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Abstract

The rigid matching of two geometric clouds is vital in the computer vision and its intelligent applications, such as computational
geometry, robotics, shape modelling, surface reconstruction and mapping, and many other fields. The variants of the iterative
closest point algorithm were employed as the most noticeable matching algorithm. In traditional ICP algorithms applications
for symmetrical geometry matching, the initial uncertainty and the multiple local minima of the distance function adversely
affect the alignment process, which leads to weak performance, such as incorrect correspondence, narrow convergence region,
and instability. In this study, the novel algorithm fused the ICP algorithm, particle filter and K-means clustering to correctly
estimate the transformation ICP parameters. Further guide to initial values of parameters and their covariance obtained by
k-means clustering. Then, a particle filter was implemented to estimate accurate values and perform global optimization.
In the introduced PF-ICP algorithm, the alignment parameters: rotation angles, scale factor, and translation, were defined
as particles elements optimized using a sequential importance resampling (SIR) particle filter. The proposed algorithm was
implemented on a medical robot FPGA board and applied to “three symmetrical models” and “noisy and poor datasets.”
The calculated variances and estimated parameters were compared with four modified ICP methods. The results show a
significantly increasing accuracy and convergence region with an acceptable speed for the practical conditions.

Keywords Matching algorithm - Iterative closest point - Particle filter - Global optimization - K-means clustering -
Measurement uncertainty

1 Introduction

Finding a rigid transformation to match a dataset (as mea-
sured/scanned data) with a model point set or map is a
fundamental problem in computer vision, computational
geometry, robotics, shape modelling/analysis, surface recon-
struction and mapping, augmented reality and many other
fields. 3D registration is based on variants of the iterative
closest point (ICP) algorithm. ICP was presented by Besl and
McKay in 1992 [1]. In addition, the iterative closest contour
point algorithm (ICCP) was eventuated from the ICP method,
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proposed by Kamgar-Parsi 1999 [2], to solve the gravity nav-
igation problem.

The ICP starts with two meshes as model set and dataset
with an initial setting for their relatively rigid-body trans-
formation that repeatedly refines the transformation by
obtaining pairs of corresponding points on the model and
data. An incremental transformation is found, such that the
point-to-point distance is minimized to a local minimum.
Owing to the ICP algorithm that can be made efficient and
reliable, it has widely considered and adopted in different
applications. So, the researchers have focused on address-
ing the shortcomings and generated variant methods. Variant
improvement of the ICP algorithm classifies aspects, such as
convergence speed, stability, tolerance of noise or outlier, and
maximum initial misalignment. Performance developments
can be achieved by modifying the algorithm in three stages:

1. Selecting samples of point sets in one or both meshes that
may have imperfection data;
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2. Corresponding the points to samples in the model,
weighting pairs and rejecting outliers;

3. Defining an error metric due to the point pairs, estimating
the rigid transformer, and minimizing the ICP covariance.

For each of these stages, there were different improve-
ments in the performance and reliability of the algorithm.
The first issue with ICP is the selection of an input sample
points. The sample selection and matching sequence length
affect the algorithm’s performance. In some studies, all avail-
able points are used [1], while in others, some points are used
[3] or uniform random sampling is used at each iteration [4].
Xiao et al. generated a matching sequence method based on
the coding principle for an ICCP geomagnetic matching algo-
rithm [5]. They presented an adaptive approach for choosing
appropriate matching lengths and matching points in a highly
dynamic environment. Also, about the analysis of the mea-
surement data, Zhao et al. studied the geomagnetic map data
analysis based on random error modelling and filtering [6].

The next stage is related to assigning weights to pairs
or eliminating outlier pairs. This stage may significantly
affect minimization and solve several heuristics to prune or
reweight the correspondences. Besl and Kamgar used the
closest point in another mesh as the corresponding point
for each sample. The other ICP variants employ the clos-
est compatible point, normal shooting, and normal shooting
to a compatible point [7, 8], and their computation is accel-
erated using a k-d tree. Also, the data point projection to the
model mesh from the model mesh point of view can be used.
Figure 1a shows that the closest point matching algorithm
can perform wrong pairing in the presence of noise and out-
liers, then it converges slowly. But Fig. 1b represents that
the “projection” matching methods are less sensitive to the
presence of noise.

Bouaziz et al. [9] proposed a formulation of the ICP algo-
rithm that avoids difficulties related to dealing with outliers
and incomplete data using sparsity-inducing norm optimiza-
tion. Guo et al. [10] introduced an adaptive weight vector
that eliminated the negative effect of pairs with the most sig-
nificant registration errors and the retained pairs assigned
suitable weights to suppress the noise and outliers.

Model Data Set Model Data Set
L B v I
b |
L VoL X |
N v |

Scanned Data Set Scanned Data Set

(a)

Fig. 1 The pairing of the two cloud data with a closest point matching
algorithm and b projection matching method, in presence of noise and
outlier data
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The final step of the ICP algorithm, is to minimize the
error metric cost function and the optimization approach to
minimize the distance error. For example, Besl and McKay’s
original work minimized the distance between two corre-
spondence points. In contrast, the second method minimizes
the distance between a data point and the corresponding
model point plane, which is perpendicular to its normal plane.
Generally, distance point-to-plane minimization converges
faster and with greater accuracy, but not necessarily a better
region of convergence [11].

It has also been shown that with a trimmed square distance
function, more computational capability, and auxiliary data,
more convergence speed and stability could be achieved [12]
or by cancelling the greater distance pairs [13]. In [14], a
new symmetric distance metric presented to achieve a bet-
ter convergence region and a higher speed. The research in
[15] extended the point-to-hyperplane distance function and
combined various position estimation algorithms to mini-
mize different metric errors.

In addition, recent studies have attempted to accelerate
the traditional ICP method. The Levenberg—Marquardt algo-
rithm to minimize registration was employed to accelerate
and yield a basin of convergence that directly minimized
the energy function as a nonlinear optimization. In [16,
17], Anderson’s acceleration was employed to speed up
convergence. In addition, in considerable research, an estab-
lished numerical technique based on Welsch’s function was
presented, which efficiently minimizes a simple quadratic
function [18]. Yue et al. [19] completed point cloud regis-
tration through key point extraction, local point-pair feature
matching, and coarse and fine registration. They verified
the performance of the method by evaluating its RMSE and
MAE. However, the uncertainty of the feature fitting affects
the estimated parameters accuracy [20, 21].

