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Abstract—In this paper a system for the detection and 

research of archaeological sites using on machine learning 
methods, mapping methods and geophysics methods is presented. 
The development of an information system for remote 
archaeological research allows, on the one hand, to solve the most 
important problem of archaeological science, related to the 
preservation of cultural heritage, and on the other hand, to 
reduce the duration of the archaeological examination procedure 
conducted before the industrial development of the territory. In 
this paper the method for registering 3D data based on ICP 
(Iterative Closest Points) based on fusion of visual and semantic 
characteristics of an archaeological site for a class of orthogonal 
transformations was proposed. Computer modeling of the 
proposed 3d registration method was carried out using a 
collection of data from archaeological sites of the Bronze Age of 
the Southern Trans-Urals. When performing computer 
modeling, methods for solving the variational ICP problem were 
considered, using various options for minimizing the functional: 
the point-to-point metric with and without extrapolation, using 
the point-to-plane metric. A comparative analysis with various 
options for minimizing the functional was carried out, the results 
of computer simulation were presented and discussed. 

Keywords—3d registration task, iterative closest points, 
tacheometric survey result 

I. INTRODUCTION 
In archeology, decoding of an archaeological site is often 

carried out on the basis of 3D relief models obtained from 
different viewing points. So, there is a need to solve the 
problem of reconstruction of archaeological monuments [1-4]. 
Nowdays methodologies for 3d relief terrain reconstruction can 
be subdivided into three group using the modeling purpose 
factor: geometry modeling (based on polygonal-structured 
model), semantic modeling, topological modeling [5].  

Group 1. Geometric modeling. Among the science papers 
of the first group, the works of Horna et al. [6] and Lee et al. 
[7] should be mentioned. Li et al. [8] suggested an efficient 3d 
reconstruction approach from plans of archeaological sites to 
based on 3d matching and classification methods. Due to the 
rapid development of laser scanning sensors, photogrammetric 

methods and data recording methods have become widespread 
for visualization of 3d space, while existing methods for 
solving the problem can be divided into methods for extracting 
structural elements: least square-based methods [9], normal 
analysis methods [10], methods based on random sample 
consensus [11] and methods for spatial decomposition and 
reconstruction [12]. In the space 3d reconstruction methods the 
detail information of indoor structure of archaeological site is 
used to achieve a more robust 3d registration  result. For 
example, in paper [13] method based on a graph cut-based 
labeling was presented for reconstructing structural elements of 
indoor space. 

Group 2. Semantic Modeling. In case the semantic 
modeling the main focuses is diricted on semantic labeling, 
which is associated with taking into account the belonging of 
the object to the class of the subject area, unlike geometric 
modeling, which does not take into account the semantic 
characteristics of the environment. Semantic Modeling show 
good results for 3d  reconstruction of semantically rich. Among 
the science papers of the second group Conditional random 
fields  based model [14], a patch descriptor using contextual 
information and Markov random field model [15] should be 
mentioned.  

Most promising concept using fusion depth information (D-
I) and features of super-pixels (F-I) is presented [16]. In this 
concept  D-I is used to optimize image segmentation 
processing and F-I for automatic classification based on the 
SVM-classifier and RF (random forest). In recent years various 
CNN (Convolution Neural Network)-based architectures for 
semantic segmentation and classifications have been suggested 
to get high-rate semantic characteristics of the environment. 
[17-19].  

Group 3.  Topological modeling. The existing methods of 
the first group can be devided into three subgroups: subdivision 
method models [20], grid models [21-22], and hybrid models 
[23-25]. In paper [21] authors use CNN and Bayesian approach 
to get high-rate data from a grid map for generating a 
topological map based on a Voronoi diagram.  In paper [25] a 
semantic and topological information was extracted using 
occupancy grid mapping algorithm and then represented into a 
semantic node-relation graph. 
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One of the state of the art well solution in class of 
Geometric modeling is the Iterative Closest Point (ICP) 
algorithm [26] and its variants [27]. In this paper we suggest 
originally 3d registration algorithm Fusion ICP (F-ICP), which 
allows to reconstruct of an archaeological sites in the form of a 
point cloud for a group of ortogonal transformations based on 
solving the ICP variational problem in closed form using the 
point-to-point metric, singular points and semantic 
characteristics of an archaeological sites.   

