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INTRODUCTION 
Coordinate Measuring Machines (CMMs) are high-performance measuring devices in the industry for the verification 

of part conformity [1, 2, 3]. Generally, dimensional and geometric tolerances are verified using a touch probe mounted 
on CMM. In the context of industry 4.0 or the Fourth Industrial Revolution (4IR), inspection planning plays an important 
role in the inspection procedures. A well-planned inspection will provide the required information in a short period with 
a high degree of accuracy [4]. Recently, computer-aided inspection planning (CAIP) has appeared as one of the main 
research topics in computer-aided inspection (CAI) [5]. The aim of CAIP is to find out what features of the inspection 
part are to be inspected, with which sensors, and in what sequence. The CMMs equipped with a touch probe are the most 
common CAIP systems. In general, the CAIP process uses the geometrical and dimensional specifications from a 
computer-aided design (CAD) model as its inputs. 

Probe path planning is usually based on the characteristics of the sensor and the surfaces to be measured 
(specifications, dimensions, and complexity of the surface) to determine the number of measurement points and their 
distributions [3, 6]. The following aspects have been addressed to deal with the probe paths planning: probe accessibility 
analysis, the definition of measurement points, the study of collision problems, and path optimisation. The inspection 
plan can be generated as a high-level inspection plan (HLIP) and a low-level inspection plan (LLIP) [7]. In the HLIP, the 
optimal part setups and the minimum number of accessible probe orientations are determined to measure the whole 
inspection features. Whereas in the LLIP, optimum locations of the measuring points are determined, and then the probe 
path is generated to minimise the total inspection time. Cho et al. [5, 8] propose the sequencing of inspection features in 
the HLIP and the collision evidence in the LLIP.  

This paper is organised as follows; in section 2, works concerning the extraction of inspection data that are required 
for inspection planning are reviewed. Section 3 concentrates on the issues of high-level inspection planning, where the 
part setup and probe orientation analyses are discussed. The low-level inspection planning is detailed in section 4 to 
describe sampling strategies, probe path planning, and collision avoidance problems. The paper ends with some 
conclusions and suggestions for future research in Section 5.  

INSPECTION DATA RECOGNITION 
A CAI system requires information about the part to be inspected, which is contained in the CAD model. This 

information is represented using several methods for feature representation, such as boundary representation (BREP), 
wireframe representation, or constructive solid geometry (CGS). The feature recognition step is performed to transfer the 
information obtained from the CAD system to the CAI [9]. The CAIP then generates the inspection process plan based 
on the feature concept and the knowledge of the expert system [5]. In the literature, most authors have used the concept 
of the feature as a support for generating inspection plans. A feature is a generic form with a set of attributes and 
knowledge associated with it, used in the reasoning to describe the product [10]. Moreover, it can be defined as a 
characteristic of the part, which has a semantic meaning in relation to the application [11]. Thus, the feature term has 
several meanings depending on the context and the field of application. It can be an inspection feature, design feature, 
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manufacturing feature, assembly feature, material feature, form feature, or robotic feature [10, 12]. Generally, an 
inspection process can be based on one of the following three concepts: measuring features [13, 14, 15], manufacturing 
features (form, machining) [5, 9, 16, 17, 18, 19, 20], and inspection features [12, 21, 22, 23]. 

The measurement feature is the elementary geometrical shape that can be measured as a plane, a cylinder, or a sphere. 
The manufacturing feature is defined as the geometrical shape resulting from manufacturing operations such as a pocket, 
island, and slot. Unlike the measurement feature and manufacturing feature are independent of the inspection information 
(e.g. tolerance interval and specification type), the inspection feature combines both the geometrical shape and the 
tolerance information of the feature. In the example shown in Figure 1(a) [24], the inspection feature IF1 is composed of 
two measurement features (plans) and information related to the symmetry specification. If the measurement feature 
concept was used, the feature considered as a pocket.      

Cho et al. [5] develop an inspection approach using the notion of manufacturing feature, which is defined as the result 
of a manufacturing operation such as pocket and slot, shown in Figure 1(b). The measuring feature defined by the 
elementary surfaces (plane, sphere, and cylinder) is shown in Figure 1(c) and is used by Yuen et al. [14] to define an 
inspection plan. In metrology, the notion of a feature must be combined with information on the associated specifications. 
Zhao [25] has developed an on-machine inspection approach (inspection during a machining process). In their work, the 
inspection feature is extracted from manufacturing features contained in the STEP NC file of the part by considering the 
surfaces associated with specifications that need to be measured. Zhao et al. [26] use the concept of surfaces with 
specifications to define the inspection path. 

 

    
(a)      (b) 

 

 
(c) 

 
Figure 1. (a) Inspection feature, measuring feature and manufacturing feature adapted from [24], (b) Manufacturing 

features adapted from [5] and (c) Measuring feature adapted from [14]. 