Owing to the strong nonlinearity of the objective function
of matching in some terrain types, linearization methods,
such as the extended Kalman filter, are often not well suited
for this problem, and the effectiveness of the probabilistic
approach is slightly better [22].

Probabilistic matching algorithms obtain higher perfor-
mance and more robust and global results with a higher
computational cost. They are often based on techniques such
as histograms, sequential Monte Carlo, and particle filters.

The key contribution of this work is the novel fusion of
the particle filter and ICP algorithm to estimate registration
parameters and to overcome the weak performance of tra-
ditional ICP method in the symmetrical geometry matching
related to local minima of the cost function and sensor uncer-
tainty.

The proposed approach defined a sequential Monte Carlo
process that enabled importance sampling of each of the reg-
istration parameters according to the collected error statistics.
The PF-ICP method implemented the particle filter algorithm



An improved iterative closest point algorithm based ...

to estimate the global optimization and accurate values of the
ICP transformation parameters. The presented PF-ICP algo-
rithm employed the k-means clustering method to further
guide the parameter initialization step and to obtain the ICP
parameters covariance.

This article sections included: related works, required fun-
damentals (A. the ICP algorithm, B. the covariance of ICP,
and C. the SIR particle filter), the introduced PF-ICP method,
with four parts: A. definitions, B. initialization, C. covari-
ance estimation, and D. particle filter estimation. Finally, the
results of the two case studies for different conditions were
explained and concluded.

2 Related works

Combesa and Primab [16] presented a registration method
for nonlinear 3D point sets. They considered the points of the
dataset as draws of the Gaussian mixture model in which the
centres are the transformed points of the model set. In the next
step, a maximum likelihood estimation of the model parame-
ters is performed, using the expectation—maximization (EM)
algorithm. Xiao et al. [23] adopted a probability data associ-
ation (PDA) algorithm, based on considering constraints of
a vehicle’s kinematics, to solve the problem of geomagnetic
matching in an interference environment. Rowekamper et al.
[24] analysed the accuracy of an integrated laser-based posi-
tioning system for mobile platforms. Also, Censi [25] and
Maken et al. [26] introduced an algorithm to estimate the
uncertainty of the ICP transformation parameters and to align
two point clouds. Maken used a gradient-based optimization
of the distance cost function to develop a Stein variational
inference framework for multi-modal distribution models.

Because modern computer computational power warrants
performance vs. complexity, we improved the ICP match-
ing algorithm with a particle filter for the complexity model
condition. In this paper, the introduced PF-ICP algorithm
determined the transformation parameters (rotation, transla-
tion, and scaling) by k-means clustering initialization and
sequential importance resampling (SIR) particle filter. The
developed PF-ICP algorithm could answer very reliable and
comprehensive for local minimums, caused by symmetric
spatial and measurement noise.

3 Fundamentals

The fundamental algorithms required for the implementation
of PF-ICP method are as follows:

3.1 The iterative closest point algorithm

The iterative closest point (ICP), or the iterative correspon-
dence point algorithm, is an alignment method in which the
two point sets are registered based on the function of either

point-to-point or point-to-plane distance. These two sets may
be represented as point sets, triangle sets, line segment sets,
parametric surfaces, implicit surfaces, implicit curves, and
parametric curves [27-31]. The most common method is
based on the iterative closest point algorithm introduced by
[1]. In this method, the points in one cloud and their nearest
points in another cloud are repeatedly paired as the corre-
sponding points. Then, an incremental transformation that
minimizes the distance of the point pair is calculated.

Let the model shape be represented as a set of points,
D = {dy, d>, ..., dyp}, and Np be the number of points
in the model database, and the scanned or scene shape be
considered as a set of points, M = {m1, my, ...myp}. If
the defined correspondents are the closest points, the relative
transformation can be obtained as follows: For every point
mj, in the scanned shape M = {m;}, i = 1,..Np, we seek the
closest point model D based on using the Euclidean distance.
For a given scanned point m; and the model points set D, the
Euclidean distance between m; and D can be found as:

d(m;, D) = L I{llrjlv d(m;, di) = L min |lm; —dill (1)
=1...Np =l1...

1..Np

The closest point of the model set, d; € D, satisfies the
equality:

d(m;, dj) = d(m;, D); j = argmind(m;, dy);
' k=1..Np

Also, the closest point in the model set D that yields the
minimum distance will be denoted by yj;.

d(m;, y;) = d(@m;, D)

where the m; corresponds to y;. Let Y define the resulting set
of closest points and C (.) be the closest point operator.

Y = C(M, D) (2)

Y = (i)™, M = {m)"™, D={(d}}", Y <D

=1 i=1°

The optimal registration parameters (scaling, rotation, and
translation) can be found that match the scanned points M to
the closest model points Y by minimizing the total error.

Nm
E =) leil? e ={yi — [sRmi)+T1} 3)
i=1

The ICP algorithm outline is as follows:

1. Initialize registration parameters:
rotation (R,R € {R¥3|RTR = I, det(R) = +1}),
translation (T = 0, T € R3), and scaling (s = 1,5 € R)
and registration error; Error = oco.
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2. For each scanned point set, find the corresponding closest
point in the model point set.

