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Abstract: Industry 4.0 represents a new paradigm which creates new requirements in the area of
manufacturing and manufacturing metrology such as to reduce the cost of product, flexibility, mass
customization, quality of product, high level of digitalization, optimization, etc., all of which con-
tribute to smart manufacturing and smart metrology systems. This paper presents a developed
inspection planning system based on CMM as support of the smart metrology within Industry 4.0 or
manufacturing metrology 4.0 (MM4.0). The system is based on the application of three AI techniques
such as engineering ontology (EO), GA and ants colony optimization (ACO). The developed system
consists of: the ontological knowledge base; the mathematical model for generating strategy of
initial MP; the model of analysis and optimization of workpiece setups and probe configuration;
the path simulation model in MatLab, PTC Creo and STEP-NC Machine software, and the model of
optimization MP by applying ACO. The advantage of the model is its suitability for monitoring of
the measurement process and digitalization of the measurement process planning, simulation carried
out and measurement verification based on CMM, reduction of the preparatory measurement time
as early as in the inspection planning phase and minimizing human involvement or human errors
through intelligent planning, which directly influences increased production efficiency, competitive-
ness, and productivity of enterprises. The measuring experiment was performed using a machined
prismatic workpiece (PW).

Keywords: manufacturing metrology; industry 4.0; STEP-NC; inspection planning; CMM

1. Introduction

Industry 4.0, as a strategic initiative, aims to create smart factories where manu-
facturing technologies are upgraded and transformed into Internet of Things and cloud
computing [1,2]. “The manufacturing industry is on the top of Industry 4.0, because it
brings with it advanced technologies and techniques capable of rapidly and efficiently
changing the products, processes and supply chains involved in every aspect of indus-
try” [3]. The original definitions of Industry 4.0 are proposed in [4,5]. The definition
contains several key words, such as advanced manufacturing and advanced metrology.
This means that advanced manufacturing, or metrology, is the basis for the fourth indus-
trial revolution. In the same context, the following terms are used worldwide: a smart
factory (metrology), and intelligent manufacturing (metrology) [6]. “Industry 4.0 is also the
digital transformation of manufacturing and related industries and value chain creation
processes, based on intelligence of machines and processes for industry by information
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and communication technology” [7]. An evolution of production systems from Industry
2.0 through Industry 4.0 is presented in [8].

Within Industry 4.0, smart manufacturing systems are designed to respond in real-
time for catering to the rapidly changing demands and conditions in the factory, the
supply network, and customer needs. “Smart manufacturing is arriving and promises
a future of mass-producing highly personalized products via responsive autonomous
manufacturing operations at a competitive cost” [9]. “With the rapid growth of integrating
ITs and operation technologies in the industry, significant efforts have been made to make
manufacturing smart” [10]. Some key advantages of using smart manufacturing include
higher quality products, improved productivity, safer plant floors, and improved energy
efficiency. Those systems include machines, smart sensors, and robotic platforms, as well
as the data necessary for monitoring, maintenance, and control of the production and
measuring process.

If we perform a comparison between the development of technological systems and
manufacturing metrology, according to [7,11], we can define the following facts: (i) a holistic
measurement model applied as a smart system, and (ii) a CMM as a multi sensor system
and CPS, making up today the basic framework of smart metrology model for Industry
4.0. “Based on cyber-physical system CPS and IoT technology, the flexible transformation
of the manufacturing process to suit diverse customer manufacturing requirements is
very possible, by make-to-order services” [12]. According to [13] “smart metrology is the
implementation of a revised metrological function to make relevant decisions using AI
techniques”. The paper [14] discusses how the Industry 4.0 infrastructure can be used to
collect and process data to obtain useful information about the in-line metrology process.

The basis of the “factory operating system for extending existing factories to Industry
4.0” [15] is the application of industrial innovations, primarily in the field of IT, with online
communication and collaboration of manufacturers, customers and suppliers. From the
standpoint of SMEs, according to [16], “flexibility, cost, efficiency, quality and competitive
advantage” are found to be the key benefits to Industry 4.0 adoption. The outcome of
research presented in [17] is a developed platform that will be referred to Industry 4.0 HUB
for SMEs.