In [27], Wong et al. propose to identify and recognise inspection features composed of faces as well as the constraints 
associated with the inspection features. The inspection plan of the part is a measurement sequence of the inspection 
features. Since a face can belong to more than one inspection feature, this leads to certain faces of the part being measured 
several times during each inspection feature measurement. In this context, a set of knowledge-based filters has been 
developed to address the problem of increasing the number of faces to be measured. In another study, Wong et al. [28] 
divide inspection features into four classes comprising external dimensional inspection features, internal dimensional 
inspection features, offset dimensional inspection features, and curved surface features. Duan et al. [29] decompose 
inspection features as follows; tolerance features (dimensional, form, orientation, location, and runout tolerance), 
geometric features formed by surface characteristics, attribute information, and inspection process information. 

In the literature, several techniques of feature recognition were proposed depending on the feature definition. 
Prabhakar et al. [30] propose the following automatic feature-recognition algorithms categorised as the machining region-
based, rule-based, graph-based, constructive solid geometry-based, and application-based algorithms. Another 
classification of feature recognition methods proposed by Al-Ahmari et al. [12] is the syntactic pattern recognition 
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approach, logic-based approach, graph-based approach, expert system approach, volume decomposition and composition 
approach, 3D feature recognition from a 2D feature approach. A summary of feature recognition methods is presented in 
Table 1.  

Due to the significant development of new file exchange formats, BREP files are now used to extract inspection 
information. The most convenient format for automatic inspection planning is the STEP file supporting the AP242 
application protocol that contains, in addition to geometrical information, the PMI (Product and manufacturing 
information) such as dimensional and geometrical tolerance, surface properties, and associated verification principles and 
requirements, etc. The syntax pattern recognition approach is the most widely used method for performing more automatic 
recognition using a standard exchange file (e.g. STEP file). This approach has been exploited by NIST (National Institute 
of Standard and Technology) to develop the STEP File Analyser and Viewer. This software allows automatic recognition 
of all the features defining the part and its attributes [22].  

Table 1. Summary of feature recognition methods. 

Feature recognition method Principle Advantages Disadvantages 
Syntactic pattern recognition 
approach 

A Parser is used to 
analyse the syntax written 

in the description 
language of the part 

 

Automatic recognition Require knowledge of the 
syntax used in the 

description file 
 

Complexity increases 
when applying to non-

prismatic parts 
 

Logic-based approach Features are recognised 
one by one, according to a 

set of heuristic rules 
describing the features 

More suitable to recognise 
manufacturing features 
using B-REP and CSG 

modelling 

Require writing rules for 
every specific feature 

 
The ambiguous and non-
unique representation of 

the rules makes the 
method inflexible and 

cumbersome 
 

Graph-based approach Base on matching the 
feature graph to the 

appropriate subgraph 

Applied to several 
domains (not only 

manufacturing features) 
 

Ability to recognise 
isolated features 

 

Require significant 
processing and 

computations to build the 
subgraphs of the feature of 

the main graph 

Expert system approach Based on the 
transformation of 

knowledge and experience 
of the expert in rule set 

A more realistic approach 
to feature recognition than 
one based on graphs and 

logic 
 

Require production 
knowledge and an 
inference engine 

Volume decomposition and 
composition approach 

Based on the 
decomposition of the part 
volume into convex cells 
and the combination of 

these cells into machining 
features 

 

Introduced mainly for 
machining features. 

Computationally complex 
 

Unable to generate non-
convex machining 

features 

3D feature recognition from 
a 2D feature  

2D features are first 
extracted, rule-based, and 
graph-based approaches 

are then used to get the 3D 
feature 

Adapted to prismatic 
pieces 

Recognition of a limited 
number of features 

 
Limited to prismatic 

features 

HIGH-LEVEL INSPECTION PLANNING 
After decomposing the part into inspection features, to perform the inspection process of the part, the geometry of 

these features is analysed to determine the part positioning and accessible touch probe orientations. This issue is generally 
dealt with using the probe approach directions (PADs). A PAD is the accessible direction of the probe to measure a given 
inspection feature [5, 31]. By analysing all PADs of the inspection features, part setups and probe orientation can be 
determined [24, 32]. 
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Part Setups 
The part setup is defined as a suitable positioning of the part in the measurement volume. Some works integrate the 

analysis of part setup into accessibility analysis. Part setup based on part-oriented analyses is first conducted, and then 
the probe configuration based on feature-oriented analyses is performed as in Figure 2. In Figure 2(a), the probe 
orientations and part orientation in the CMM are demonstrated. With one position of the inspection part, some features 
can be directly measured. For example, in Figure 2(b), cylinders can be measured by two probe orientations in a one-part 
position. However, the accessibility of two cylinders in Figure 2(c) is not allowed, and two-part positions are then 
required. 

 

   
           (a)     (b)         (c) 

 
Figure 2. Probe orientation change and setup change; (a): probe orientation on the CMM volume, (b): probe 

reorientation, (c) part setup change adapted from [3]. 

