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Abstract— The measurement of geometric deviations within 
large-size products is a challenging topic. One of the most 
applied technique compares the nominal product with the 
digitalization of real product obtained by a reverse engineering 
process. Digitalization of big geometric models is usually 
performed by means of multiple acquisitions from different 
scanning locations. Therefore, digitalization needs to correctly 
place the acquired point clouds in 3D digital environment. For 
this purpose, it is very important identifying the exact scanning 
location in order to correctly realign point clouds and generate 
an accurate 3D CAD model.   

The present paper faces the locating problem of a handling 
device for reverse engineering scanning systems. It proposes a 
locating method by using sensor data fusion based on Kalman 
filter, implemented in Matlab environment by using a low-cost 
equipment. 

Keywords— Kalman filter, Position measurement, Product 
design, Prototypes, Reverse Engineering, Sensor data fusion. 

I. INTRODUCTION  

Reverse engineering (RE) of geometric models [1] has 
become increasingly relevant in many fields, such as, 
architectural [2], archaeology and cultural heritage [3], 
topographic [4], industrial [5], [6] food [7] and medicine [8] 
[9]. It aims to generate a digital mock-up (DMU) [10] of real 
products/components that could be used in a synergistic way 
with several designing methods [11]. RE is taking on a key 
role as inspection technique [12] supported by virtual reality 
(VR); in particular, DMU of real products is very useful for 
quality control, performance evaluation [13]-[16] and virtual 
maintenance applications [17], [18]. Besides, it improves the 
comparison between CAD model and real product allowing 
an automated and easier defect detection [19]. 

RE is based on the transfer of real surfaces to digital forms 
accomplished by scanning points of the 3D environment. 
There are several scanning devices with different operating 
characteristics in terms of accuracy and speed. The most used 
types are based on full-field (vision, laser, etc.) and point-by-
point technology [20]-[22]. Although point-by-point systems 
are characterized by high accuracy, they are affected by slow 
acquisition process. Vice versa, full-field systems are 
characterized by high acquisition process allowing to quickly 
acquire large and complex geometries. On the contrary, they 
require multiple acquisitions from different locations, and 
then the realignment step of point clouds to control form error 
[23]. In such a case, the reference system of the device moves 

in relation to the global reference affecting the final CAD 
model accuracy [24].   

The impact of the realigning process increases as much as 
the product size increases because it requires more 
acquisitions which are affected by more locating errors of the 
device reference system. 

There exist three main point clouds realignment procedure 
based on: (i) common features among acquisitions, it needs 
object rich in features and requires post process actions by 
user; (ii) marker placed on the object, it needs to apply 
recognition elements on the object or in the surrounding space 
and it requires user actions as well; (iii) device reference 
system tracking, it enables the automatic point clouds 
realignment without user actions. It is very useful to acquire 
big size and featureless objects guaranteeing a high accuracy. 

For example, in aerospace industry, airplane’s wings are 
characterized by significant size, lack of different features and 
no interaction with surfaces is a mandatory constraint to assure 
during acquisitions. DMU of the inner fuselage can be useful 
for inspection application. Fuselage assumed as a tube, can be 
acquired, section by section, using a scanning system fixed on 
a handling device which moves along a collinear rail with the 
fuselage axis. The acquired section has to be placed in 3D 
digital environment according to the exact location of the 
device reference system, defined by the handling device 
movements. 

The main challenge is to establish for each acquisition the 
exact location of the device reference system referred to the 
global one. 

The present paper focuses on small size handling device to 
enable easier change of position and inner acquisition of 
objects. It faces the handling device locating problem by using 
a sensor data fusion (SDF) [25] based on Kalman filter 
[26][29]. The key idea is to develop a redundant measurement 
system to minimize the locating error of the handling device 
improving digital forms accuracy. 

In the following, section 2 introduces the problem 
formulation and section 3 presents the locating method. 
Results are described and discussed in section 4. Finally, 
conclusions are given in section 5. 
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II. PROBLEM FORMULATION 

RE systems accomplish a form digitalization by means a 
scanning system (laser, photogrammetry and more). Scanning 
system feauters are usually used to classified a RE system. In 
our context, RE system is classified by means of two 
subsystems: scanning system and handling system which 
carries the scanning system. Handling system moves during 
acquisition and it is directly responsible of the realignment 
quality. In fact, scanning system refers the acquired points in 
its coordinate reference frame while the handling system 
defines the relative location referred to the global one.  