The paper [18] provides manufacturing execution system (MES) functionalities from
I4.0-related requirements standpoint and an overview of development methods for those
purposes. Today’s trends for development and implementation, as well as the functions of
MES in the context of Industry 4.0 are given in [19,20].

When it comes to measurement strategies applicable for Industry 4.0 purposes, only
strategies that offer automatic distribution of measurement points can be applied. All
manual distribution strategies and non-analytical strategies are not applicable for this
purpose. A very important element in choosing a strategy is also measurement uncer-
tainty. In this paper, a modified Hammersley strategy was chosen precisely because of
measurement uncertainty.

The contribution of this paper refers to the development of the manufacturing metrol-
ogy 4.0 model as a support of the I4.0 concept based on the existing CP3M presented
in [6,7,21] and the application of AI techniques such as EO, ACO, and GA to optimize the
MP, the number of PW setups, as well as the configuration of the measuring head and
probes. Testing of the developed model in a laboratory environment was performed on PW
manufactured on machine tool LOLA HMC 500 and measured on CMM ZEISS UMM 500.
The advantage of the model is its suitability for monitoring of the measurement process
and digitalization of the measurement process planning, simulation carried out in MatLab,
PTC Creo and STEP-NC Machine software and measurement verification based on virtual
and real CMM UMM 500, reduction of the preparatory measurement time as early as
in the inspection planning phase and minimizing human involvement or human errors
through intelligent planning, which directly influences increased production efficiency,
competitiveness, and productivity of enterprises. The novelty of the model mirrors in
the overcoming of interoperability between different software for CMM programming by
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automatically generating a point-to-point path that can be used for any CMM software by
further post-processing.

The paper is organized through the following main sections: (i) smart metrology
and Industry I4.0, (ii) inspection features and ontology knowledge base, (iii) inspection
planning model with mathematical model of initial MP, (iv) optimization models and
(v) simulation of MP.

2. Outline of the Concept

The inspection planning system as a support of manufacturing metrology 4.0 (IP2SM4.0)
covers all elements of planning execution of parts inspection on CMM, using the models
and connections between them according to Figure 1:

• EO model for extraction of geometric features from IGES and STL file and define GD&T
of metrological feature of the PWs and integration by ontology knowledge base;

• ACO model for design of MP optimization as a first main part of IP2SM4.0;
• GA model for optimal part setup and probes optimization, as a second main part

of IP2SM4.0;
• Mathematical model integrates distribution of the measurement points, accessibility

and collision avoidance analysis;
• Simulation in MatLab (shown as a measurement path on Figure 1), PTC Creo and

STEP-NC Machine and generation of an appropriate output file.
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Overall output IP2SM4.0 is an optimal MP for real CMM and elimination of human
errors through intelligent planning and optimization of probe configuration and PW
setup, which directly influences increased production efficiency, competitiveness, and
productivity of enterprises.
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According to [22], manufacturing metrology consists of the following types of mea-
surements: (i) shape, (ii) material, (iii) function, and (iv) electricity. It can conclude that
Industry 4.0 model has all types of measurements, with the first component as the most
represented for manufacturing. For that reason, the main focus in this paper is tolerance of
these types of measurements and tolerance according to standard ISO 1101.

3. Inspection Features and Engineering Ontology
3.1. Inspection Feature Modeling

Inspection feature (IF) consists of one or more geometric features (GFs) and they
represent a link between a standard type of tolerances and GFs that PWs consists of. A
standard type of GFs such as planes, circles, cylinders, cones, truncated cones, hemispheres
and truncated hemispheres are used for the generation and description of all IF types. Each
GF is absolutely determined by the parameters in relation to the CS OFXFYFZF. Parameters
can be of the following type: coordinates (X,Y,Z), diameter (D,D1) height (H,H1), width (a),
length (b), vector of a primitive (n), parameter of the fullness of a feature (np). Extraction
of the GFs parameters from IGES file is possible based on the knowledge of its structure
and is given in [23].