3. Calculate registration parameters for given point corre-
spondents from step 2.

4. Apply the alignment to the scanned point set.

5. Calculate the registration error between the currently
aligned scanned set and the model set.

6. If error > threshold, return to step 2; otherwise, return
with new scanned points set (Fig. 2).

Algorithm 1: ICP_Matching

[Rotation,Translate,Scale ,dist | =
ICP _matching (D _database ,M _Scaned )
k=0,m” =RPm, +¢
repeat
k=k+1
Y& = Cm ", D)
N 2
[R*,T*,s*:' =arg minZ”sle.(k’” +T —yi(k’l)”
R.,T,s i=1
m® =sR'm* ™" + 1"
R(k) — R*R(kfl)
TO =RT*V+1"
) g gUD
until convergence and Error < Threshold

return R® ,T%® s®

Four major estimating algorithms for 3D rigid-body trans-
formations were reviewed and compared by [32]. These
algorithms are used when there is an established correspon-
dence between data cloud M and D. The optimal registration
is obtained from linear algebra singular value decomposition
(SVD) method. First, the scan point sets {d;} and the model
point sets {m;} should have the same centroid in the rota-
tion matrix calculation. The least-squares equation for the
centroid datasets is:

N N
22 =" |der — Rmei|)* =Y (@ldei+mTme; —2d 5 Rmer)
i=1 i=1

“

The minimum of this equation occurs when maximizing
the Trace(R C), where C is a correlation matrix defined by:

N N

C =) Imid/ 1= pmpfy =y mad; (5)
i=1 i=1

If the SVD of C is given by C = UAVT, R must be

R=VU T for trace maximization. In addition, the optimal
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Fig.2 The iterative closest point flowchart

translation was computed from the alignment of the D cen-
troids with the rotated centroid of M. The algorithm-SVD
matching is presented in the following:

Algorithm 2: SVD_Matching

[Rotation, Translate, Scale] =
SVD Matching({D _database},{M _Scanned})

e  (Calculate the centroid of datasets M and D
1 Np

d,=d -y , =—)>d,
d lud ND ; i
1 Ny

m,=m;, -t ., H, =_Zm[
NM i=l

e Compute the
N

c :Zm d,”
i=1

e  Obtain the rotation matrix R by SVD method:
C=UAN'" R=VU".

e  The scale factor can be calculated by:

Ny Ny
ch[R (mci )
— |i=l ~

2
Dllm |l
i i=l
§= N, 5 ~ N, R
Dl Dlld,, |l
i=1

i=1
e the optimal translation aligns the centroids of the
datasets

ci

T =p,—sR(u,)
e Return s ,7 , R ;
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Therefore, for the case of established correspondence
between data cloud M and D, the above SVD matching
method would be used for calculating the ICP parameters.
At the initialization step of the presented approach, a corre-
spondence relationship is considered between the centroids
of two datasets clusters and will be executed the SVD match-
ing algorithm [33].

When the probability distribution function of the ICP
parameters is necessary, the covariance is often obtained
based on the calculation of the Hessian Matrix [24, 34-36].
In this method, the Hessian and covariance matrices are
obtained from:

dXx?

() = > “192gT . 2T
cov(z) = | — ——, cov(z) = —
x> 9z0x Y= z0x \ax2

where x is the model parameter, z is the observation matrix,
and J (z, x) is the error function. The Hessian matrix can be
obtained once the ICP algorithm determines the minimum
[35]. For more details, we can see [37, 38].

-1

3.2 The particle filter—sequential Monte Carlo
estimation

The particle filter as a sequential state estimation method
was presented in 1993 for Bayesian nonlinear filtering prob-
lems. The particle filter is also known as bootstrap filtering,
sequential Monte Carlo algorithm [39]. To date, the parti-
cle filter is developing and evolving; thus, it has become a
relatively mature theory. A summary of the particle filter
algorithm framework is presented herein, and the sequen-
tial importance resampling (SIR) particle filter algorithm is
defined [40, 41].
The particle filter steps consist of:

1. Select a proposal distribution q (Xg+1|X1:k> Yk+1), resam-
pling method, and the number of particles N.

2. Generate and initiate.
Xy~ pxo,i=1, .., Nand w’1|0 =1/N.

3. Measurement update: For:
) . L .
i=1,.., N, wll<|k = aw,’dk_lp(yklec)
That the normalization weight coefficient ¢y is calcu-
lated by:

N

e =Y wiyrp(welxt) ™

i=1

L Forecast —— Calculatirgjg — Resample ->

likelihoo
|
O ’ >
¥ . { >
X
R4 » © - DO®
3] Y~
’= > © ' .
©
a |
o0 .
= . O
A . i
XI-I/I'I XI/I'I yl XI//'I XIII

Fig.3 Sequential importance resampling particle propagation

(4) Estimation: The filtering probability is obtained by:

N
Pxrklyin) = Z w;’;‘k5<X1:k - xi:k) ®)
i=1

That the mean could be calculated by:
N
Tk A ) WK ©)

i=1

(5) Resampling:
At each arbitrary time, obtain N samples with super-
sedence from the set {x{: k}lN: | with probability, w,il =
1/N.

(6) Time update:
Produce predictions with the proposal distribution and
correct for the importance weight.

Xppy ™ q(xk+1|X;'<, yk+1);

l 1
Witk = Wik —Iji(kar;'xk) ; (10
‘I(xk+1 |xk, }’k+])

Also, the SIR particle filter algorithm is implemented as
follows:

As shown in Fig. 3, the nonlinear filter infers states from
observations in a likelihood or Bayesian framework. The
state posterior distribution is computed or approximated
using all available observations at that iteration. Then, the
sample quantity and weight of particles are assigned with
the same weight value and more quantity for more likelihood
estimation.
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Algorithm 3: SIR_Particle_Filter

[xi,w ¥ ]1=SIR _Paticle Filter({x, ,w; }',z,)
FORi=1:Ns
Draw x, ~p(x, [x,);

Obtain w, =p(z, |x});

END FOR
S =SUM [{w, }",]; Sum of total weight
FORi=1:Ns
Normalization: w,i =S"w ,l( ;
END

Sequential Importance Resampling
Initialize the CDF: ¢, = 0;

FOR i =2:Ns
Build CDF: ¢, =¢,  +w;
END

Start i =1 of the CDF:

Draw initial point: u, ~U[0,N '];
FOR j =1:N|

Movement along the CDF:

u, =u, +N(j -

WHILE u , >c, i =i+1, END
Assignment of the sample: xk' = x,i 5

Assignment of the weight: w/ =N ';

.j R
Assignment of the parent: !~ =1,

END FOR.
RETURN { x, wi }

3.3 The proposed particle filter-ICP algorithm

The proposed algorithm establishes a fine matching of two
geometric data points with symmetric spatial distribution. Its
advantage is the reliability of reaching the correct matching
and the accuracy of the final result for a “difficult” geometry
with a symmetric spatial distribution. The main idea of the
algorithm is to represent the estimation belief by a probability
distribution over the possible region for the ICP transforma-
tion parameters and update the estimation belief whenever
each iteration is performed [40].

