N

N
N

HAL

open science

Applied iterative closest point algorithm to automated
inspection of gear box tooth

Salim Boukebbab, Hichem Bouchenitfa, Hamlaoui Boughouas, Jean-Marc

Linares

» To cite this version:

Salim Boukebbab, Hichem Bouchenitfa, Hamlaoui Boughouas, Jean-Marc Linares. Applied iterative
closest point algorithm to automated inspection of gear box tooth. Computers & Industrial Engineer-

ing, 2007, 52, pp.162 - 173. 10.1016/j.cie.2006.12.001 . hal-01411162

HAL Id: hal-01411162
https://amu.hal.science/hal-01411162
Submitted on 7 Dec 2016

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://amu.hal.science/hal-01411162
https://hal.archives-ouvertes.fr

Applied iterative closest point algorithm to
automated inspection of gear box tooth
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The development of a complete system of inspection and quality control of manufactured parts requires the coordina-
tion of a set of complex processes allowing data acquisition, their dimensional evaluation and their comparison with a ref-
erence model. By definition, the parts inspection is the comparison between measurement results and the theoretical
surfaces definition in order to check the conformity after manufacturing phase. The automation of this function is current-
ly based on alignment methods of measured points resulting from an acquisition process and these nominal surfaces, in &
way that they “fit best”. The distances between nominal surface and measured points (i.e. form defects) calculated after
alignment stages are necessary for the correction of the manufacturing parameters (Henke, Summerhays, Baldwin, Cassou,
& Brown, 1999). In this work, a method for automated control based on association of complex surfaces to a cloud points
using the Iterative Closest Point (1.C.P.) algorithm for alignment stage is proposed. An industrial application concerning &
tooth gear manufactured in our country’s tractor engines is presented.

O 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The design and manufacture of complex surfaces became a current practice in industry. These surfaces can
be conceived by a direct method based on the use of Computer Aided Design (CAD) software, or an indirect
method which consists in a treatment of a discrete representation of an object model to obtain its CAD model.
This last can be obtained throughout an acquisition process, allowing then a much more rapid safeguard,
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Fig. 1. Automation inspection case.

modification, manufacture, automatic inspection, prototypes checking and a much easier analysis (Lai &
Ueng, 2000).

The last years, the development process has covered all automated production phases, from design to the
parts inspection passing by manufacture. Since the design and the manufacture of complex surfaces became a
current practice in industry, then the problems related to the parts conformity are being felt more and more.

The automation and the flexibility of a three-dimensional measurement machine with or without contact
have made a considerable reduction in the acquisition time and the measurements treatment. In the current
state of the metrology software, the inspection of elementary surfaces (plane, cylinder, cone, etc.) became a
very easy practice. On the other hand the inspection of complex surfaces remains a problem to overcome
(Tucker & Kurfess, 2003).

The ascending complexity of parts geometry and the need for reducing production costs impose the use of
more powerful tools for the inspection of complex parts surfaces, for a better service functionality description
during its assembly with the conjugate mechanism parts (Tholath & Radhakrishnan, 1999). Our work is
placed accordingly and consists to establish a procedure for modelling and inspecting complex parts surfaces,
enabling the correction of relative deviations within production means (Fig. 1).

The method used is based on the iterative-closest-point (ICP) algorithm, which is a well-known method for
registering a 3D set of points to a 3D model that minimizes the sum of squared residual errors between the set
and the model. This choice is motivated by the robustness of this method and it is important to underline here
that; no attempt to implement it within Coordinate Measuring Machines (CMMs) software has been reported
in the three-dimensional metrology literature.

A numerical application treating the case of a tooth of the toothed wheel which equips the gear box tractor
manufactured at the engines and tractors factory in our country is presented. The comparison between the real
surface obtained by acquisition and the ideal model has led to the calculation of the form defects on the twao
flanks of the tooth gear.