3.2. Ontology Knowledge Base

Assuming that GFs can be represented as EO classes and parameters of the IFs as prop-
erties of the classes, this chapter provides an ontological description of IFs and ontology
knowledge base. EO components are defined as:

• Classes: represent GFs such as: point C_1, line C_2, circle C_3, ellipse C_4, plane C_5,
sphere C_6, cylinder C_7, cone C_8 and torus C_9.

• Subclasses: GFs that participate in creating other primitives are EO subclasses: C_11,
C_12, C_13, . . . , C_19; C_52, C_53, C_54, C_57, C_58, C_59). e.g., C_52 represents the
plane that participates in creating a line.

• Individuals: represent GFs defined by mentioned parameters. The example of indi-
viduals for class point is labeled as C_12_I1 and represents the point obtained as an
intersection of straight lines.

• Properties: individual parameters represent EO properties as four types of properties:
coordinates of points, normal vectors, diameter, and angle.

Implementation of the developed ontological description was carried out in soft-
ware Protégé—OWL editor. OWL ontology includes description of classes, properties
and individuals. Software Protégé is a free, open source ontology editor based on Java.
Protégé implements a set of knowledge-modeling structures and actions that support the
creation, visualization, and manipulation of ontologies in various representations of data
formats [24].

According to [23,25,26], the implementation of IFs in Protégé consists of modeling:
(i) classes, (ii) class hierarchy, (iii) individuals, and (iv) classes and individuals’ properties.
Figure 2 shows part of the PW ontological structure decomposition (hierarchy of classes,
hierarchy of object properties and hierarchy of data properties) into geometric features.
Initially, the workpiece was decomposed into standard types of tolerances as defined by
ISO 1101.
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In this case, those are the tolerances of: length (TL), form (TF), orientation (TO) and
location (TLC). These types of tolerances are downwards decomposed into specific types of
tolerances defined by a standard as well. Adhering to this procedure is necessary because
of linking specific tolerance types with tolerances that occur in practice. The next iteration
is related to decomposition into upper-level types of tolerances—the types encountered in
the technical drawing of the part.

According to the previously described model of the knowledge base, the tolerances
of demo PW are reduced to GFs. In that case, all metrological features taking part in
the creation of the part tolerance were included: TL, TF, TO and TLC (Figure 3). The TL
according to ISO 1101 consists of four basic types of length tolerance (TL-1-61, TL-1-62,
TL-1-62 and TL-1-7) and five diameter tolerances (TL-2-11, TL-2-12 TL-2-13 TL-2-14 and
TL-2-15). The tolerance of form is TF-2-1, whereas the tolerances of orientation are denoted
by TO-2-11, TO-2-12, TO-2-13, TO-2-14, TO-2-11 and TO-2-12. The tolerance of location is
indicated by TLC1-4.
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The ontological base integrates tolerances and geometry in compliance with ISO 1101,
and concretely for a specific PW it determines uniquely the values of IFs parameters.

4. Inspection Planning Model

The inspection planning model consists of the method of initial MP generating and
analysis of PW setups and the configuration of sensors.

4.1. Initial Measuring Path Generating

The initial MP generating starts from the mathematical model presented in [27,28].
The model is adapted to the needs of the I4.0 concept that is basically related to the
aspect of automatic generation of the MP. Primary benefit of the mathematical model is to
create connections between CSs (Figure 3a) such as probe (OPXPYPZP), PW (OWXWYWZW),
features (OFXFYFZF), and CMM (OMXMYMZM), as well as to generate an initial MP for
each IF. According to Figure 3a, the basic Equation (1) of the model is:

MrPi
= MrW + WrF +

FrPi
= MrF +

FrPi
(1)
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where: WrF—GF system’s position vector in the PW CS, FrPi
—probe point’s position vector

in the GF CS, MrW—PW system’s position vector in the CMM CS, MrF—GF (plane) system’s
position vector in the CMM CS.