The F-ICP method improves the quality of work of two key 
steps of the ICP method: determining the corresponding points 
between a pair of three-dimensional point clouds and solving 
the variational problem, differs from the known versions of the 
ICP method in that:  

• it allows you to solve the problem of the dependence of 
the result of solving the variational problem on the 
correct choice of initial values; 

•  allows you to obtain better convergence and accuracy 
in comparison with other combined versions of the ICP 
algorithm, which are based on the joint solution of the 
variational ICP problem and use the fusion of data on 
the color and depth of the RGB-D frame. 

In this work, only large objects inside archaeological sites 
are considered, such as contours and details of external and 
internal architectural structures of ancient settlements, religious 
monuments, sites, burial mounds and ground burial grounds, 
sanctuaries, megaliths, dolmens and ancient mines. 

This article is organized as follows: in the second section, 
the variational problem of the F-ICP for ortogonal 
transformations is given, in the third section  an accurated 
fusion  ICP algorithm for ortogonal transformation is 
presented, in the fourth section, the obtained results of 
computer modeling were presented and discussed. 

II. VARIATIONAL PROBLEM OF THE F-ICP FOR 
ORTOGONAL TRANSFORMATIONS  

Consider the variational problem of the F-ICP using a 
point-to-point metric for ortogonal transformations [28]. Let's 
denote by X={x1,…,xn} the 3d data about the source RGB-D 
frame and by Y={y1,…,ym} the data about the target RGB-D 
frame in ℝ3. Let the relationship between points in frames X 
and Y be such that for each point in xi, the corresponding point 
in yi can be calculated. Let S(Y) be a surface constructed from 
a cloud of points Y, 𝑇𝑇(𝑦𝑦𝑗𝑗) is the tangent plane to S(Y) at the 
point 𝑦𝑦𝑗𝑗 . 

Let's imagine the functional J(V,D) as a function: 

       𝐽𝐽(𝑉𝑉,𝐷𝐷) = α 1
W

1
|Af|

∑ wi�〈𝑉𝑉 ∗ 𝐹𝐹𝑥𝑥𝑖𝑖 − 𝐹𝐹𝑦𝑦𝑖𝑖𝑛𝑛𝑖𝑖〉�
2𝑛𝑛

𝑖𝑖=1 + 

           +(1 − α) 1
W

1
|Ad|

∑ wi(〈𝐷𝐷 ∗ 𝑥𝑥𝑖𝑖 − 𝑦𝑦𝑖𝑖𝑛𝑛𝑖𝑖〉)2𝑛𝑛
𝑖𝑖=1  

(1) 

where 𝐹𝐹𝑥𝑥𝑖𝑖 and 𝐹𝐹𝑦𝑦𝑖𝑖  are singular points; V is transformation 
matrices for singular points, D is rotation matrice for depth 
data; α,W are weighting coefficients, selected empirically, α is 
hyperparameter, the value equal to 0.3 is used in the work; wi  

and wj  are weighting coefficients that reflect the semantic 
properties of objects on a 3d scene; Af a set which contains the 
correspondences between features points; Ad, a set which 
contains the correspondences  between points 𝑥𝑥𝑗𝑗 and 𝑦𝑦𝑗𝑗 in 𝑋𝑋 
and 𝑌𝑌; 𝑛𝑛𝑖𝑖 – Hilber normal to 𝑇𝑇(𝑦𝑦𝑗𝑗). 

Let's denote 𝜂𝜂1 = α 1
W

1
|Af|

 and 𝜂𝜂2 = (1 − α) 1
W

1
|Ad|

, then 
we can present the equation (1) as 

〈𝐹𝐹𝑦𝑦𝑖𝑖 ,𝑛𝑛𝑖𝑖〉 = const and 〈𝑦𝑦𝑖𝑖 ,𝑛𝑛𝑖𝑖〉=const relative to V and D 

respectively, so 

Next, let us denote by (X𝑁𝑁) and (FXN) the following 
matrices, respectively: 

     (𝑋𝑋𝑋𝑋)𝑖𝑖 = 𝑥𝑥𝑖𝑖𝑛𝑛𝑖𝑖 ,   (4) 