2. Problems and adopted algorithm

The principle of the software of Coordinate Measuring Machines consists generally in individually associ-
ating an elementary mathematical model (plane, cylinder, etc) to each digitized surface. The function to be
minimised is based on the distance d; between the digitized point M; and the theoretical surface (Fig. 2).

As already pointed out in the introduction, in current state of the metrology software, the inspection of
elementary surfaces (plane, cylinder, cone, etc.) is not a problem, and most CMMs correct remaining align-
ment deviations numerically (alignment means to evaluate an optimum transformation T mapping the mea-
sured points to the corresponding nominal points in a way that they ““fit best’”) (Goch et al., 2003). On the
other hand the inspection of surfaces which have geometries of a higher complexity like gears, sculptured sur-
faces etc. represents a major challenge (Goch & Tschudi, 1992; Pommer, 2002). It is to this objective that our
work is directed, and consists in the development of a procedure for modeling and inspecting complex surfaces
with an aim of correcting the errors cumulated during the manufacturing phase (Portman & Shuster (1997)).
For this case, the ICP (Iterative Closest Point) algorithm method will be used.
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The optimal motion ([R]; {T}) is computed by the unit quaternion method due to Horn (Eggert, Lorusso, &
Fisher, 1997). The same method was used in the original version of ICP (Besl & McKay, 1992). There are dif-
ferent analytical ways to calculate the 3D rigid motion that minimises the sum of the squared distances
between the corresponding points. In Eggert et al. (1997), four such techniques were compared and the unit
guaternion method was found to be robust with respect to noise, stable in presence of degenerate data and
relatively fast (Chetverikov, Stepanov, & Krsek, 2005).

3. Presentation of the algorithm

Since the presentation of the 1.C.P. algorithm by Besl and Mckay, many variants have been introduced,
which aff ect one or more stages of the original algorithm to try to increase its performances specially accu-
racy and speed, giving birth to several alternatives of I.C.P. algorithm (Kaneko et al., 2003). Some of these
variants (such as Rusinkiewicz et al. (2001)) expand also the abbreviation to the iterative corresponding
point claiming that this would better suit the algorithm (Sablatnig & Kampel, 2002). In order, to make
a choice of an algorithm, several criteria should be checked: speed, accuracy, stability, robustness, and sim-
plicity. The importance of the one or other of those criteria depends on the use and the application of the
final program.

The development of a complete system of inspection and quality control of manufactured parts requires the
coordination of a set of complex processes allowing data acquisition, their dimensional evaluation and their
comparison with a reference model. For that it is essential to make profitable some conceptual knowledge
relating not only to the object to be analyzed, but also to its environment. In our case, the objective of the
present work consist in establishing an automation procedure for modelling and inspecting complex parts sur-
faces, enabling the correction of relative deviations within manufacturing parameters, then the criteria adopt-
ed are: speedy convergence, system robustness, and interface simplicity.

The new algorithm can be summarized by the following procedure:



. Make a random selection of a subset of points.

. Calculate the projection of the selected points.

. Calculate the optimal rigid transformation with SVD method.

. Apply the transformation to the selected points.

. Evaluate the quality of alignment by LMS estimator.

. If alignment quality is good, calculate transformation and apply it to the whole of available points.
. Repeat the steps from 1 to 6 until convergence.
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The conceptual structure of our program is presented in Fig. 4.

We note here that the algorithm structure is very simple; it is made up of a principal program which con-
tains a loop to carry out the iterations and an other one to estimate the quality of the rigid transformation by
the LMS estimator (Least Median Squares) (Rousseuw & Leroy, 1987). In this program we also find three call
functions which are: the CPT function which calculates the projection of the points on the ideal model of sur-
face in STL format (Fig. 5), the SVD function which calculates the optimal rigid transformation; and finally
the RT function useful for calculating the initial rigid transformation; because as already pointed out, the
algorithm requires an initial estimate solution of registration; and the computation speed and registration
accuracy depend on how this initial estimate is chosen (Ma & Ellis, 2003).