As aforementioned, the role of a mathematical model is automatic distribution of
measuring points per IF and generation of initial MP. Two sets of points generating of
the initial path: (i) the measuring points and (ii) nodal points. Sampling strategy of those
points for different GFs that make up a single IF is obtained by modifying Hamersley
sequences presented in [28]. An example of equations of measuring points coordinates
Pi(si, ti, wi) in Cartesian CS for a plane and truncated hemisphere, according to [27,28], is
given as follows:

Plane:
si =

i
N
· a (2)

ti =

(
k−1

∑
j=0

([
i
2j

]
Mod2

)
· 2−(j+1)

)
· b (3)

wi = 0 (4)

where: a[mm]—distance per axis x; b[mm]—distance per axis y
Truncated hemisphere:

si =

√√√√R2 −
((

k−1

∑
j=0

([
i
2j

]
Mod2

)
· 2−(j+1)

)
· R
)2

· cos
(

i
N
· 360o

)
(5)

ti =

√√√√R2 −
((

k−1

∑
j=0

([
i
2j

]
Mod2

)
· 2−(j+1)

)
· R
)2

· sin
(

i
N
· 360o

)
(6)

wi =

(
k−1

∑
j=0

([
i
2j

]
Mod2

)
· 2−(j+1)

)
· (R− h1) (7)

where R[mm] is the radius and h1[mm] is the height of a truncated hemisphere. The
set of nodal points implies two sub-sets Pi1(si1, ti1, wi1) and Pi2(si2, ti2, wi2), where is i =
0, 1, 2, . . . , (N− 1) and N—number of sampling points. The points Pi1(xi1, yi1, zi1) presents
points for the transition from fast to slow feed. The distance between points Pi1(xi1, yi1, zi1)
and Pi(xi, yi, zi) is presented (Figure 3d) by d1—slow feed probe path, and the distance
between points Pi2(xi2, yi2, zi2) and Pi1(xi1, yi1, zi1) is d2—rapid feed probe path.

According to [27,28], coordinates of the nodal points Pi1(xi1, yi1, zi1) and Pi2(xi2, yi2, zi2)
are defined from:

xi1 = xPiPi1 + xi, yi1 = yPiPi1
+ yi, zi1 = zPiPi1 + zi, (8)

xi2 = xPiPi2 + xi, yi2 = yPiPi2
+ yi, zi2 = zPiPi2 + zi. (9)

where coordinates xi = s, yi = t, zi = wi are actually coordinates of the measuring point
Pi(si, ti, wi), while other unknown coordinates are determined from the expression:

→
PiPi1 =

→
npi · d1 = xPiPi1

→
i + yPiPi1

→
j + zPiPi1

→
k (10)

→
PiPi2 =

→
npi · (d2 + d1) = xPiPi2

→
i + yPiPi2

→
j + zPiPi2

→
k (11)

where
→

npi is the vector of fullness of GF.
Based on the STL file for the representation of PW shape, the tolerances of PW, the

coordinates of the end point P(NF1)1 of a feature truncated hemisphere and the coordinates
of the start point P(NF2)1 of a feature plane, the simplified principle of collision free path
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between PW and probe for example parallelism tolerance inspection is shown in Figure 3c.
An obstacle to be overcome by the principle of collision avoidance is represented in the
intersection plane α and refers to parallelism tolerance designated in Figure 3a. As can be
seen, in this case, IF is the parallelism tolerance and is composed of two GFs (plane and
truncated hemisphere).

The principle is iterative and consists of moving line p for distance δ until the line
became collision free (line segment p).

Overall travelled path [27] by a measuring probe in the inspection in N measuring
points represents an initial MP of a measuring sensor and can be calculated as

Dtot =
N−1
∑

i=0
(

∣∣∣∣ →
Pi2Pi1

∣∣∣∣+ 2 ·
∣∣∣∣ →Pi1Pi

∣∣∣∣+ ∣∣∣∣ →
Pi1P(i+1)2

∣∣∣∣)+
+

P
∑

i=1
(

∣∣∣∣ →
PNF1P(NF1)1

∣∣∣∣+ ∣∣∣∣ →
P(NF1)1P′′′NF1

∣∣∣∣+ ∣∣∣∣ →
P′′′NF1P′′′NF2

∣∣∣∣+ ∣∣∣∣ →
P(NF2)1PNF2

∣∣∣∣) (12)

where: P—number of obstacles (transitions from one feature to another),
∣∣∣∣ →
Pi2Pi1

∣∣∣∣ rapid

feed rate and 2 ·
∣∣∣∣ →Pi1Pi

∣∣∣∣ double travelled slow feed rate for the i-th point, and
∣∣∣∣ →
Pi1P(i+1)2

∣∣∣∣
length of distance in probe’s transition from previous i-th point to the next (i + 1) nodal
point. Calculated coordinates of distributed points (N = 10) for two unit GFs for parallelism
tolerance, according to this methodology, are given in Table 1.