First, the algorithm estimates the initial value and uncer-
tainty as a Gaussian distribution with a mean and variance.
The initial values are required for the ICP algorithm. The
probability distribution associated with data uncertainty is
required for the particle filter. By applying sensor fusion
techniques in nonlinear conditions, such as the particle fil-
tering methods, almost a maximum likelihood estimation is
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obtained by probabilistic filtering. These probabilities are
typically assumed to be normally distributed, so only the
mean and covariance matrix are calculated. The main meth-
ods introduced for ICP covariance calculation are based on
the Hessian matrix method. The researches such as [35, 36,
38, 40] show that the ICP covariance depends not only on
sensor noise characteristics but also on the geometry of the
environment. Here, a statistical method that approximates
the mean and variance of the ICP matching parameters is
introduced.

In the second step of the proposed algorithm, a particle
filter is defined to estimate the transformation ICP param-
eters (rotation angles, translation, and scaling) as particle
elements. According to the presented PF-ICP algorithm,
four strategic concepts and significant achievements were
observed.

(1) In the scanning process, the sensors always impose
errors, such as noise, scale factor, bias, and drift, on
the measurement data. These errors correspond to and
are consistent with the ICP transfer parameters, and the
effects of these errors on the parameters can be modelled
in the same way.

(2) Owing to the linear transformation in the regression
process, the relative position constraints of the measure-
ment points were held constant. The main advantage of
the ICP algorithm is that this concept is also used here.

(3) In linear equation solving related to determining ICP
transformation parameters and their optimization, the
existence of outliers measurement data and overlap
model data does not pose a serious constraint.

(4) Avaluable property of the PF-ICP algorithm is that it can
universally approximate the state probability distribu-
tions and escape from the local minimum. The particle
filter algorithm arranges its computational particles in
global regions with high probability, where things really
matter.

Based on the aforementioned advantages, this method
has high reliability and a very convincing performance in
the presence of uncertainty and nonlinearity, which will be
shown in the next sections.

3.4 Definitions

Consider two corresponding point sets M = {m;, i =
1..Ny} for the measurement point cloud and D = {d;,
i = 1..Np} database point cloud (could consider Ny; =

Np = N) and therigid transformation s, R, T between them,
such that they are related by:

d; =sRm; + T +V; (11
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where R is known as a standard 3 x 3 rotation matrix, T con-
tains a 3D translation vector, Vi is noise or uncertainty and the

optimal parameters of transformation [’5, R, f‘] that match

the set {m;} onto {d;} typically are related to minimizing the
least squares error function typically given by:

N
22 =" |di—S* R m;—T)| (12)

i=1

3.5 Clustering and parameters initialization

The initialization is very important for the variations of ICP
algorithms. The more correctly the ICP parameter initial-
ization is performed, the fewer problems related to local
minima arise. In order to reduce the mathematical calcu-
lation and increase the speed and integrity, the data clouds
are first classified by the k-means clustering method. In the
PF-ICP initialization, the k-means algorithm performs two-
data cloud clustering. The initial values of the transformation
parameters are then obtained by matching the centroids of
the two data clusters. K numbers of sequential partitions or
clusters are expressed as follows:

Clustering(M) = {M1, My, ... Mg}; Size(Mg) = n_Mkg;

Clustering(D) = {D1, D3, ... Dg}; Size(Dg) = n_Dg;
(13)

Because of the scanning method, it is assumed that there is
a generally (and not exactly) corresponding relation between
the two sets, which leads to an established correspondence
relationship between the centroids of the clustered subsets
and:

D; = Pair(M;)

Based on the total number of cloud points, K was selected
such that the number of cluster members could be between 10
and 100. The centroids of these clusters are employed for ini-
tializing the ICP transformation parameters. To initialize the
ICP transformation parameters, the centroids of all measure-
ment cloud M clusters and database cloud D clusters were
calculated.

Uy = {up, upmn, ups, -, upg ), that upyy; = Centroid(M;)
., Upg}, thatup; = Centroid(D;)

(14)

Up = {upi, up2, up3, -

Algorithm 4: Clustering

[({D}AM 3 U} U 1 1=
Clustering(D _Model, M _Scanned,K)
Get K., M, D.

{M,M,,...M}=Kmean _Clustering(M);>

{D,D,,...D, } = Kmean _Clustering(D);
{M,M,,... M, }=Sequential _Sort(M,,M,,...M,);
{D,,D,,...Dy}=Sequential _Sort(D,,D,,...Dy);
FOR i=1:K

D, = Pair( M,);
END FOR
FOR i=1:K

u,, = Centroid(M,);

u,, = Centroid(D,);
END FOR

Uy=tuyts Up=lupy};
Return [{D},{M}{U,}.{U,}1;

The SVD matching algorithm calculates the initial esti-
mate of the transformation parameters with centroids Up
and Up inputs.

[Sint, Rint, Tint] = SVD_matChlng(UD3 UM)v (15)

The results of Ry (initial rotation), Tj,¢ (initial translate),
and Sj,¢ (initial scale factor) are used as the initial values
of PF-ICP transformation parameters. In addition, the clus-
tering could be executed several times, and the average of
the centroids used for the initialization. The members of the
generated clusters are employed for the estimation of the ICP
parameters covariance and the calculation of the particle filter
weights, which are presented in the following sections.

3.6 The PF-ICP parameters covariance estimation

As previously mentioned, to apply sensor fusion techniques,
based on maximum likelihood estimation, the probabil-
ity distribution of the error related to the applied data is
required. Various techniques have been proposed to obtain
this covariance, which are often based on the calculation
of the Hessian matrix [25, 40]. These techniques require
numerous mathematical calculations. To reduce these cal-
culations, the k-means clustering and ICP matching were
used to approximate the ICP covariance. The results were
compared with those obtained using Censi’s method.