 (𝐹𝐹𝐹𝐹𝐹𝐹)𝑖𝑖 = 𝐹𝐹𝑥𝑥𝑖𝑖𝑛𝑛𝑖𝑖   (5) 

Notice, that: 

    〈𝑉𝑉𝐹𝐹𝑥𝑥𝑖𝑖 ,𝑛𝑛𝑖𝑖〉 = 𝑡𝑡𝑡𝑡(𝑉𝑉 ∙ (𝐹𝐹𝐹𝐹𝐹𝐹)𝑖𝑖),  (6) 

 〈𝐷𝐷𝑥𝑥𝑖𝑖 ,𝑛𝑛𝑖𝑖〉 = 𝑡𝑡𝑡𝑡(𝐷𝐷 ∙ (𝑋𝑋𝑋𝑋)𝑖𝑖).   (7) 

where Tr is the trace of the matrix. 

Thefore, we can rewrite equation (3) as 

  ∑ 𝑡𝑡𝑡𝑡 �𝐷𝐷 ∙ �𝑛𝑛𝑗𝑗𝑋𝑋𝑋𝑋�
𝑖𝑖�𝑛𝑛

𝑖𝑖=1 = 𝑡𝑡𝑟𝑟 �𝐷𝐷 �∑ �𝑛𝑛𝑗𝑗𝑋𝑋𝑋𝑋�
𝑖𝑖𝑛𝑛

𝑖𝑖=1 ��=𝛼𝛼𝑗𝑗  (8) 

𝐽𝐽(𝑉𝑉,𝐷𝐷) = 𝜂𝜂1�wi�〈𝑉𝑉𝐹𝐹𝑥𝑥𝑖𝑖 − 𝐹𝐹𝑦𝑦𝑖𝑖𝑛𝑛𝑖𝑖〉�
2

𝑛𝑛

𝑖𝑖=1

+ 

+𝜂𝜂2�wi(〈𝐷𝐷𝑥𝑥𝑖𝑖 − 𝑦𝑦𝑖𝑖 ,𝑛𝑛𝑖𝑖〉)2 =
𝑛𝑛

𝑖𝑖=1

 

= 𝜂𝜂1�wi�〈𝑉𝑉𝐹𝐹𝑥𝑥𝑖𝑖 ,𝑛𝑛𝑖𝑖〉 〈𝐹𝐹𝑦𝑦𝑖𝑖 ,𝑛𝑛𝑖𝑖〉�
2  +

𝑛𝑛

𝑖𝑖=1

  

+ 𝜂𝜂2�wi(〈𝐷𝐷𝐷𝐷𝑖𝑖,𝑛𝑛𝑖𝑖〉 − 〈𝑦𝑦𝑖𝑖 ,𝑛𝑛𝑖𝑖〉)2 =
𝑛𝑛

𝑖𝑖=1

 

= 𝜂𝜂1�(〈𝑉𝑉𝐹𝐹𝑥𝑥𝑖𝑖 ,𝑛𝑛𝑖𝑖〉)2 − 2〈𝑉𝑉𝐹𝐹𝑥𝑥𝑖𝑖 ,𝑛𝑛𝑖𝑖〉〈𝐹𝐹𝑦𝑦𝑖𝑖 ,𝑛𝑛𝑖𝑖〉 + �〈𝐹𝐹𝑦𝑦𝑖𝑖 ,𝑛𝑛𝑖𝑖〉�
2

𝑛𝑛

𝑖𝑖=1

+ 𝜂𝜂2� (〈𝐷𝐷𝑥𝑥𝑖𝑖 ,𝑛𝑛𝑖𝑖〉)2 − 2〈𝐷𝐷𝑥𝑥𝑖𝑖 ,𝑛𝑛𝑖𝑖〉〈𝑦𝑦𝑖𝑖 ,𝑛𝑛𝑖𝑖〉 + (〈𝑦𝑦𝑖𝑖 ,𝑛𝑛𝑖𝑖〉)2
𝑛𝑛

𝑖𝑖=1

 

(2) 

𝜂𝜂1�(〈𝑉𝑉𝐹𝐹𝑥𝑥𝑖𝑖 ,𝑛𝑛𝑖𝑖〉)2 − 2〈𝑉𝑉𝐹𝐹𝑥𝑥𝑖𝑖 ,𝑛𝑛𝑖𝑖〉〈𝐹𝐹𝑦𝑦𝑖𝑖 ,𝑛𝑛𝑖𝑖〉 +
𝑛𝑛

𝑖𝑖=1

 