Table 1. Coordinates of distributed measuring and nodal points.

Points and No.

Unit GF

Plane Truncated Hemisphere

X Y Z X Y Z

Pi

1 0.0000 0.0000 0.0000 1.0000 0.0000 0.0000
2 0.1000 0.6641 0.0000 0.6049 0.4395 0.6641
3 0.2000 0.3281 0.0000 0.2919 0.8984 0.3281
4 0.3000 0.9922 0.0000 −0.0386 0.1186 0.9922
5 0.4000 0.1563 0.0000 −0.7991 0.5806 0.1563
6 0.5000 0.8203 0.0000 −0.5719 0.0000 0.8203
7 0.6000 0.4844 0.0000 −0.7078 −0.5142 0.4844
8 0.7000 0.1484 0.0000 −0.3056 −0.9405 0.1484
9 0.8000 0.0625 0.0000 0.3084 −0.9492 0.0625
10 0.9000 0.7266 0.0000 0.5559 −0.4039 0.7266

Pi1

1 0.0000 0.0000 0.3333 0.9200 0.0000 0.0000
2 0.1000 0.6641 0.3333 0.5565 0.4043 0.6641
3 0.2000 0.3281 0.3333 0.2686 0.8265 0.3281
4 0.3000 0.9922 0.3333 −0.0355 0.1092 0.9922
5 0.4000 0.1563 0.3333 −0.7352 0.5341 0.1563
6 0.5000 0.8203 0.3333 −0.5262 0.0000 0.8203
7 0.6000 0.4844 0.3333 −0.6512 −0.4731 0.4844
8 0.7000 0.1484 0.3333 −0.2811 −0.8653 0.1484
9 0.8000 0.0625 0.3333 0.2837 −0.8733 0.0625
10 0.9000 0.7266 0.3333 0.5114 −0.3716 0.7266

Pi2

1 0.0000 0.0000 1.0000 0.6000 0.0000 0.0000
2 0.1000 0.6641 1.0000 0.3629 0.2637 0.6641
3 0.2000 0.3281 1.0000 0.1751 0.5390 0.3281
4 0.3000 0.9922 1.0000 −0.0231 0.0712 0.9922
5 0.4000 0.1563 1.0000 −0.4794 0.3483 0.1563
6 0.5000 0.8203 1.0000 −0.3431 0.0000 0.8203
7 0.6000 0.4844 1.0000 −0.4247 −0.3085 0.4844
8 0.7000 0.1484 1.0000 −0.1834 −0.5643 0.1484
9 0.8000 0.0625 1.0000 0.1850 −0.5695 0.0625
10 0.9000 0.7266 1.0000 0.3335 −0.2423 0.7266
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4.2. Analysis of PW Setups and Configuration of Sensors

Inspection on a three-axis CMM such as ZEISS UMM 500 can be done from three
orthogonal directions corresponding to the axes X, Y and Z. Thus, six directions can be
derived corresponding to the axes of the machine +X, −X, +Y, −Y, +Z and −Z. From the
standpoint of access to the GF the term feature approach direction (FAD) is presented,
while from the standpoint of probes the probe approach direction (PAD) is introduced [3].
The FADs, as shown in Figure 4a, define possible directions of access to the GF.
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FADs are used to analyze the setup of the measuring part as it shown in Figure 4b. On
the other side, PADs, as shown in Figure 4c,d, define the possible directions of the probe
access. Due to the setup of the PW on the working table of CMM, one of the PADs is lost,
so that the maximum number of PADs can be 5.