Given an acquired point ࡼ, its location can be referred to 
the scanning reference ۽ by means of p1 vector. The location 
of the point ࡼ is referred to the global reference ۽ by means 
of p0 vector. The scanning reference ۽  is referred to the 
global reference ۽ by means of ܗ vector (Fig. 1). 

If ܀  is the rotation matrix of scanning reference referred 
to global reference, the position of point ࡼ  referred to the 
global reference can be expressed as 

  = ଵ + ܴଵଵ (1) 
  

Considering movements in a Cartesian plane along y-axis 
direction, eq. (1) can be write as follow:  

۔ۖەۖ
௭బ1௬బ௫బۓ ۙۖۘ

ۖۗ = ൦0 −1 0 01 0 0 ௬బ0 0 1 00 0 0 1 ൪ ۔ۖەۖ
௭భଵ1௬భଵ௫భଵݍۓ ۙۖۘ

ۖۗ	  (2) 

where the homogeneous transformation matrix (4x4) referrers 
the scanning reference ۽ respect to the global reference ۽ .  

The proposed method aims to exactly estimate ࢟  which 
correspond to the device’s displacement along y-axis. 

III. LOCATING METHOD 

The proposed locating method is based on Kalman filter 
by fusing multiple and redundant measurements [24] in order 
to reduce the positioning error by a static correction of the 
location. 

Fig.2 depicts the acquisition process. It is characterized by 
four steps: (S1) sub-tasks definition – it splits the main task by 
an evenly spaced movement steps according to the scanner 
operation parameters. The computed step movement is 
assumed as sub-task target; (S2) the actuator system turning 
on until the sub-task’s target is reached; (S3) estimation of the 
current location by using sensor data fusion evaluating 
locating error; (S4) correction action to move on the target;  

 
Fig. 1. Reference system. 

 
Fig. 2. Proposed acquisition process 

The locating method concerns the step 3. It is mainly 
characterized by redundant sensors which measure the same 
quantity. Our method uses two signals generated by two 
sensors: (i) ultrasonic sensor; (ii) incremental rotary encoder. 
Due to different sensor accuracy, technology and position, 
sensors return different values. It firstly predicts location by 
means the odometry model and encoder’s data, then it fuses 
ultrasonic’s data.  

A. Odometry Model 
The RE system position is represented in the global 

reference ۽  by its central point ۽  with Cartesian 
coordinates ൫ݔଵ,௧,  . is fixed to the device۽ ଵ,௧൯ at time t. The local coordinates systemݕ

Therefore, the device’s location at step ݐ + 1 is described 
by the following odometrical model: 

ቐݔ,௧ାଵ = ,௧ݔ + ௧ߩߜ ∙ cos ,௧ାଵݕ,௧ߠ = ,௧ݕ + ௧ߩߜ ∙ sin ,௧ାଵߠ,௧ߠ = ,௧ߠ + ,௧ߠߜ  

      

(3) 

where ߩߜ,௧  is the movement length and ߠߜ,௧  the 
elementary rotation from state ݐ  to ݐ + 1 . Assuming no 
wheel’s slippage, then ∆ߩ,௧ = ∆ ܷ	 + ∆ܷோ2  

,௧ߠ∆ = ∆ܷ	 + ∆ܷோܾ  

 

(4) 

∆ ܷ	  and ∆ܷோ  are calculated using the right and the left 
encoders, respectively. 

Refer to (2) and assuming a Gaussian distribution of the 
measurement noise, odometry model can be written in the 
compact form: Oଵ,௧ାଵ = ݂൫Oଵ,௧, ,௧൯ߩߜ + ݊ఘ,௧ (5) 
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where Oଵ = ൣ0, ଵ,௧൧ݕ  and ݊ఘ,௧  denotes the system noise 
which models the uncertainties of the odometry model. 