      +𝜂𝜂2�(〈𝐷𝐷𝑥𝑥𝑖𝑖 ,𝑛𝑛𝑖𝑖〉)2 − 2〈𝐷𝐷𝑥𝑥𝑖𝑖 ,𝑛𝑛𝑖𝑖〉〈𝑦𝑦𝑖𝑖 ,𝑛𝑛𝑖𝑖〉
𝑛𝑛

𝑖𝑖=1

⟶ 𝑚𝑚𝑚𝑚𝑚𝑚
𝑉𝑉,𝐷𝐷   

(3) 
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  ∑ 𝑡𝑡𝑡𝑡 �𝑉𝑉 ∙ �𝑛𝑛𝑗𝑗𝐹𝐹𝐹𝐹𝐹𝐹�
𝑖𝑖�𝑛𝑛

𝑖𝑖=1 = 𝑡𝑡𝑡𝑡 �𝑉𝑉 �∑ �𝑛𝑛𝑗𝑗𝐹𝐹𝐹𝐹𝐹𝐹�
𝑖𝑖𝑛𝑛

𝑖𝑖=1 ��=𝛽𝛽𝑗𝑗 (9) 

Next, let us denote by (𝑛𝑛𝑗𝑗X𝑁𝑁) and (𝑛𝑛𝑗𝑗FX𝑁𝑁) the following 
matrices, respectively: 

    �𝑛𝑛𝑗𝑗𝑋𝑋𝑁𝑁�
𝑖𝑖 = 𝑛𝑛𝑗𝑗𝑖𝑖(𝑋𝑋𝑋𝑋)𝑖𝑖   (10) 

 �𝑛𝑛𝑗𝑗𝐹𝐹𝐹𝐹𝐹𝐹�
𝑖𝑖 = 𝑛𝑛𝑗𝑗𝑖𝑖(𝐹𝐹𝐹𝐹𝐹𝐹)𝑖𝑖    (11) 

Notice, that: 

  𝑛𝑛𝑗𝑗𝑖𝑖𝑡𝑡𝑡𝑡(𝐷𝐷 ∙ (𝑋𝑋𝑋𝑋)𝑖𝑖) = 𝑡𝑡𝑡𝑡 �𝐷𝐷 ∙ �𝑛𝑛𝑗𝑗𝑋𝑋𝑋𝑋�
𝑖𝑖�  (12) 

    𝑛𝑛𝑗𝑗𝑖𝑖𝑡𝑡𝑡𝑡(𝑉𝑉 ∙ (𝐹𝐹𝐹𝐹𝐹𝐹)𝑖𝑖) = 𝑡𝑡𝑡𝑡 �𝑉𝑉 ∙ �𝑛𝑛𝑗𝑗𝐹𝐹𝐹𝐹𝐹𝐹�
𝑖𝑖�.  (13) 

Let's denote by 𝑆𝑆𝑆𝑆𝑗𝑗 и 𝑆𝑆𝑆𝑆𝑗𝑗 𝑗𝑗 = 1,2,3 the following matrices 

 ∑ �𝑛𝑛𝑗𝑗𝑋𝑋𝑋𝑋�
𝑖𝑖𝑛𝑛

𝑖𝑖=1 = 𝑆𝑆𝑆𝑆𝑗𝑗, ∑ �𝑛𝑛𝑗𝑗𝐹𝐹𝐹𝐹𝐹𝐹�
𝑖𝑖𝑛𝑛

𝑖𝑖=1 = 𝑆𝑆𝑆𝑆𝑗𝑗 (14) 

 Using definitions (14), we rewrite equations (8) and (9) as 

 𝑡𝑡𝑡𝑡(𝐷𝐷 ∙ 𝑆𝑆𝑆𝑆𝑗𝑗) = 𝛼𝛼𝑗𝑗   𝑡𝑡𝑡𝑡(𝑉𝑉 ∙ 𝑆𝑆𝑆𝑆𝑗𝑗) = 𝛽𝛽𝑗𝑗   (15) 