5. Optimization Models
5.1. Optimization of PW Setups and Probe Configuration

Applying of the model GA is posibile if define the Boolean matrices of PW setup S
and probe configuration C. The elements of the matrix S are linked to the FADs and can
be 0 or 1. For example, according to Figure 4a, the element of the matrix takes the value
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because the truncated sphere can be accessed from FAD#1. Similarly, the element of the
matrix takes the value because the truncated sphere cannot be accessed from FAD # 4.

Analogous to the matrix S, according to [3], the configuration matrix C is also filled
to use the PADs. The number of rows of both matrices is equal to the number of GFs
which are design IFs. In this case study, they are two types of tolerance (parallelism and
perpendicularity) and three GFs, so the matrix C is as follows:

C =


PAD#1

1
PAD#2

0
PAD#3

0
PAD#4

0
PAD#5

0
PAD#6

0
1 1 1 1 1 1
1 1 0 1 1 1

 trun.sphere
plane#1
plane#2

(13)

Optimal solutions for the case of PW setup are obtained by GA model [3,27] and are
represented by the zero-columns. Optimal solutions for the case of probe configuring
(measuring heads) are also obtained by mentioned GA model and are represented by the
one-columns. According to [3,27], GA consists of three main sections, as follows:

• initial population,
• fitness function,
• selection.

5.1.1. Initial Population

If introduce a new matrix P, which represents the matrix of randomly defined rows of
matrix C or S, it can be defined as the GA initial population, and modified optimization
algorithm [27,29] can be applied, which has Boolean matrix for the initial population and
optimal solution.

5.1.2. Fitness Function

According to [3], the principle of defining the fitness function has physical meaning
that can read like this: possible approach directions (probe configuration) for a single PW
setup become ultimate (optimal) only along the most represented directions. Thus, a new
fitness function in the matrix form is

F =
[
F1ij

]
m×n
·
[
F2ij

]
m×n

(14)

where:

F1 =
[
F1ij

]
m×n

= F1(i,j) =

[
m

∑
i=1

cij

]
, j = 1, 2, . . . , n (15)

F2 =
[
F2ij

]
m×n

= F2(i,j) =

[
n

∑
j=1

cij

]
, i = 1, 2, . . . , m (16)

The first condition (F1) is to take from each row of the initial population P matrix at
least 1 unit and at most 5 units each. The second condition (F2) is that this unit is taken
from the column, whose sum is maximum. This way, priority columns or columns whose
sum is maximum, and less important columns or non-priority columns are extracted.

5.1.3. Selection

The selection matrix W in this method is modified and given in [3] by the expression (17)

W =
[
Wij

]
m×1

= W(i,j) = Wij((i, j) ∈ {1, 2, . . . , m, 1, 2, . . . , m} × {1}), wij ∈ {0, 1} (17)

Algorithm was tested for the following parameters: (1) N = m = 16—population size, or
the number of features for inspection, (2) G = 5—genome size, (3) S = 100—tournament size,
(4) G = 1000—number of used genes and (5) pper = 0.02—value of permutation probability.
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5.2. Optimization of Initial Measuring Path

As aforementioned, this planning system considered a model for optimizing the MP
based on ants colony. The application of ACO in a coordinate metrology is based on the
defining collision zones (Figure 5a,c) and solution of travelling salesmen problem (TSP),
where the set of cities corresponds to the set of points of a minimal MP length.
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According to [30], ACO is based on Equation (18) for calculation of the point-to-point
measuring probe path during measurement on N points:

min{Dtot} = K +


N−1

∑
i=0

(min
{∣∣∣∣ →

Pi1P(i+1)2

∣∣∣∣} ∨min
{∣∣∣∣ →

Pi1P(i+1)1

∣∣∣∣}∨
∨min

{∣∣∣∣ →
Pi(i+1)P(i+1)2

∣∣∣∣} ∨min
{∣∣∣∣ →

Pi2P(i+1)1

∣∣∣∣})
 (18)

where K = N · (2 · d1 + d2) represents a constant lengths of MP, d1 =

∣∣∣∣ →Pi1Pi

∣∣∣∣ and d2 =∣∣∣∣ →
Pi2Pi1

∣∣∣∣ as presented in the fourth chapter.