One of the important issues in probe path planning for CMM is to minimise the number of part setups and the number 
of probe configurations, which leads to reducing measurement time and human intervention in the measurement process. 
In work proposed by Stojadinovic et al. [31], depending on the number of inspection features and their characteristics, a 
general matrix is created and optimised by a genetic algorithm (GA) to determine the optimal setup. Hwang et al. [3] 
introduced a greedy heuristic procedure to minimise the time of part setup changes set by considering six orientations for 
a prismatic part. Ziemian et al. [33, 34] addressed accessibility issues and used the geometric projection technique to 
specify the accessible zones for each inspection feature. The heuristic technique is also employed to define a set of part 
orientations on the CMM volume. Kweon et al. [35] propose a methodology in which the concept of visibility maps 
(VMap) and clustering procedures are utilised to provide the minimum number of part setups. A method proposed by 
Corrigall et al. [36] to determine part orientations and probe configurations is mainly based on the analysis of the probe 
approach directions (PAD) generated for each surface to be inspected. Kamrani et al. [21] provide a graphical method for 
part setup based mainly on identifying the part side with a minimum number of inspection features. This face serves as 
the basic face for the orientation of the part in the machine.  

The methods mentioned above are mainly applied for prismatic measurement parts. For a free form surface, the setting 
of parts with irregular shapes is considered by Lai et al. [37]. A summary of part setup methods proposed in the literature 
is presented in Table 2. 

Probe Orientation Analyses 
The probe orientation analysis is known in certain works as a probe accessibility issue. Accessibility analysis is a 

three-dimensional reasoning task that attempts to determine the directions along which a probe may come into contact 
with a given portion of the surface [31]. The optical sensor visibility problem is a generalisation of the problem of global 
probe accessibility since the directions of probe accessibility correspond to the visibility points of a laser sensor [38, 39, 
40]. In the literature, several works have used different methods to study accessibility, such as ray-tracing [41], the 
intersection of spherical crowns [42], local and global projection techniques [33, 34] and [43], visibility maps [35], 
accessibility cone [44], the mathematical method [45] or transformation of part surfaces into facets (STL) and 
consideration of inspection points as a set [46]. 

Alvarez et al. [46] analyse the accessibility of a part represented by its STL file (triangulation) in two phases: a local 
analysis and a global analysis. The former considers only possible collisions of the probe with the surface itself (analysis 
of the directions normal to the surface), and the latter considers possible collisions with the whole part (calculation of 
multiple intersections between the probe and all the normal vectors). Vafaeesefat et al. [47] use the notion of accessibility 
domains in all points of the surfaces (vertices of facets in an STL file). Once the accessibility of a point is defined, the 
feasibility of measuring in any probe directions can be checked by Boolean operations. A grouping algorithm is proposed 
to classify directions according to accessibility domains. Hwang et al. [3] use Hopfield neural networks to minimise the 
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number of probe directions and workpiece positioning. In [5], the problem of accessibility is addressed by defining the 
probe approach direction for each surface. A series of heuristic rules is developed by analysing the surfaces’ information 
to be inspected, such as the relationship between the possible approach directions of the probe. The sequence of the 
surfaces to be inspected and the measurement path are determined. Martinez et al. [48] describe a procedure for modelling 
the knowledge required for selecting the adequate probe orientations during the inspection planning. Kamrani et al. [21] 
used Probe Approach Direction (PAD) and Approach Direction Depth (ADD) analysis to study accessibility and develop 
a clustering algorithm. The features having the same PAD can be inspected in a single operation. Probe orientation 
analysis is considered as the least expensive and inaccurate operation in terms of a time-consuming, manual procedure 
compared with part setup operation. 

Table 2. Summary of part setup methods. 

Part setup method Principle Advantages Disadvantages 
Hwang et al. [3] Based on the Chvatal’s 

greedy heuristic 
Limit number of part setups 

 
Easy to implement 

 

Applied for prismatic 
measurement parts 

Kamrani et al. [21] Two different approaches: 
artificial neural network and 

graphical method 

Limit number of part setups 
 

Feasibility in real 
manufacturing applications 

 

Applied for prismatic parts 
and some of the 

axisymmetric parts 

Stojadinovic et al. 
[31] 

Based on genetic algorithm 
(GA) 

Limit number of part setups 
 

GA can be easily adjusted 
and adapted to various 

problems 
 

Applied for prismatic 
measurement parts. 

Ziemian et al. [33, 34] Based on heuristic technique Limit number of part setups, 
Generate a list of equally 

acceptable setups 
 

Applied  for prismatic 
measurement parts 

Kweon et al. [35] Based on visibility maps 
(VMap) and clustering 

procedure 

Reduce the number of part 
setups subject to greater 

uncertainty of measurement 
 

Only applied  for prismatic 
measurement parts 

Corrigall et al. [36] Based on probe approach 
directions (PADs) 

Each surface is ensured to 
be probed from the approach 

direction 
 

Consider parts features 
perfectly aligned with the X, 
Y, and Z axes of the CMM 

Lai et al. [37] Based on rough positioning 
and a fine positioning 

Applied for free form part Difficult to obtain the 
optimal the part coordinate 

LOW- LEVEL INSPECTION PLANNING 
In the local inspection planning process, each feature is decomposed into its measuring elements, and then the number 

of measuring points, their location, and the optimal sampling sequence for collision-free measurement are determined. 