For this purpose,n ¢ subsets of cloud points M are created
such that their first member is randomly selected from M,
the first cluster of cloud points M, the second member of
them is selected from M3, the second cluster of cloud points
M... and their K-th member is selected from My, the K-th
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cluster of cloud points M. Thus, the n¢ subsets of M with K
members are built. All members of the subsets are selected
from a uniform stochastic distribution. This can be rewritten
as follows:

m; = {my ;lm,; € M;, i :1..K}
m,c = {myuc,ilmuc,i € M;, i :1..K} (16)

Then, for each subset m; and model dataset D, the ICP
matching algorithm is executed to determine the ICP trans-
formation parameters, the values of (R rotation matrix, 7
translate vector, S Scalar scale factor).

(R, T;, S;i,dist;) = ICP(m;, D), fori : l..nc; (17)

Parameter dist is the value of distance function of m; and
D. Thus by repeating these calculations for n¢ subsets, the n¢
estimations are obtained for transformation parameters, and
an estimate of the mean and covariance of the transformation
parameters can be calculated.

Algorithm 5: Approximate_ICP_Variance

[O-QI’O-H’G(//’O-T’GV] =

Appx _ICP _Var(D _Model,{M, _Clusters},n,)
M} ={M, _Clusters};
FOR j=1: n-
FOR i=1: K
m, ; = Rand_Select{ m, , |m, ;€ M},
END FOR
m, = {m,_};
END FOR
FOR 1i=1: ne
[R, T, S,,dist,}= ICP_matching (m,, D);
(@, 6., v, 1= Transform (R,) ;
END FOR
?:Mean( gol) ,0, = Variance( 5”,);
Q=Mean( 6’) ,0, = Variance( 0),
(E:Mean( (p’) ,0, = Variance( Q);
Z"=Mean( T) , 0, = Variance( T),
s = Mean( S,) ,0, = Variance( s, );

Return 0,,04,0,,07,0,;
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3.7 The particle filter implementation

A particle filter can be implemented according to the values
obtained for the probability distribution model related to the
parameters of the ICP matching algorithm.

First, according to the 2D or 3D space defined for match-
ing, a four- or seven-state particle filter can be defined. In the
two-dimensional, the particles have a rotation angle and two
translate variables, and a scale variable. Which is defined as:

xi ={ai, b, si, 6;};

T; = la;, bi]l; Scale; =s;; R; = R(6;); (18)
In the 3D space, the states have three translate variables in
three directions and a scale variable and three rotation angles.

Which is defined as follows:

xi ={ai, by, ci, si, @i, 0, ¥i)s
T; = la;, b, cil; R; = R(¢i, 0, ¥i);
(19)

Scale; = sj;

As mentioned before, in the particle filter, the more pro-
cessing data, the greater computational volume required.
In each particle filter iteration, the estimation algorithm
propagates the particles forward to reach their optimum
values and the error distance function is minimized.
According to the initial values calculated in the previ-
ous section as well as the obtained variance values, a
region for particle propagation can be determined (2sigma-
standard deviation interval around the mean). The par-
ticles are then propagated as uniform random distribu-
tion in this region, the value of the distance function
for each particle is calculated, and the weights of the
particles are defined. This weighting process assumes a
Gaussian function of the computed errors and is given
by:

w; =

1 (D —siRiM-T;)* 20
270 xp 20

i =1:np; total_number_of _particles
w; = The_Particles_Weight,

Q = ICP_variance;
T; = lai, bi, cil;

Scale; = s;; R = R(g;, 0;, Vi);
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Fig.4 The proposed PF-ICP algorithm: particle propagation, likelihood
calculation, and resampling

After weighing the particles, their sum is normalized to
one.

Wi

Wi = S SMC K
i=1 Wi

2n

The weight functions related to the particles and
propagation regions are updated according to the uncer-
tainty for each iteration, and new propagation regions are
defined around the new means according to new stan-
dard deviation intervals. Then, the resampling step is per-
formed based on the new propagation if necessary. For
the resampling scheme, the sequential importance resam-
pling (SIR) technique [42] was used here. The opera-
tion of SIR particle filter algorithm is demonstrated in
Fig. 4.

The number of samples was adapted online, invoking large
sample sets only when necessary to avoid the local minimum.
As a result, the samples with low-importance are omitted,
and the particles with high-importance weights are multi-
plied by the resampling step. When the PF-ICP sampling
step was terminated, the resulting particles were used in the
next computational step. The sample set size was selected
based on the required accuracy and computational load capa-
bility, and it was shown that the variance of the importance
sampler converges to zero at a rate of 1/,/N [46]. The pro-
posed PF-ICP matching algorithm flowchart is as follows
(Fig. 5).

Algorithm 6: The proposed PF-ICP Algorithm

[Rot ,Trans ,Scale,{M _matched },w _best,dist] =

SMC ICP(D _Model ,M _Scanned ,K ,n,Thrs)

np: the number of Particles;
Thrs =[Thrs _max,Thrs _Avg];

The threshold contains the acceptable maximum of error

and the acceptable total average of error.

K: the number of clusters;

{M _matched): the transformed of scanned data;

w_best: The weight of best particle;

dist: the value of distance function.
1. Get Measurement data cloud and Database:M, D
2. Clustering

[{D},{U,}]1 = Clustering(D _Model ,K);

[{M },{U, }]1=Clustering (M _ Scaned ,K ),
3. Initialization:

[s..R. .,T. 1=SVD _matching (U,
4. Define ICP_ Parameters as Particles

v, ={a.b.e.s 0. 0.y )
T = [aA b, .c, ]; Scale, =5 ;R =R ((pA , 0., v, );

k

U,

[aA boe s ,0,0 v, ] =Transform (R ,T, ,Scale);
5. Covariance Estimation
[O]= Appx _ICP _Var(D _Model,{M },n)
6. Particle Filter and Resampling

1 [ (D-s R M -T, )2j
w, = exp| -
\/272'Q 20
nSMC
W, =w, / ZW‘;
i=1
[x,.w, 1=
SIR _ Particle _Filter ({x, ,,w ;71}1\1,% );
7.  Estimate  Parameters and Error Distance

Calculation

N

i i

Xk = z :W TR
i=1

dist = i"d,. -s(x ).R(x).m,-T(x )”

8. If(Avg dist < Thrs_Avg and Max_dist < Thrs_max)
or the maximum iteration;
else return to (3).

A ) AN () A

Return R ,T ,s ,w" ,dist"”
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Fig.5 The proposed PF-ICP matching algorithm chart

4 Experiments and results

In this section, the capabilities of the proposed method to
reach the global optimum value of the ICP parameters are
shown by using three models with complexity and highly
symmetrical spatial. Under different conditions, the PF-ICP
algorithm determines the optimal matching parameters. The
first model dataset consisted of three-dimensional continuous
data strings, and the other model contained a three- dimen-
sional data surface and model-3 as real 3D scan. The use
of the synthetic model examples provides the possibility to
artificially the maximum symmetry creation. These examples
ensure the performance of the algorithm in complex condi-
tions and obtain the necessary assurance for implementation
and utilization steps.

