHAJIBHBIX TPEOOPA3OBAHUN MATEMATHIECKU IKBUBAJICHT-
Ha 33/a19e abCOTIOTHON opueHTaIuu B poTorpamMMmerpun. B maHnoit ctaTbe mpe/iiaraeTrcs
0030p M3BECTHBIX METOJOB PEIleHNns B 3aMKHYTOI (hopMe BapHAIMOHHON 3ajadu point-
to-point. 3jiech Takke MoJiydeHa HOBas MOUMUKAINS AJTOPUTMa XOPHA JJIsI TPYIIIHI
SO(3). KomibioTrepHoe MOIEIMPOBAHIE UILIIOCTPUPYET PA3HUILY B TOYHOCTH PAOOTHI Pac-

CMaTpHUBa€eMbIX METO/I0B.

KuaroueBbie ciioBa: 3adaua abcoatommoti opueHmayul, umepauuoHHsil ais20pumm 0auxrtcati-
wux mouex (ICP), point-to-point, pewenue 6 3amxnymot Bopme, MOwHOE PEUWEHUE, OPMOLOHANLHOE

npeobpadosarue, aPdurroe npeobpasosare.
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