Sampling Strategies  
The definition of measuring points consists of establishing the number of measuring points required and their 

distributions. In work [49], the number of points is set to 3×2 points for flat surfaces and 6×2 points for cylindrical 
surfaces. The minimum number of probing points for each type of basic geometry is different from the number used to 
create the geometry. The measuring time is directly related to the number of measuring points. The more points there are, 
the longer the measure execution time will be. On the contrary, the measurement uncertainty is quite low when the number 
of measurement points increases. Therefore, the number of measurement points must be chosen according to the 
metrological requirement to ensure a better compromise between a minimum time and acceptable measurement 
uncertainty. The number of measuring points is usually determined from a practice sheet [50]. For example, Zhao [51] 
uses the British standard [52] to choose a minimum number of measurement points necessary for each entity. Measuring 
points should be distributed equally over the entity to be measured. The measurement points are placed on the surface to 
be controlled by means of distribution strategies. Barari et al. [53] show that changing the distribution of the same number 
of measuring points changes the inspection results in terms of measurement accuracy. Uncertainty of inspection results 
due to the change in the location of measuring points can be up to 36% of the range of result deviations. The effectiveness 
of choosing a particular distribution strategy has been recognised as a major component of the measurement uncertainty 
[54]. Distribution strategies can be divided into two broad categories: standard distribution strategies and adaptive 
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sampling strategies [55, 56, 57]. This classification is based on the complexity of the surface of the part. Each strategy is 
more adopted with regard to its respective surfaces. 

In the standard distribution, a fixed number of measuring points are distributed over the surface. In addition, the 
complexity of the surface is not taken into account when distributing the measuring points over the entire surface. These 
methods include distribution techniques such as uniform, random, Hammersley Sequence (SM), Halton-Zaremba 
Sequence (SHZ), and stratified distribution. They are characterised by their simple implementation. In a random 
distribution, the points are distributed irregularly (randomly) over the entire measurement surface and generally provide 
an unrealistic representation of the geometric element. Conversely, in a uniform distribution, the points are distributed 
homogeneously (arranged at identical intervals) over the entire surface. Stratified distribution is a technique in which the 
entire surface is divided into subsets (also called Strata). A grid distribution is a kind of stratified distribution method, 
where the surface is divided into grids. The number of grids is equivalent to the number of measurement points, and each 
grid provides a randomly selected measurement point. The Hammersley sequence theory was proposed by [58]. This 
method was used by [59] to distribute measurement points in the case of inspection of prismatic parts. The advantage of 
these standard methods is their simplicity and short calculation times. In adaptive distribution strategies, additional 
measurement points are added to an initial distribution to increase the accuracy of the reconstructed substitute geometry. 
This process is continued until a maximum number of measurement points is reached or until the substitution geometry 
becomes indifferent to the addition of more measurement points. 

In this paper, we distinguish between two types of surfaces, canonical forms and complex shapes. The most suitable 
strategy for distributing the measuring points for each type of surface is different depending on the associated 
measurement uncertainty. Woo et al. [60] have studied three distribution methods: uniform, Hammersley sequences, and 
Halton-Zaremba sequences. They concluded that uniform distribution is not as efficient and effective as other methods. 
Thus, the uniform distribution method may not allow accurate measurement. The Halton-Zaremba sequence can only be 
defined in 2D, whereas the Hammersley sequence is more general in its applications. In the work of [61], through the 
evaluation of the root mean square error (RMSE) between points measured with three distribution strategies and a global 
deviation model (MDG), researchers have shown that the Hammersley sequence is more efficient in terms of uncertainty 
than random and uniform distributions. The Hammersley sequence should be preferred over the SHZ sequence and 
uniform distribution when inspecting canonical components [8]. Hammersley’s sampling strategy for a plane surface is 
based on the calculation of coordinates (s, t) as shown in Eq. (1):   

 

𝑠𝑠𝑖𝑖 = 𝑖𝑖/𝑁𝑁 , 𝑡𝑡𝑖𝑖 = ∑ �� 𝑖𝑖
2𝑗𝑗
�𝑀𝑀𝑀𝑀𝑀𝑀2� . 2−(𝑗𝑗+1)𝑘𝑘−1

𝑗𝑗=0       (1) 

 
where k = logN, Mod2 is a mathematical operator giving the result of the remainder of the division of the term by two, 

and N is the number of measured points i = 0, 1, 2, ..., (N-1). 
By modifying the 2D Hemmersly sequences, the distribution of the measuring points for the different types of 

elements can be defined.  
With the adaptive distribution strategy, the number of measuring points and their distributions vary according to the 

complexity and curvature of the measuring surface [57]. This means that complex parts of the surface contain a greater 
number of points, while simpler regions contain the least number of points[62]. The adaptive distribution strategy is the 
most appropriate for evaluating the specifications associated with complex shapes. It is a dynamic approach that adapts 
to the actual geometry and surface profile of the surface [63]. Several adaptive distribution techniques have been proposed 
in the literature. They start by defining an initial distribution of measurement points and then introducing more points in 
areas with the maximum errors between the surrogate and nominal models. The difference between these works is in the 
way the initial distribution is defined, the definition of the substitution geometry from the initial measurement points, the 
method of adding points in each iteration, and the stopping criteria. Recently, intelligent adaptive sampling methods using 
kriging models [64] and Gaussian process (GP) regressions [55, 62] have been developed based on the reasonable 
inference of unknown surfaces. In the probe sampling approach proposed by Zhao et al. [26], the sampling strategy is 
based on the measurement uncertainty simulation. 