The STL format is generally obtained by a triangulation of an exact model using CAD software which gives
a data file in STL format (Fig. 6). Where a Triangular facet is defined by the co-ordinates of the three vertexes
and its normal directed towards the object free side.

Fig. 5. Point projection on STL surface format.

facet normal 9.95184e-001 9.80171e-002 1.49958e-016
outer loop
vertex 1.498e+002 1.43754e+002 4.00000e+001
vertex 1.498e+002 1.43754e+002 0.00000e+000
vertex 1.494e+002 1.47116e+002 0.00000e+000
endloop
endfacet
facet normal 9.95184e-001 9.80171e-002 -5.57162e-016
outer loop
vertex 1.49829e+002 1.43754e+002 4.00000e+001
vertex 1.49498e+002 1.47116e+002 0.00000e+000
vertex 1.49498e+002 1.47116e+002 4.00000e+001
endloop
end facet..

Fig. 6. Extract from an STL file.
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Fig. 7. Approximation errors according to triangle number.



It should be noted that, the bigger is the number of triangles in STL model the less is the approximation
errors (Fig. 7).

The number of triangles and their distributions are function of the surface curvature and the modelling tol-
erated error.

4. Realization and performances test

A data-processing model is realised to test the algorithm performances on a PC equipped with a micropro-
cessor Pentium 111, 1.33 Ghz with 128 Mo of RAM. The adopted principle is easy; in the first stage one or
more surfaces in STL format are generated in order to simulate the ideal model, in the second stage we apply
a displacement to the co-ordinates of nodes to simulate measurement errors (Fig. 8a). By the application of a
rigid transformation, the final transformation provided by the program realises alignment between the cloud
points and the surface in STL format (Fig. 8c).

The program reliability is tested by considering two principal factors: the convergence and the necessary
time for the program to be executed (Figs. 9 and 10).

In Fig. 9 the program converges quickly on a stable solution after a maximum of 05 iterations; after 1C
iterations the alignment is practically perfect. Fig. 10 presents the curve characterizing the variation of the exe-
cution time according to the number of triangles, the execution time for 800 triangles for example is approx-
imately 20 s, a value which is rather weak and can be reduced if a better strategy for the calculation ol
projections by the CPT function is adopted.

5. Numerical application on a gear tooth

Today’s gear metrology has to meet similar challenges as other geometric measurements, performed e.g. by
CMMs or form testers: the alignment, the tactile or non-contact probing of selected surfaces areas, the

(8]

Fig. 8. Alignment between the cloud points and surface to STL format (a) initial position, (b) position after 5 iterations, (c) position after
10 iterations.
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numerical data evaluation, the assessment of the results concerning the part function properties and state of its
production process (Goch et al., 2003).

After introducing CMMs to industrial production it was realised that they were versatile enough to inspect
complicated objects such us an involute and bevel gears, screws, worms and even gear cutting tools like hobs
(Universal software UMESS und UMESS-S, 1980).

The CMMs are now widely used in industry for a large range of measurement tasks. They are evaluated in
terms of speed and accuracy, but one of the major reasons to provide rotary tables as additional equipment for
CMMs was the measurement of gears, as a gear inspection according to international standards without a
rotary table required complex multiple probing styluses (Goch et al., 2003).

On these machines, surfaces must be measured by a number of points higher than the parameters necessary
to their mathematical definitions. However, the representation of the same element can be very diff erent
according to the average materials and the protocol used during the measuring operation. For example, on
traditional CMMs the acquisition will never give the exact topology of the real measured surface, but only
give an image close to the real surface (Fig. 11).