Then we find the partial derivatives of the functional 
J(RD) with respect to 𝑟𝑟𝑖𝑖𝑖𝑖 ,𝑓𝑓𝑖𝑖𝑖𝑖 , 𝑖𝑖, 𝑗𝑗 = 1,2,3 

 ∑ 〈𝐷𝐷𝑥𝑥𝑘𝑘,𝑛𝑛𝑘𝑘〉𝑥𝑥𝑗𝑗𝑘𝑘𝑛𝑛𝑖𝑖𝑘𝑘 − ∑ 𝑥𝑥𝑗𝑗𝑘𝑘𝑛𝑛𝑖𝑖𝑘𝑘〈𝑦𝑦𝑘𝑘,𝑛𝑛𝑘𝑘〉 = 0𝑛𝑛
𝑘𝑘=1

𝑛𝑛
𝑘𝑘=1   (16) 

 ∑ 〈𝑉𝑉𝐹𝐹𝑥𝑥𝑘𝑘,𝑛𝑛𝑘𝑘〉𝐹𝐹𝑗𝑗𝑗𝑗𝑘𝑘𝑛𝑛𝑖𝑖𝑘𝑘 − ∑ 𝐹𝐹𝑗𝑗𝑗𝑗𝑘𝑘𝑛𝑛𝑖𝑖𝑘𝑘〈𝐹𝐹𝑦𝑦𝑘𝑘,𝑛𝑛𝑘𝑘〉 = 0𝑛𝑛
𝑘𝑘=1

𝑛𝑛
𝑘𝑘=1    (17) 

∑ 𝐹𝐹𝑗𝑗𝑗𝑗𝑘𝑘𝑛𝑛𝑖𝑖𝑘𝑘〈𝐹𝐹𝑦𝑦𝑘𝑘,𝑛𝑛𝑘𝑘〉𝑛𝑛
𝑖𝑖=1  = const and ∑ 𝑥𝑥𝑗𝑗𝑘𝑘𝑛𝑛𝑖𝑖𝑘𝑘〈𝑦𝑦𝑘𝑘,𝑛𝑛𝑘𝑘〉𝑛𝑛

𝑘𝑘=1 =

 const relative to V and D respectively, so 

 ∑ 𝑥𝑥𝑗𝑗𝑘𝑘𝑛𝑛𝑖𝑖𝑘𝑘𝑡𝑡𝑡𝑡(𝐷𝐷 ∙ (𝑋𝑋𝑋𝑋)𝑘𝑘) = 𝛼𝛼𝑖𝑖𝑖𝑖𝑛𝑛
𝑘𝑘=1     (18) 

 ∑ 𝐹𝐹𝑗𝑗𝑗𝑗𝑘𝑘𝑛𝑛𝑖𝑖𝑘𝑘𝑡𝑡𝑡𝑡(𝑉𝑉 ∙ (𝐹𝐹𝐹𝐹𝐹𝐹)𝑘𝑘) = 𝛽𝛽𝑖𝑖𝑖𝑖𝑛𝑛
𝑘𝑘=1   (19) 

Next, let us denote by (𝑥𝑥𝑗𝑗𝑘𝑘𝑛𝑛𝑖𝑖𝑘𝑘𝑋𝑋𝑋𝑋𝑘𝑘) and (𝐹𝐹𝑗𝑗𝑗𝑗𝑘𝑘𝑛𝑛𝑖𝑖𝑘𝑘𝐹𝐹𝐹𝐹𝐹𝐹𝑘𝑘) the 
following matrices, respectively: 

   ∑ 𝑡𝑡𝑡𝑡 �𝐷𝐷 ∙ 𝑥𝑥𝑗𝑗𝑘𝑘𝑛𝑛𝑖𝑖𝑘𝑘𝑋𝑋𝑋𝑋𝑘𝑘� = 𝛼𝛼𝑖𝑖𝑖𝑖𝑛𝑛
𝑘𝑘=1    (20) 

  ∑ 𝑡𝑡𝑡𝑡 �𝑉𝑉 ∙ 𝐹𝐹𝑗𝑗𝑗𝑗𝑘𝑘𝑛𝑛𝑖𝑖𝑘𝑘𝐹𝐹𝑋𝑋𝑋𝑋𝑘𝑘� = 𝛽𝛽𝑖𝑖𝑖𝑖𝑛𝑛
𝑘𝑘=1    (21) 