Path Optimisation 
To improve the efficiency of the inspection process, Bo Li et al. [65] use the concept of adjacency graphs to determine 

the best sequencing of measurement entities. Measurement points and transition points are shown in red and blue, 
respectively. The probe moves slowly between the transition point and the measuring point while the movement between 
the transition points is fast. The sequence of measurement points is optimised in each entity. After completing the 
measurement of a given entity, the probe moves to the nearest entity. Stojadinovic et al. [66] use the ant colony algorithm 
to optimise the probe trajectory by defining the best sequence of measurement points that minimises measurement time. 
The issue of probe path optimisation can be achieved by minimising the length travelled by the probe between the 
measurement points in the inspection feature.  

Mohib et al. [49] have developed a travel salesperson problem (TSP) formulation for the sequencing of inspection 
tasks. This is accomplished by taking into account the minimisation of measurement time taken by the following tasks: 
part repositioning, sensor changes, probe orientation changes and probe travel time.  
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Collision Problem Analysis 
Another important aspect during measurement with the contact sensor is the avoidance of collisions between the 

sensor and the workpiece to be measured on the one hand and between the sensor holder and the workpiece on the other 
hand [6, 67]. Han et al. [68] provide a spherical model for collision detection as a part of the probe path planning. A 
sphere is created whose centre is the point on the surface. The radius of the sphere is greater than or equal to the distance 
between the centre of rotation and the probe ball. The collision avoidance problem is then related to searching for a certain 
free space in the sphere space to place the probe. A cone containing the collision-free measurement directions is 
established in Figure 3. Yuewei et al. [69] rely on the concept of local accessibility cones for collision detection 
calculations. The algorithm is based on the verification of possible collisions between the probe and the surface to be 
measured in a given displacement. If a path has a collision problem, control points are added, as shown in Figure 4.  

Al-Ahmari et al. [12] divide collision problems into two categories: probe collision and probe holder collision. The 
first category can be solved by inserting new crossing points to avoid collisions, as shown in Figure 5. The probe-holder 
collision problem can be avoided by using longer styli or by moving the measurement point [8]. In [65], an algorithm 
based on convex envelopes is used to generate collision avoidance paths (Figure 6).  

 

 
Figure 3. Spherical collision analysis model adapted from [67]. 

 
Figure 4. Definition of control points in the case of collisions adapted from [69]. 

 
Figure 5. Collision between probe and workpiece adapted from [8]. 
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Figure 6. Convex hull to generate paths without collisions adapted from [65]. 

The collision avoidance problem is essentially a constrained optimisation problem involving geometric constraints 
and uncertainty constraints. Geometric constraints are related to the practical limits of the stylus length on a given CMM. 
Whereas uncertainty constraints are related to the measurement uncertainty associated with the length of each stylus. The 
length of the stylus introduces additional uncertainty in the probe measurements. A longer stylus has a higher 
measurement uncertainty than a shorter stylus. The analysis of probe and probe holder collisions is further complicated 
by geometry and uncertainty constraints of optimisation problems. This is an integral aspect of the perspectives considered 
in this work. 

CONCLUSION 
This paper reviewed the developed works on computer-aided inspection planning research using a touch probe on 

CMM. Most of the studies are focused on the automation of the data transfer between the CAD and CAI using different 
formats of exchange files. The notion of feature is used to perform the inspection planning process. The feature includes 
both geometrical information and tolerance information. Other work has been investigated on the high-level planning to 
optimise the accessibility of the probe to measure all features in a short measuring time. This leads to associate each 
inspection feature with the suitable probe orientation and then establish the optimal sequencing of features to reduce the 
orientation changes and part repositioning. 

For the low-level inspection planning, several works have investigated developing sampling strategies for both 
prismatic and free form surfaces. The point distribution depends on the geometry of the inspection feature and the 
tolerance to be inspected. The optimisation of the probe path can reduce the measurement time taking to travel between 
sample points in inspection features and between the inspection features in the part. The collision checking should be 
performed between the part and the probe on one hand and between the part and probe holder on the other hand. On the 
basis of the above analysis, future works can be expected in the following topics:  

i. Developing a complete CAIP system including all operations: feature extraction, part setup, probe orientation 
analysis, accessibility analysis, definition and distribution of measuring points, collisions checking. 

ii. Developing a neutral format STEP supporting automated data transfer from the CAD models to the CAI 
process.  

iii. Developing a feedback process of inspection results to the manufacturing process and correcting the 
manufacturing parameter based on the evaluation of tolerance features. 

ACKNOWLEDGEMENT 
The authors would like to acknowledge the contributions of all personnel at the Automated Production Research 

Laboratory (LURPA) - ENS Paris Saclay, France for their past and current support of research on dimensional metrology. 