Moreover, the real contact points (i or i + 1) between the stylus and the measured surface being unknown,
one substitutes to it a measured point. This last is calculated starting from co-ordinates of the stylus centre, the
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Fig. 11. Measured surface by CMMs

normal vector (n;) and the stylus radius, which generates uncertainty on the real position of the measured
point. This uncertainty is even propagated on the inspected surface parameters. Within the same framework,
the impact forces attributable to probing are much higher than the generally accepted measurement forces,
which can result damage in worked piece (van Vliet & Schellekens, 1998).

For that, we use a measuring machine equipped with a coaxial optical sensor (CHR 150) for the acquisition
phase, which gives the real surface topography.

By this numerical application the tooth which equips the tractor gear box, manufactured in the Engines and
Tractors Complex in our country is treated. The gears inspection method used in this company is based on the
conventional quality control. Also, the comparison between the conventional inspection gear and the proce-
dure suggested can be established (Fig. 12).

The inspection process of a tooth begins with the acquisition step. To this end, we use a measuring machine
equipped with a coaxial optical sensor (CHR 150), whose principle is based on a spectral coding field (Les
principes optiques).

This principle of measurement confers two essential qualities:

- Gives an excellent resolution with no influence of ambient lighting.

- The chromatic information coding makes measurement insensitive to the object reflectivity variations and
makes it possible to work with the same precision on all materials, transparent, or opaque, polished surface
or not.

The acquisition stage was carried out in EA(MS)? Laboratory of the IUT of Aix-en-Provence (France). We
recover the points in data files presented as follows (Fig. 13).
At this stage we carry out a graphic rebuilding of the tooth for validation of the acquisition step (Fig. 14).

Conventional New
- Two dimensional - Three dimensional
- Standardized section lines of gears flank - Arbitrary on gears f,l’ank_ _
- Perpendicular to axis (involute) - Point “cloud”, point grid,
- Parallel to axis (lead) arbitrary scans
- Includes standardized
section lines
- Flank corrections Three dimensional, valid for whole
- Tolerance zones Two dimensional, flank _
- Geometrical deviation only valid for = Improve_analy5|s of
- Process parameter standardized manufacturing process
deviations section lines = Im_prov_e prediction of
- Functional proprieties functionality

Fig. 12. Comparison between conventional and new approach (Goch et al., 2003).



DATA OF LEFT FLANK TOOTH SCHEMA DATA OF RIGHT FLANK
Nam : Measure 1 CHR150 Altitude Nam : Measure 2 CHR150 Altitude

Measured by : User Measured by : User

To use comment: no comment. To use comment: no comment.
Created : 13/06/2002 17:42:36 Created : 12/06/2002 17:44:22
Measurement time : 6 h 59 mn 23 s Durée delamesure:7h42mn 8 s
Number of point : 683 /‘ Number of point : 683

Number of profile : 274 Number of profile : 274

Measuring unit of speed axis : mm Measuring unit of speed axis : mm
Measuring unit of slow axis : mm ‘ Measuring unit of slow axis : mm

Step of speed axis : 0.0220 Step of speed axis : 0.0220
Step of slow axis : 0.0220 Step of slow axis : 0.0220

unit of safeguarded data : um /- unit of safeguarded data : pm

62 PP> 609.253, 20.178, 0.722
63  PP> 609.294, 16.643, 0.751
64 PP> 609.321, 17.139, 0.810
65 PP> 609.347, 17.634, 0.870
66 PP> 609.374, 18.130, 0.929
67 PP> 609.399, 18.626, 0.989

X 531 PP> 604.443, 0.858, 6.536
532 PP> 604.412, 1.342, 6.658
533 PP> 604.377, 1.826, 6.778
534 PP> 604.377, 3.888, 6.793
535 PP> 604.407, 3.404, 6.671
536  PP> 604.440, 2.920, 6.551

68 PP> 609.424, 19.122, 1.048 2z 537 PP> 604.472, 2435, 6429
69 PP> 609.448, 19.618, 1.109 538 PP> 604.508, 1.951, 6.310
70 PP> 609.472, 20.113, 1.169 539 PP> 604.543, 1467, 6.190

Fig. 13. Parts from the tow data point files.