The PF-ICP algorithm was implemented on an
XC6SLX45-2FGG484C FPGA, which is employed in labo-
ratory medical-surgery robots, in Fig. 6. The model map was
recorded in the FPGA, and the scanned data was generated
or simulated by MATLAB and then inputted with a PC USB
port. The FPGA board executed the matching algorithm to
compensation positioning error and the result sent back to
the PC.

As shown in Fig. 7, model-1 datasets are contained con-
tinuous data strings in three-dimensional space, and the
performance of the presented algorithm is evaluated for
sequence strings of data sample matching. In this model, the
string of samples is considered similar to a spiral because the
traditional ICP algorithms suffer from the local minimum in
the objective function minimizing these shape types and do
not obtain the correct answer that is discussed.

@ Springer
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Fig.6 The implemented algorithm on the lab surgery robot FPGA board
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Fig.8 The MSD value of the distance function related to the ICP algo-
rithm output of model-1
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Fig. 9 The absolute of distance between the origin model-1 and its devi-
ated point sets scan-1 respect to the percent of parameters standard
deviation(o), Form1: The parameters ¢, T are drifted, Form2: The
parameters ¥, ¢, Ty, Form3: The i They are drifted

The following are the results of a study of the model-1
matching, instead of converging toward the optimal param-
eters and an error function of less than 0.001, the traditional
ICP algorithm fluctuated and failed to find the overall mini-
mum (Fig. 8).

To further explain this matter and investigate how to form
a local minimum, a geometric distance function is drawn
based on different drift values of the spatial transformation
parameters. In model-1, the distance function is drawn for
the deviation of the Z-axis rotation ¢, Tz spatial transfor-
mation parameters, form-1 in Fig. 9. Also, in Fig. 9 form-3,
the objective function of the matching error exhibits similar
behaviour for the various drifts of the Y parameters.

As shown, the local minimum is created at some points,
which most optimization methods, such as gradient descent-
based methods, mistakenly present these points as the solu-
tion to the problem, whereas the correct answer is far away
from it. With the same aim and similarly, if the data of scan-1
is regenerated with several known values of the transforma-
tion parameters, then the traditional ICP method is applied to
match the scan and the model. The value of the real distance
between the matched datasets and the main model datasets
are plotted in terms of input transformation parameter drift
values, in Fig. 10.

As shown in Fig. 10, owing to the complexity and geomet-
ric symmetry of the model data, the ICP algorithm cannot
calculate the values of the transformation parameters cor-
rectly and the MSE of the spatial distance is not less than
the threshold of acceptable error value. Note that this case
study uses the same points for the model set and the scan set;
then, correct matching occurs when the distance function
or error is zero. Therefore, when the error is not zero, the
ICP algorithm is placed at local minimum and the estimated
parameters values are incorrect.

The Err of the ICP Output for Deviation1

: JL“ H W =

10 400 S0

Zero Error and Compelete mat

The MSE of ICP

Near to Zero and Local minima
Not correctly matching

[ Ll led X
| 1728 TN
0 ) 100 200

150

The Err of the ICP for Deviation2

of IcP

Near to Zero and Local minimi
Not correctly matching

The MSE

Zero Error and Compelete mat

Fig. 10 The MSE of ICP matching algorithm that it is applied for the
three deviation of Fig. 7 for the model-1, respect to percent of parameters
standard deviation

Z AXIS

X AXIS

Fig. 11 The model-2 datasets, the 3D mesh of surfaces;

In the other study model, that applicable in geophysics,
geomagnetic studies and earth geometry, the model dataset
is the 3D mesh of surfaces. Owing to existing symmetries and
local similarities, if the proper initial values are not used, the
traditional ICP algorithms will make a mistake in the distance
function minimization and will have a local minimum and
wrong results will be obtained (Fig. 11).

For model-2, the behaviour of the absolute distance func-
tion and the performance of the ICP algorithm can be
investigated against different drifts of displacements and
rotations (Fig. 12).

As shown, owing to the complexity and geometric symme-
try in the model-2, the ICP algorithm can only calculate the
values of the transformation parameters in narrow range of
parameter deviations, and it is often placed in the local min-
imum where the distance value is very close to the global
minimum value.

According to these explanations, the presented PF-ICP
method was implemented for these two models and its results
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Fig. 12 The absolute of distance between the origin model-2 and its
deviated point sets scan-2 respect to the percent of parameters standard
deviation(o), Thin Line: The parameters ’.0 are drifted, Think Line: The
6.1.s parameters are drifted
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Fig. 13 The MSE of ICP matching algorithm that is applied for the
two deviation (the drifted model-2), respect to percent of parameters
standard deviation (o)

were compared with those of the two improved ICP meth-
ods. We use these algorithm as state-of-the-art and reliable
method in our research studies of shape matching. These
ICP methods were improved with Welsch’s robust criterion
functions [43, 44] and Cauchy’s function [43] and [45] by
Bergstrom. In addition, to further evaluate the performance of
the proposed method under different conditions, the proposed
algorithm was implemented separately under thin-scanted
and noisy measurement data conditions.