Let's denote by 𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖 and 𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖 𝑗𝑗 = 1,2,3 the following 
matrices 

 ∑ 𝑥𝑥𝑗𝑗𝑘𝑘𝑛𝑛𝑖𝑖𝑘𝑘𝑋𝑋𝑋𝑋𝑘𝑘 = 𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑛𝑛
𝑘𝑘=1  and  ∑ 𝐹𝐹𝑗𝑗𝑘𝑘𝑛𝑛𝑖𝑖𝑘𝑘𝐹𝐹𝐹𝐹𝐹𝐹𝑘𝑘 = 𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑛𝑛

𝑘𝑘=1  (22) 

Using definitions (22), we rewrite equations (20) and (21) 
as 

 ∑ 𝑡𝑡𝑡𝑡 (𝐷𝐷 ∙ 𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖) = 𝛼𝛼𝑖𝑖𝑖𝑖𝑛𝑛
𝑘𝑘=1   (23) 

   ∑ 𝑡𝑡𝑡𝑡 (𝑉𝑉 ∙ 𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖) = 𝛽𝛽𝑖𝑖𝑖𝑖𝑛𝑛
𝑘𝑘=1    (24) 

Then a set of 24 linear equations of the form can be 
obtained with respect to 24 variables 𝑟𝑟𝑖𝑖𝑖𝑖 , 𝑓𝑓𝑖𝑖𝑖𝑖 , 𝑡𝑡𝑘𝑘,𝑏𝑏𝑘𝑘, i, j, k =
 1, … ,3:   

 

⎩
⎪
⎨

⎪
⎧ 𝑡𝑡𝑡𝑡(𝐷𝐷 ∙ 𝑆𝑆𝑆𝑆𝑗𝑗) = 𝛼𝛼𝑗𝑗   

𝑡𝑡𝑡𝑡(𝑉𝑉 ∙ 𝑆𝑆𝑆𝑆𝑗𝑗) = 𝛽𝛽𝑗𝑗
∑ 𝑡𝑡𝑡𝑡 (𝐷𝐷 ∙ 𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖) = 𝛼𝛼𝑖𝑖𝑖𝑖𝑛𝑛
𝑘𝑘=1
∑ 𝑡𝑡𝑡𝑡 (𝑉𝑉 ∙ 𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖) = 𝛽𝛽𝑖𝑖𝑖𝑖𝑛𝑛
𝑘𝑘=1

   (25) 

III. AN ACCURATED FUSION  ICP ALGORITHM FOR 
ORTOGONAL TRANSFORMATION  

The ICP method that uses the point-to-plane error metric 
for orthogonal transformations can be presented in the form of 
the following iterative procedure [27]: 

• Downsampling of the point cloud: preprocessing of data 
in one or both dense clouds of X and Y points in order 
to reduce the number of points in the analyzed data. 

• Point matching: establishing a correspondence between 
two points sets (X and Y). A k-d tree is used to 
determine the corresponding points.  

• Weighing of points pairs based on a strategy of 
assigning constant weights. In this paper a weight 
vector has been learned uising adaptive neighbors 
assigning process. 

• Eliminating outliers in the data (RANSAC method or 
analogue). 

• Selecting a classification quality metric for 
corresponding point pairs. In this paper we use the 
point-plane metric. 

• Projection of  a variety’s element of linear 
transformation matrices onto a subvariety of orthogonal 
matrices. 

• Key stage of the ICP algorithm: finding a solution to the 
variational problem using the metric chosen in step 5. 

Similar to the F-ICP registration problem for affine 
transformations [29, 30], we will look for a joint solution to the 
variational problem for orthogonal transformations for the 
special case when V=D=RT. Let Tkm be the geometric 
transformation value of the ICP algorithm based on the 
estimate obtained using the kinematic model of the sensor 
motion; kmax – stopping factor based on the maximum 
algorithm iterations number; ε – stopping factor based on the 
value of the minimization error E; RT* – the best (from the 
point of view of minimizing the distance) ortogonal 
transformation for the i-th step; δ – threshold value for inline 
points. Tkm is used as the initial geometric transformation value 
if there is not enough feature point information in the RGB-D 
frames in the images to obtain the appropriate geometric 
transformation. 