B. Measurement model 
Let ݀ the measurement of the ultrasonic sensor which is 

the distance between the marker with known position (ݔ,, (,ݕ  and the ultrasonic sensor central point. The 
measurement model is given by: ݖ௧ = ݔ, − ݀ cos ,ݕߠ − ݀ sin ൨ (6)ߠ

where ݀ = ݀ + ܮ  is the distance between marker position 
and the central point of ۽ fixed to the RE system. 

Equations (6) defines the measurement model which can 
be written in the compact form (including noise): ݖ௧ = ℎ(Oଵ,௧) + ௧ߥ  (7) 

where ߥ௧ is considered zero-mean white noise. 

C. Pose estimation 
At time ݐ , the location measurement ݖଵ  and ݖଶ,  are 

coming from encoder and ultrasonic sensor, respectively. The 
estimated location depends by previous estimation at time ݐିଵ 
and new measures which are affected by an uncertainty 
expressed as standard deviation ߪ௭భ and ߪ௭మ.  

The predicted location ݕ(ݐ) is expressed as follow: ݕ(ݐ) = (ିଵݐ)ොݕ + ௬బଶߪ ଵ, (8)ݖ (ݐ) = ௬బଶߪ (ିଵݐ) + ௭భଶߪ   

In the updating stage the ultrasonic sensor carries out the 
measure and therefore the estimated location ݕො(ݐ)  is 
expressed as follow: ݕො(ݐ) = (ݐ)ݕ + ଶ,ݖൣ(ݐ)ܭ −  ൧ (9)(ݐ)ݕ

with:  

(ݐ)ܭ  = ௬బଶߪ ௬బଶߪ(ݐ) (ݐ) + ௭మଶߪ ௬బଶߪ ; (ݐ) = ௬బଶߪ (ିଵݐ) + ௭భଶߪ . 
 

(10) 

  .is the Kalman Gain (ݐ)ܭ

In RE context, the Kalman filter improves the alignment 
of point clouds by minimizing the mean square error of the 
estimated locations  

IV. RESULTS 

The proposed method has been implemented by hardware-
in-the-loop tests by using Arduino Uno rev3 programmed in 
Matlab/Simulink environment. Sensors were simulating by 
random signals with Gaussian distribution and zero mean.  

We have set forward step of 100 mm and simulation 
ending condition on 1000 mm. 

Table I shows the mean of the generating value for 20 
iterations. Comparing errors diagram is depicted in Fig. 3. Dot 
line (green-square) represents the errors of the ultrasonic 
sensor; dashed line (red) represents the errors of the encoders, 
computed as difference between target value and average of 

the encoder’s signal; solid line (blue-triangle) represents the 
estimated errors by using Kalman filter.  

Kalman filter estimation is very close to the target with an 
average error lower than the two simulated sensors. Therefore, 
estimated location is more accurate than sensor 
measurements.  

V.  CONCLUSIONS 

The present paper proposes a method to correctly locate a 
device for reverse engineering systems. It aims at improving 
accuracy of point cloud realignment and it is based on fusion 
of redundant sensors by using Kalman filter. 

We have carried out hardware-in-the-loop tests by using 
Arduino Uno rev3 programmed in Matlab/Simulink 
environment. Tests was simulated up to a meter distance. 
Results show that the Kalman accuracy is better than the 
simulated sensors. 

Therefore, considering use of low-cost hardware, the device 
behavior is encouraging and is open to future improvements. 

 Next step is the development of a handling device 
prototype with hardware sensors. Subsequently, we will 
develop a handling device integrated with the Reverse 
Engineering system; at the same time, more performing 
sensors and microcontrollers will be used to give better results 
in terms of reliability and accuracy.  

 

 
Fig. 3. Comparison between the errors of the generating signals (rotary and 

ultrasonic sensor) and the estimated position (Kalman) 

 

 

TABLE I.  SIMULATED DATA 

Step Encoders Ultrasonic 
sensor 

Kalman 
filter 

Target 

1 100,024 100,105 100,085 100,000

2 199,985 200,042 200,031 200,000

3 299,874 300,112 300,065 300,000

4 399,880 400,031 400,002 400,000

5 499,884 500,078 500,040 500,000

6 599,982 600,074 600,056 600,000

7 700,009 700,104 700,085 700,000

8 800,023 800,045 800,040 800,000

9 900,112 899,798 899,859 900,000

10 999,735 999,967 999,967 1000,000
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