REFERENCES  
[1] Widyianto A, Baskoro AS, Kiswanto G. Effect of pulse currents on weld geometry and angular distortion in pulsed GTAW of 

304 stainless steel butt joint. International Journal of Automotive and Mechanical Engineering 2020; 17(1): 7687–7694. 
[2] Han Z, Liu S, Yu F, Zhang X, Zhang G. A 3D measuring path planning strategy for intelligent CMMs based on an improved 

ant colony algorithm. The International Journal of Advanced Manufacturing Technology 2017; 93: 1487–1497. 
[3] Hwang CY, Tsai CY, Chang CA. Efficient inspection planning for coordinate measuring machines. The International Journal 

of Advanced Manufacturing Technology 2004; 23(9): 732–742. 
[4] Moroni G, Petrò S. Geometric inspection planning as a key element in industry 4.0. In: Ni J, Majstorovic VD, Djurdjanovic D, 

editors. Proceedings of 3rd International Conference on the Industry 4.0 Model for Advanced Manufacturing, Cham: Springer 
International Publishing, 2018, p 293–310. 



S.E. Sadaoui & N.D.M. Phan │ International Journal of Automotive and Mechanical Engineering │ Vol. 18, Issue 2 (2021) 

8655   journal.ump.edu.my/ijame ◄ 

[5] Cho MW, Lee H, Yoon GS, Choi J. A feature-based inspection planning system for coordinate measuring machines. The 
International Journal of Advanced Manufacturing Technology 2005; 26(9): 1078–1087. 

[6] Yau HT, Menq CH. Automated CMM path planning for dimensional inspection of dies and molds having complex surfaces. 
International Journal of Machine Tools and Manufacture 1995; 35(6): 861 – 876. 

[7] Spitz SN. Dimensional inspection planning for coordinate measuring machines. Ph.D dissertation, University of Southern 
California, USA, 1999. 

[8] Cho MW, Lee H, Yoon GS, Choi JH. A computer-aided inspection planning system for on-machine measurement, part II: 
Local inspection planning. KSME International Journal 2004; 18(8): 1358–1367. 

[9] Devireddy CR. Feature-based modelling and neural networks-based CAPP for integrated manufacturing. International Journal 
of Computer Integrated Manufacturing, 1999; 12(1): 61–74. 

[10] Nasr ESA, Kamrani AK. A new methodology for extracting manufacturing features from CAD system. Computers & Industrial 
Engineering 2006; 51(3): 389 – 415.  

[11] Bhandarkar MP, Nagi R. Step-based feature extraction from step geometry for agile manufacturing. Computers in Industry 
2000; 41(1): 3 – 24. 

[12] Al-Ahmari A, Nasr EA, Abdulhameed O. Computer-aided inspection planning: Theory and practice. Boca Raton: CRC Press, 
2016. 

[13] Lee HC, Jhee WC, Park HS. Generative CAPP through projective feature recognition. Computers & Industrial Engineering, 
2007; 53(2): 241 – 246.  

[14] Yuen C, Wong S, Venuvinod PK. Development of a generic computer-aided process planning support system, Journal of 
Materials Processing Technology 2003; 139: 394 – 401.  

[15] Wong FSY, Chuah KB Venuvinod PK. Automated extraction of dimensional inspection features from part computer-aided 
design models. International Journal of Production Research 2005; 43(12): 2377–2396. 

[16] Lee H, Cho MW, Yoon GS, Choi JH. A computer-aided inspection planning system for on-machine measurement- part I: 
Global inspection planning. KSME International Journal 2004; 18: 1349–1357. 

[17] Aslan E, Seker U, Alpdemir N. Data extraction from CAD model for rotational parts to be machined at turning centres. Turkish 
Journal of Engineering and Environmental Sciences 1999; 23(5,): 339–348. 

[18] Kim YS, Wang E, Rho HM. Geometry-based machining precedence reasoning for feature-based process planning. International 
Journal of Production Research, 2001; 39(10): 2077–2103. 

[19] Wardhani R, Xu X. Model-based manufacturing based on step ap242. In: 2016 12th IEEE/ASME International Conference on 
Mechatronic and Embedded Systems and Applications (MESA), Auckland, New Zealand, pp. 1–5; 2016. 

[20] Malleswari V, Valli P, Sarcar M. Automatic recognition of machining features using step files. International Journal of 
Engineering Research and Technology 2013; 2: 1-11. 

[21] Kamrani A, Abouel Nasr E, Al-Ahmari A, et al. Feature-based design approach for integrated cad and computer-aided 
inspection planning. The International Journal of Advanced Manufacturing Technology 2015; 76: 2159–2183. 

[22] Lipman R, Lubell J.  Conformance checking of PMI representation in cad model step data exchange files. Computer-Aided 
Design 2015; 66: 14 – 23. 

[23] Mahmoud H, Dhokia V, Nassehi A. Step-based conceptual framework for measurement planning integration. Procedia CIRP 
2016; 43: 315 – 320.  

[24] Sadaoui SE, Mehdi-Souzani C, Lartigue C. Computer-aided inspection planning: A multi-sensor high level inspection planning 
strategy. Journal of Computing and Information Science in Engineering 2019; 19(2): 021005-1-021005-13 

[25] Zhao F, Xu X, Xie S. Step-NC enabled on-line inspection in support of closed-loop machining. Robotics and Computer-
Integrated Manufacturing 2008; 24(2): 200-216. 