The detailed description of this algorithm consist of the 
following stages: 

Step 1. Compute histograms of directional gradients using 
the DL GNG descriptor for images in RGB-D frames.  
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Step 2. Perform a data matching algorithm based on DL 
GNG for a pair of sequential images containing sets of singular 
points 𝐹𝐹𝑥𝑥𝑖𝑖 and 𝐹𝐹𝑦𝑦𝑖𝑖. Obtain a solution to the variational problem 
of data registration for singular points using the point-plane 
metric in the form of a geometric transformation RT* and a set  
of singular points connections Af. 

Step 3. Check the condition: If |Af | < δ, то RT* =Tkm и Af 
=∅. Let's put i=1. 

Step 4. Determine the corresponding points Ad in the 
source and target point clouds using the kNN method. In this 
work we use the value k-5.  

Obtain the values of the weighting coefficients for each pair 
Af. The weight value is set based on the results of semantic 
marking of images in RGB-D frames. If a certain object in the 
3d scene hasn’t been assigned to one of the classes, then its 
default weight is set to that of the background object. 

Step 5.  Consider the gradient components with respect to 
the variables t and b (translation vectors) and и 𝑟𝑟𝑖𝑖𝑖𝑖 , 𝑓𝑓𝑖𝑖𝑖𝑖 (rotation 
matrices), respectively. Let us obtain the projection of an 
element of the variety of linear transformation matrices onto 
the subvariety of orthogonal matrices 𝐹𝐹𝑗𝑗𝑗𝑗𝑘𝑘𝑛𝑛𝑖𝑖𝑘𝑘𝐹𝐹𝑋𝑋𝑋𝑋𝑘𝑘, 𝑥𝑥𝑗𝑗𝑘𝑘𝑛𝑛𝑖𝑖𝑘𝑘𝑋𝑋𝑋𝑋𝑘𝑘 
и 𝑛𝑛𝑗𝑗𝑖𝑖𝑋𝑋𝑋𝑋, 𝑛𝑛𝑗𝑗𝑖𝑖𝐹𝐹𝐹𝐹𝐹𝐹. 

Step 6. Solve a fusion variational problem using point-
plane metric for a group of orthogonal transformations with 
respect to the transformation RT*, a set of connections 
between singular points Af, a set of connections between points 
in two points clouds Ad. 

Step 7. Check the condition: (E(RT*i) – E(RT* i+1) < ε) or 
(Iteration number > kmax). If the condition is not true, then you 
need to return to Step 4 and increase the iteration number value 
i=i+1. The geometric transformation obtained at this stage is 
saved to verify condition (7) at the next step. If the condition is 
true, then the final solution of the variational problem (RT* 
transformation) is obtained and iterations of the method are 
stopped. 

The iterative procedure will finish when the error E(RT*i) 
E(RT*i) no longer decreases significantly or the maximum 
iterations has been reached. Otherwise, the fusion variational 
problem ICP is solved with respect to the most recent 
transformation.  Step 5 has a high computational complexity, 
so in the general case solving the fusion ICP problem for affine 
transformations is a less expensive procedure then for 
ortogonal transformations. 

IV. COMPUTER SIMULATION 
In this section, the results of computer sumulation are 

presented and discussed. For computer simulation with a 
graphics processor based on Intel Core i7 was used. For tests 
we used a data collection of archaeological monuments in the 
Chelyabinsk region. This data collection was compiled for 
archaeological sites of the Bronze Age of the Southern Trans-
Urals [31]. The data sample contains: 2D data based on a 
collection of aerial photographs and Earth remote sensing data 
from the Sentinel-2, Landsat 4-9, Resurs-P, Kanopus-V 
satellites and 3d data in the form of tacheometric survey 
results, LiDAR depth scanners in the form of orthophotos and 

point clouds, as well as electrical survey results. The example 
3d model in form of tacheometric survey results for village 
Stepnoe was presented on Fig. 1, example of 2D data in form 
of aerial photograph for village Stepnoe was presented on Fig. 
2.  

 
Fig. 1. Tacheometric survey results for village Stepnoe. 

The signs of deciphering archaeological objects 
characteristic of Bronze Age monuments of the Southern 
Trans-Urals were defined based on the Archaeological Atlas of 
the Chelyabinsk Region (Kizilsky district), created by prof. 
Zdanovich G.B [31]. 