Cloud points Cloud points
real left flank real right flank

Building the real tooth

Fig. 14. Rebuilding of the real surface of the tooth.

The ideal model is defined by a generated grid starting from mathematical formulas used for calculating the
thickness of the tooth (Sammartini & Chif re, 2000). We recover in this case the co-ordinates and the normal
of the theoretical points belonging to the involute of circle. We make a triangulation using these points to
obtain the ideal model with an STL format (Fig. 15).

The two models being defined we can now call upon the alignment programme of the theoretical set of
cloud points with the triangulated surface. The obtained results are presented in Fig. 16.

The errors on the flanks of the tooth are obtained after the alignment process between the real and ideal
models is done. This step enables us to obtain the geometric errors cumulated during the manufacturing pro-
cess, for correction (Fig. 17).

We notice that the diff erence between the real model and the ideal model varies from -0,085 to 0,088 [mm]
while passing by a median value equal to 0,002 [mm]. The interval including negative values corresponds ta
hollows; on the other hand the interval corresponding to positive values represents the peaks (Fig. 18).

These errors are mainly caused by a grinding device drift during the active surfaces correction phase of the
studied tooth (Tsai, Lin, & Tsai, 1998). In these various zones the contact area will be reduced inducing an
increase in the contact pressure at the peaks, generating an accelerated deterioration by crushing the tooth
flanks (Abersek, Flasker, & Glode, 2004). For that, the tooth flank modifications are important structural
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elements of gear manufacturing. The reduce noise and improve running properties as well as enhance load-
carry capability of modern power gears (Henlich & Linke, 2002). In this manner, the displacement sensitivity,
the impact of engagement and the intensifications of contact stress can be reduced. However, the evaluation of
the gear quality is still based on unmodified gear flank topography (Goch et al., 2003). Hence, the specifica-
tions of corresponding zones of tolerance for the individual quality levels do not consider tooth flank
modifications and their ef ects on the running properties of the gear sets. This leads to an insuffi cient
function-oriented and manufacturing-oriented design (Goch et al., 2002). Therefore, no suitable metrological



Fig. 17. Errors of form on the flanks of the tooth in mm.
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Fig. 18. Topography of activate surface tooth.
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parameters for the development of quality control loops in gear manufacturing are available. The consequenc-
es are often an insuffi cient process-capability and excessive quality specifications, both resulting in high costs
(Pfeifer, Napierala, & Mandt, 2002). It takes into account that the functional quality of toothing can not be
evaluated upon the basis of geometrical measurements alone. Instead, for quality criteria a function-oriented
evaluation of the individual toothing properties shall be enabled using the characteristic form deviations of the
modified flanks.

6. Conclusion

Design and manufacture of complex parts became a current practice in industry; but they are related to
requirements at the impossibility of manufacturing with perfect geometries, which is due particularly to the
inevitable inaccuracy of the manufacturing processes (Chen, 2002). So the inspection function which consists
on the comparison between measurement results and the theoretical parts definition became a veritable defi-
ance; because the final objective of inspecting does not consist in the evaluation of errors but in their elimi-
nation or at least to reduce them to tolerable values. For that, it is necessary to act simultaneously on the
product and the process in order to obtain an acceptable quality level.

In current state of the metrology software, the inspection of elementary surfaces (plane, cylinder, cone, etc)
is not a problem, and most CMMs correct remaining alignment deviations numerically. On the other hand the
inspection of surfaces which have geometries of a higher complexity like gears, sculptured surfaces etc. repre-
sents a major challenge (Goch & Tschudi, 1992).

Accordingly to that the undertaken work is placed and consists to establish a procedure for modelling and
inspecting complex surfaces with an aim of correction relative deviations in the manufacturing processes.



The method used is based on the alignment technique by using the ICP algorithm. A numerical investigating
considering one tooth of the toothed wheel which equips tractor gearing box is presented.
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