[26] Zhao H, Kruth JP, Gestel NV, et al. Automated dimensional inspection planning using the combination of laser scanner and 
tactile probe. Measurement 2012; 45(5): 1057 – 1066. 

[27] Wong FSY, Chauh KB, Venuvinod PK. Automated inspection process planning: Algorithmic inspection feature recognition, 
and inspection case representation for CBR. Robotics and Computer-Integrated Manufacturing 2006; 22(1): 56 – 68. 

[28] Wong FSY, Chauh KB, Venuvinod PK. Automatic dimensional inspection feature recognition for inspection process planning. 
In: Proceedings of the 6th PAAMES and AMEC, Hangzhou, China, pp.35-40; 2014 . 

[29] Duan GJ, Ren Y, Duan H. Research on inspection feature recognition based on Pro/E. Applied Mechanics and Materials 2015; 
789: 273–277. 

[30] Prabhakar S, Henderson M. Automatic form-feature recognition using neural-network-based techniques on boundary 
representations of solid models. Computer-Aided Design 1992; 24(7): 381 – 393. 

[31] Stojadinovic SM, Majstorovic VD. The model of probe configuration and setup planning for inspection of PMPs Based on GA, 
Cham: Springer International Publishing; 2019. 

[32] Sadaoui SE, Mehdi-Souzani C, Lartigue C. Combining a touch probe and a laser sensor for 3d part inspection on CMM, 
Procedia CIRP 2018; 67: 398 – 403. 

[33] Ziemian C, Medeiros D. Automated feature accessibility algorithm for inspection on a coordinate measuring machine. 
International Journal of Production Research 1997; 35(10): 2839–2856. 



S.E. Sadaoui & N.D.M. Phan │ International Journal of Automotive and Mechanical Engineering │ Vol. 18, Issue 2 (2021) 

8656   journal.ump.edu.my/ijame ◄ 

[34] Ziemian C. Automating probe selection and part setup planning for inspection on a coordinate measuring machine, International 
Journal Computer Integrated Manufacturing 1998; 11(5): 448–460. 

[35] Kweon S, Medeiros D. Part orientations for CMM inspection using dimensioned visibility maps. Computer-Aided Design 
1998; 30 (9):741 – 749. 

[36] Corrigall M, Bell R. Probe and component setup planning for coordinate measuring machines. International Journal of 
Computer Integrated Manufacturing 1991; 4(1): 34–44. 

[37] Lai JY, Chen KJ. Localisation of parts with irregular shape for CMM inspection. The International Journal of Advanced 
Manufacturing Technology 2007; 32(11-12): 1188–1200. 

[38] Boeckmans B, Zhang M, Welkenhuyzen F, et al. Comparison of aspect ratio, accuracy and repeatability of a laser line scanning 
probe and a tactile probe. In: 10th IMEKO Symposium: Laser Metrology for Precision Measurement and Inspection in Industry 
(LMPMI), Tsukuba, Japan, pp. 65-70; 2014. 

[39] Mehdi-Souzani C, Quinsat Y, Lartigue C, Bourdet P. A knowledge database of qualified digitising systems for the selection of 
the best system according to the application. CIRP Journal of Manufacturing Science and Technology 2016; 13: 15 – 23. 

[40] Zuquete-Guarato A, Mehdi-Souzani C, Quinsat Y, et al. Towards a new concept of in-line crankshaft balancing by contactless 
measurement: process for selecting the best digitising system. In: ASME 2012 11th Biennial Conference on Engineering 
Systems Design and Analysis, Nantes, France, pp. 17–25; 2012. 

[41] Limaiem A, EIMaraghy HA. Integrated accessibility analysis and measurement operations sequencing for CMMs. Journal of 
Manufacturing Systems 2000; 19(2): 83–93. 

[42] Limaiem A, ElMaraghy HA. A general method for analysing the accessibility of features using concentric spherical shells. The 
International Journal of Advanced Manufacturing Technology 1997; 13(2): 101–108. 

[43] Gao Y, Lin X, Shi Y, Wang Z. Accessibility analysis in efficient inspection of closed blisk on 3-axis CMM with 2-axis probe 
head. Precision Engineering 2019; 57: 104–112. 

[44] Ajmal A, Zhang S. The application of a knowledge-based clustering algorithm as an aid to probe selection and inspection 
process planning. Proceedings of the Institution of Mechanical Engineers, Part B: Journal of Engineering Manufacture 1998; 
212(4): 299–305. 

[45] Chen F, Chiang Y. CMM probing accessibility in a single slot. The International Journal of Advanced Manufacturing 
Technology 1999; 15(4): 261–267. 

[46] Alvarez BJ, Fernandez P, Rico J, Mateos S, Suarez CM.  Accessibility analysis for automatic inspection in CMMs by using 
bounding volume hierarchies. International Journal of Production Research 2008; 46(20): 5797–5826. 

[47] Vafaeesefat A, Elmaraghy HA. Automated accessibility analysis and measurement clustering for CMMs. International Journal 
of Production Research, 2000; 38(10): 2215–2231. 