 
Fig. 2. Aerial photographs for village Stepnoe. 

Let's evaluate the accuracy and convergence of the 
proposed method using the example of an annotated collection 
of digital data on archaeological monuments of the Bronze Age 
of the Southern Trans-Urals.  In this paper the study of the 
accuracy and convergence of the proposed Fusion-ICP method 
for registering 3d data and state-of the art methods for 
registering 3d data based on the ICP method was conducted. 
Methods for solving the variational ICP problem were 
considered using various options for minimizing the functional: 
Horn's method based on point-to-plane using Unit Quaternions 
[32], Horn's method based on point-to-plane with Orthonormal 
Matrices extrapolation [33]. To conduct a comparative analysis 
of ICP registration methods in terms of accuracy, the root mean 
square error (RMSE) was used. Computer simulations were 
carried out controlled conditions (Fig.3) and under with 
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uncontrolled conditions in the presence of noise from matrix 
receivers (Fig.4). 

 
Fig. 3. Comparative analysis of registration methods in terms of convergence 
in controlled conditions (1- point-to-plane using Unit Quaternions; 2- point-
to-plane with  Orthonormal Matrices extrapolation; 3- algorithm F-ICP). 

 
Fig. 4. Comparative analysis of registration methods in terms of convergence 
in uncontrolled conditions (1- point-to-plane using Unit Quaternions; 2- point-
to-plane with Orthonormal Matrices extrapolation; 3 - algorithm F-ICP). 

The computational experiments have shown a significant 
increase in the accuracy of the F-ICP algorithm in controlled 
conditions. The F-ICP algorithm improves the quality of the 
work of two key steps of the ICP algorithm determining the 
corresponding points between a pair of  point clouds and 
solving the variational problem and differs from the state of art 
methods in that:  

• F-ICP algorithm allow solving the problem of the 
dependence of the result of solving the variational 
problem ICP on the correctness of the choice of initial 
values; 

•  F-ICP algorithm is used to register point clouds with 
arbitrary spatial resolution and scale relative to each 
other;  

• F-ICP algorithm accurate estimates for complex large-
scale archaeological sites. 

Under controlled conditions the F-ICP algorithm for 
registering point clouds has a convergence plot like to the 
convergence plot of the ICP algorithm using the point-to-point 
metric with extrapolation and under uncontrolled conditions 
the F-ICP algotithm converges 2 iterations later than the above 
data recording algorithms (Fig. 4), but at the same time shows 
better accuracy. 

Figure 5 shows the result of reconstruction in the form of a 
dense point cloud of an archaeological site in the area of the 
Stepnoye settlement using the proposed 3d data registration 
method. Figure 6 shows the result of decoding of the 
archaeological monument Stepnoye in the form settlement 
scheme. 

 
Fig. 5. Result of reconstruction of an archaeological site in the area of the 
Stepenoye. 

 
Fig. 6. The Stepnoye settlement scheme. 

V. CONCLUSIONS 
The paper presents the Fusion-ICP data registration 

algorithm using ortogonal transformations for reconstructing 
3d models of an archaeological sites. The paper proposes an 
accurate Fusion Iterative Closest Points algorithm (F-ICP) for 
registering for a group of ortogonal transformations to allow 
the reconstruction of an archaeological objects in the form of 
point cloud based on solving the ICP variational problem in a 
closed form using the point-to-plane metric. The proposed F-
ICP algorithm improves the quality of the work of two key 
steps of the ICP method: determining the corresponding points 
between a pair of point clouds and solving the variational 
problem. F-ICP algorithm accurate estimates for complex 
large-scale archaeological sites. The development of an  
information system for remote technology of non-destructive 
archaeological research allows, on the one hand, to solve the 
most important problem of archaeological science, related to 
the preservation of cultural heritage, and to increase the 
efficiency of identifying and protecting archaeological sites, 
and on the other hand, to reduce the duration of the 
archaeological examination procedure and to proceed to the 
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soonest involvement of the  southern part of the Chelyabinsk 
region in agricultural turnover and industrial development. The 
system will allow monitoring the changes of the state of 
archaeological sites in dynamics and fix signs of destruction 
based on satellite imagery data. 
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