The scanned datasets of the models are shown in Fig. 13,
and the values of the rotation, translate, and scale parameters
related to the spatial transformation were chosen according
to the covariance values of the ICP parameters in such a way
that the condition of being in the local minimum exists. These
parameters values are (Table 1; Fig. 14):
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Table 1 The value of transformation parameters

Translate [Ty, Ty, T,] Rotation(deg.) Scale
[p, 0, ¥]
Scan-1 [—0.9928, — 0.5570, [— 29.4659, — 0.7143
— 0.4844] 18.6011, —
29.4659]
Scan-2 [—2.2487, — 1.6495, [5.2258, — 0.8333
—3.3125] 16.4071, —
17.9510]
¢ A_é«//
,// P )
-

Fig. 14 The 3D scan and the 3D model-1

The following results of the present PF-ICP method and
two other improved ICP methods for the matching parame-
ters are provided.

As shown in Table 2, the initial values and variance values
of the parameters have been calculated for two clustering k
= 10, k = 100. The results are very satisfactory. The esti-
mated initial values are very close to the target value, and the
maximum difference and the largest variance are around the
z-axis, because the maximum symmetry is around this axis.

The calculated values of the variances are also smaller than
the Hessian method values, which provide better conditions
for the filtering stage. Also, as we expected, the actual values
of the parameters are in the range of one sigma around the
estimated initial value.

In Table 3, as in the previous table, the values of clustering
k = 100 have acceptable answers and close to target values. In
addition, as we expected, the actual values of the parameters
are in the range of one sigma around the estimated initial
value. The calculated variance values are smaller compared
to the Hessian method values, too.

Table 4 presents and compares the three different algo-
rithms results for model-1 and scan-1 matching. Also, in
the last column, the results of the proposed PF-ICP algo-
rithm have been compared with the results of two variants
of ICP and shown that the matching performance is better
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Table 2 The result of the ICP initialization algorithm and covariance approximation, model-1

Model-1

Hessian covariance

Clustering with k = 10

Clustering with k = 100 Calculated variance with k = 100

vs Hessian covariance ratio

ICP parameter Average value Variance Average value Variance

¢ (deg) 1.745 — 28.596 5.652 —29.343 1.410 0.81
0 (deg) 2.342 —16.789 5.5717 — 18.735 1.456 0.62
¥ (deg) 17.45 —31.168 36.67 —26.103 17.05 0.97
tx 0.335 —0.8370 0.409 —0.7717 0.389 1.16
ty 0.733 —0.4091 0.560 —0.5091 0.537 0.73
1z 0.055 —0.4803 0.116 —0.4835 0.030 0.54
scale 0.032 0.7191 0.022 0.7124 0.011 0.34

Table 3 The result of the ICP initialization algorithm and covariance approximation, model-2

Model-2 Hessian covariance Clustering with k = 10 Clustering with k = 100 Calculated variance with k = 100
vs Hessian covariance RATIO

ICP parameter Average value Variance Average value Variance

p(deg) 8.431 — 37.060 83.27 — 11.463 7.175 0.85

0 (deg) 2.873 —6.703 23.02 —-9.770 2.59 0.90

Y(deg) 24.62 — 63.950 80.95 — 56.325 22.31 0.90

tx 2.441 —0.3835 2.17 — 1.055 2.09 0.85

ty 0.332 — 1.6788 0.33 — 1.69%4 0.29 0.87

tz 2.754 — 1.3646 3.02 — 2.005 2.54 0.92

scale 0.025 0.8327 0.02 0.8320 0.02 0.99

Table 4 The result of the proposed PF-ICP algorithm and modified ICP based on Welsch function and Cauchy function method for scanned data

of model-1
Model-1 Proposed PF-ICP Modified ICP based on Modified ICP based on True PF-ICP performance vs.
ICP initiated with K = 100 Welsch function Cauchy function value two variants ICP
parameter gj;?:j::ss and n =50
@(deg) —29.473 —29.49 —29.49 —29.47 Same
6(deg) — 18.624 — 18.71 —18.71 — 18.61 Better
Y(deg) —30.176 7.85 8.05 —29.47 Very better
tx —0.9818 —0.438 — 0435 —-0.993  Very better
ty —0.5133 —1.035 —1.04 —0.557 Very better
1z — 0.4865 — 0472 — 0472 —0.484  Better
scale 0.7144 0.714 0.714 0.714 Same
MSD error 0.00313 0.0180 0.0190
No of 50 50 50
iteration

and it much better estimated three parameters. In Table 5,
the results of two variants ICP algorithms and the PF-ICP
for model-2 and scan-2 are presented and compared. Also,
in the last column, the results of the proposed algorithm have
been compared with the results of two types of ICP algorithm
and shown that it better estimated four parameters.

In the previous methods, the distance function approaches
the nearest local minimum point and reaches a local min-
imum in less number of iterations, and based on that, it
presents the ICP parameters that are far from their correct val-
ues. The presented PF-ICP method performs more iterations
and spends more computations and achieves a much lower
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Table 5 The result of the proposed PF-ICP algorithm and modified ICP based on Welsch function and Cauchy function method for scanned data

of model-2
Model-2 Proposed PF-ICP Modified ICP based on Modified ICP based on True value PF-ICP performance vs.
ICP initiated with K = 10 Welsch function Cauchy function modified ICP
parameter Clugters and n = 50
particles
o(deg) 5.27 4.59 5.58 5.23 Better
6(deg) —16.51 — 1391 —16.37 — 16.41 Better
W (deg) —17.36 — 17.55 —17.44 —17.95 Same
tx —2.195 — 2.848 —2.195 —2.249 Same
ty —1.643 — 1.967 —1.628 — 1.649 Better
tz —3.353 —3.751 —3.337 —3.312 Better
scale 0.829 0.837 0.831 0.833 Same
MSD error 1.144 x 1073 0.0199 0.0202
No of 50 50 50
iteration
x102 than 0.01). In Fig. 16, the graphical results of PF-ICP algo-
rithm and two other variants of ICP algorithm are compared.
b | The proposed _ PF-ICP The effectiveness of the proposed PF-ICP algorithm, correct
1414 e matching, and its accurate performance are shown
5 1 The Cauchy ICP g, p .
5 1211 The Local Minima & Permanent
o LY R Error of Welsh/Cauch . . .
e M\ o soy-ons: 4.1 Experiment with noisy measurement data
% 08} Symetrical Spatial
2 \
< . . .
206} | Owing to the presence of noise in the measurement sensors,
. oat tX there is often an uncertainty in the scan data. To better eval-
a2l St g uate the performance of the PF-ICP algorithm, noise with
. ke P 9 4\ o . . . . .
o 1 ‘) N‘f“' s i pokeviages) stochastic uniform distribution and between the (0, 0.1) range
0 5 10 15 20 25 30 35 40 45 50

The Number of Iterations

Fig. 15 The value of error function of model-2 for each iteration. a The
proposed PF-ICP b Modified ICP- Welsch function ¢ Modified ICP
Cauchy function

value of the distance function, which includes the global min-
imum.