[48] Martinez-Pellitero S, Barreiro J, Cuesta E, Fernandez-Abia A. Knowledge base model for automatic probe orientation and 
configuration planning with CMMs. Robotics and Computer-Integrated Manufacturing 2018; 49: 285-300. 

[49] Mohib A, Azab A, ElMaraghy HA. Feature-based hybrid inspection planning: A mathematical programming approach. 
International Journal of Computer Integrated Manufacturing 2009; 22(1): 13–29. 

[50] Beg J, Shunmugam MS. An object-oriented planner for inspection of prismatic parts- OOPIPP. The International Journal of 
Advanced Manufacturing Technology 2002; 19(12): 905–916. 

[51] Zhao YF. An integrated process planning system for machining and inspection. PhD Dissertation, University of Auckland, 
New Zealand, 2009. 

[52] British Standard 7172: 1989. Guide to assessment of position, size, and departure from nominal form of geometric features, 
the minimum number of points.  

[53] Barari A, Mordo S. Effect of sampling strategy on uncertainty and precision of flatness inspection studied by dynamic minimum 
deviation zone evaluation. International Journal of Metrology and Quality Engineering 2013; 4(1): 3–8. 

[54] Elkott DF, Elmaraghy HA, Elmaraghy WH. Automatic sampling for CMM inspection planning of free-form surfaces. 
International Journal of Production Research 2002; 40(11): 2653–2676. 

[55] Chen Y, Peng C. Intelligent adaptive sampling guided by Gaussian process inference. Measurement Science and Technology 
2017; 28(10): 105005. 

[56] Zahmati J, Amirabadi H, Mehrad V. A hybrid measurement sampling method for accurate inspection of geometric errors on 
freeform surfaces. Measurement 2018; 122: 155 – 167. 

[57] Mian SH, Al-Ahmari AM. Application of the sampling strategies in the inspection process. Proceedings of the Institution of 
Mechanical Engineers, Part B: Journal of Engineering Manufacture 2017; 231(4): 565–575. 

[58] Hammersley DHJM. Monte Carlo methods. New York: Wiley; 1964. 
[59] Stojadinovic SM, Majstorovic VD, Durakbasa NM, and Sibalija TV. Towards an intelligent approach for CMM inspection 

planning of prismatic parts. Measurement 2016; 92: 326 – 339. 
[60] Woo TC, Liang R, Hsieh CC, Lee NK. Efficient sampling for surface measurements. Journal of Manufacturing Systems 1995; 

14(5): 345. 
[61] Lee G, Mou J, Shen Y. Sampling strategy design for dimensional measurement of geometric features using coordinate 

measuring machine. International Journal of Machine Tools and Manufacture 1997; 37(7): 917-934. 



S.E. Sadaoui & N.D.M. Phan │ International Journal of Automotive and Mechanical Engineering │ Vol. 18, Issue 2 (2021) 

8657   journal.ump.edu.my/ijame ◄ 

[62] Saunders P, Wilson A, Orchard N, Tatman N, and Maropoulos P. An exploration into measurement consistency on coordinate 
measuring machines. Procedia CIRP 2014; 25: 19 – 26.  

[63] Ascione R, Moroni G, Petrò S, Romano D.  Adaptive inspection in coordinate metrology based on kriging models. Precision 
Engineering 2013; 37(1): 44-60. 

[64] Yang C, Peng C, Chen Y, et al. Space-filling scan paths and Gaussian process-aided adaptive sampling for efficient surface 
measurements. Precision Engineering 2018; 54: 412 – 419. 

[65] Li B, Feng P, Zeng L, Xu C, Zhang J. Path planning method for on-machine inspection of aerospace structures based on 
adjacent feature graph. Robotics and Computer-Integrated Manufacturing 2018; 54: 17 – 34. 

[66] Stojadinovic SM, Majstorovic VD, Durakbasa NM, Sibalija TV. Ants colony optimisation of a measuring path of prismatic 
parts on a CMM. Metrology and Measurement Systems 2016; 23(1): 119–132. 

[67] Albuquerque VA, Liou FW, Mitchell OR. Inspection point placement and path planning algorithms for automatic CMM 
inspection. International Journal of Computer Integrated Manufacturing 2000; 13(2): 107–120. 

[68] Han Z, Liu S, Li X, Wang Y, Zhang X, Zhang G. Path planning method for intelligent CMMs based on safety and the high-
efficiency principle. The International Journal of Advanced Manufacturing Technology 2018; 95(9): 4003–4012. 

[69] Yuewei B, Shuangyu W, Kai L, Xiaogang W. A strategy to automatically planning measuring path with CMM offline. In: 2010 
International Conference on Mechanic Automation and Control Engineering, Wuhan, China, pp. 3064–3067, 2010. 

 


	Introduction
	INSPECTION DATA RECOGNITION
	HIGH-LEVEL INSPECTION PLANNING
	Part Setups
	Probe Orientation Analyses

	LOW- LEVEL INSPECTION PLANNING
	Sampling Strategies
	Path Optimisation
	Collision Problem Analysis

	CONCLUSION
	ACKNOWLEDGEMENT
	REFERENCES