Finally, the parameter values are more correctly and close
to the target values are obtained, than the previous methods.
The value of error function of model-2 for PF-ICP algorithm
and two other variants of ICP algorithm is shown in Fig. 15.

According to the mentioned reference [46], the variance
of the importance sampler should converge at a rate of about
1/+/50. It reaches an error of less than 0.01 after about 40
iterations. However, since the ICP algorithm is executed in
each iteration and the variance of the parameters and the
area of the particles propagation can change based on the
spatial environment symmetry, and the number of iterations
increased to about 50.

The CPU execution times of the seven execution for pre-
sented examples are between 96 and 124 min with Intel
Corei3 5Gen CPU and reach to acceptable accuracy (less
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was added to the scan data, as shown in Fig. 17, and the results
obtained for the transformation parameters are given below
and compared with sparse ICP method [9]. The Sparse ICP
is proposed to dealing with outliers and incomplete data and
to solve the sensitivity of registration to outliers and missing
data often observed in 3D scans (Tables 6 and 7).

When the measurement noise is considered for scanned
data, the average error increases, which is an acceptable
value. In the last column, the absolute errors between ICP
parameters and true value are indicated. As shown, the esti-
mated parameter absolute errors are in acceptable range and
this indicates the high capability of the presented algorithm in
noisy conditions. Therefore, in this sparse condition, the total
MSD distance function remains around 0.035, which could
not be achieved with the previous ICP matching algorithm in
non-sparse condition.

4.2 Thin measurement datasets 3D scan real
experiment

The scanned data as the available data for the model under
consideration often do not have the same density and com-
pression in all regions, and even in some places, the amount
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Fig. 17 The noisy scanned data points for model-1: (a) PF-ICP matching algorithm (b) Spars ICP matching algorithm
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Table 6 The result of the PF-ICP algorithm for noisy scanned data of model-1

Model-1 ICP parameters Proposed PF-ICP initiated with K = Sparse ICP True value PF-ICP performance vs. sparse
100 clusters and estimated with n = algorithm
50 particles

p(deg) — 28.938 —112 —29.47

6(deg) — 19.024 —16.8 — 18.61

Y(deg) — 30.061 —64 —29.47 Very better

tx — 0.9381 —0.955 —0.993

ty —0.5313 —0.535 —0.557

154 — 0.4685 — 0471 —0.484

scale 0.7151 0.715 0.714

Total MSD distance 0.03586 0.1187

function

No of iteration 50 50

Table 7 The result of the PF-ICP algorithm for thin scanned data of model-3

Model-3 ICP parameters Proposed PF-ICP initiated with ~ EM-ICP algorithm with True value PF-ICP performance vs.
K = 200 clusters and estimated ~ variance 0.1 mm EM-ICP
with n = 80 particles

@(deg) 5.827 7.13 523 Better

0(deg) — 1591 — 148 —16.41 Better

Y (deg) —19.16 11.75 —17.95 Very better

tx —2.192 —2.297 —2.249 Same

ty —1.594 — 1.558 — 1.649 Same

tz —3.283 —3.056 —3.312 Better

scale 0.837 0.841 0.833 Same

Total MSD Distance 5314 x 1073 0.0845

Function
No of Iteration 100 100

of given and available data is minimal and the database distri-
bution is thin. This phenomenon causes a local minimum for
the objective distance function such that low-density points
lose their effect on the distance function. In the traditional
ICP algorithm, the transformation parameters values are mis-
calculated. The presented PF-ICP algorithm can estimate the
transformation parameters related to the global minimain this
condition with acceptable accuracy. In this experiment, the
symmetric bottle is defined as real model-3, in Fig. 18. The
result is compared with the EM-ICP method [16]. The EM-
ICP uses the likelihood, the EM (expectation—maximization)
algorithm and rigid-body transformations used for large data
registration with better computation time and a little care-
lessness toward finding the best matching and reaching to
the global minimum with respect to considered variance.
Therefore, in cases, that there is large data and the accu-
racy is negligible; the EM-ICP method is used due to less
processing time. In addition, in cases with high symmetry
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Fig. 18 Real 3D scan of symmetrical model

and the presence of a complex local minimum in the dis-
tance function, the accuracy and correctness of the PF-ICP
method is better and more reliable (Fig. 19).
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(b)

Fig. 19 Thin measurement datasets of real experiment 3D scan. a Model
data and scanned data b PF-ICP Matching algorithm ¢ EM- ICP match-
ing algorithm (model is blue, and scan is red)

5 Conclusion

The proposed PF-ICP algorithm is used for computer vision
computational geometry, medical robotics positioning, and
other intelligent applications. It fuses the ICP algorithm and

the particle filter for fine 3D model matching with local min-
imum and uncertainty conditions, which leads to overcome
the weak performance, such as a narrow convergence region,
incorrect correspondence, and instability.

In this method, the initial values and covariance approxi-
mation of the ICP parameters were determined using k-means
clustering. Then, the particle filter algorithm implemented to
obtain the global minimum of the ICP distance function and
accurate values of the registration parameters in the presence
of complicated local minima and symmetrical geometry and
nonlinear conditions. The experimental results of improved
PF-ICP matching algorithm show that the PF-ICP yields con-
vergence reliability and correct correspondence. In addition,
the presented algorithm performed with insufficient avail-
able and sparse measurement data and measurement noise
with acceptable accuracy. The performance of the PF-ICP
method has been evaluated and proven by comparison with
four modified ICP methods.
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