According to [30–32], “TSP can be represented by a complete weighted graph G =(N, A)
with N being the set of nodes representing the cities, and A being the set of arcs. Each arc
(i, j) ∈ A is assigned a value (length) dij, which is the distance between cities i and j, with
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i, j ∈ N. “The goal in TSP is to find a minimum length of Hamiltonian circuit of the graph
where a Hamiltonian circuit is a closed path visiting each of the n =|N| nodes of G exactly
once” [30,31], so that an optimal solution to the TSP is a permutation π of the node indices
{1, 2, . . . , n}.

The decision on which path is the shortest is obtained based on the criteria of the
maximum amount of ants colony evaporated pheromones. For that it use the values of
the weight coefficients τij and ηij. Coefficient ηij represents the influence of the distance
between two nodes of a graph, while τij is the probability that an ant leaving the node i
visits the node j as the next one.

The results of comparison based on this optimization model for three paths and two
GFs (Figure 5b,d) is given in Table 2 (Section 6.4). The value of optimal path saving is shown
in rows 4 (IC—impact) and 5 (IS—impakt). DC is distance PTC Creo MP and DS—distance
STEP-NC Machine generated MP.

6. Simulation of Measuring Path

Simulation of the MP is based on [28,33,34] and carried out in order to configure the
virtual CMM environment for programming and program verification, as well as to avoid
collision. Thus, the goal of simulation is to visually inspect the MP in terms of collision
for a PW and its tolerance. It is partially based on above mentioned model developed for
inspection planning, and at the output it gives a measurement protocol or a list of control
data that contains data about coordinates of the measuring points and interposition points.
The other part is based on the application of existing software programs for simulation
such as PTC Creo and STEP-NC Machine to perform comparison of the MPs lengths.

6.1. MatLab Simulation

For verification of the IP2SM4.0 and path simulation, for visual inspection of collision
between a measuring sensor and PW, a program was written in MatLab environment. The
major goals of the written program is generation of the measurement protocol and the list
of control data at the output [28], which are used afterwards in the experiment process
planning and as the input for experimental measurements.

The MatLab Simulation was developed using three algorithms, presented in [28],
as follows:

• measuring points distribution,
• collision free pat generation, and
• measuring path planning.

As the examples for the verification of MPs on virtual CMM, IFs of plane and cylinder
are selected from PW. For both features the unique parameters are defined by ontology
knowledge base, e.g., for plane these parameters are a, b, and n as well as the homoge-
nous transformation matrix W

F T that defined the position and orientation of CS of the GF,
OF, XF, YF, ZF, in accordance with the coordinate frame of PW OW, XW, YW, ZW. Those
parameters are used as input data for simulation in a MatLab environment.

The examples of generated initial MPs for plane and cylinder are shown in Figure 6a.
Thus generated points are sorted in unique sequences—MP for each IFs. This unique
sequence was first visualized in Matlab and then saved in file for loading in CAD/CAM
system—PTC Creo.
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6.2. PTC Creo Simulation

The PTC Creo software and the Manufacturing module within it were used to design
the MP. According to [33], for creating a MP, the following activities need to be performed:
(i) loading of CAD PW; (ii) modeling of CMM; (iii) creating of measurement operation and
selecting of task’s CS; (iv) choosing of measuring probes; (v) selection of IFs according
to tolerance of PW; (vi) choosing of measuring parameters; (vii) import of measurement
points, given as a result of the output of the MatLab visualization code; (viii) generation
and simulation of a MP on configured VCMM, including a probe.

A model of VCMM is shown in [34]. A detailed VCMM model in PTC Creo software
with assembly and kinematic links is presented in [33]. Moving kinematic links (sliders per
X, Y, Z axis) allow the movement of CMM components within the permissible limits for
each axis and realize the programmed path.

According to [33], to perform simulation it is necessary to define the CS of:

• CMM granite table (MACH_ZERO),
• PW (MACH_ZERO),
• probe holder (TOOL_POINT), and
• probe tip (TOOL).
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Matching the MACH_ZERO CS of PW with the MACH_ZERO granite table CS
enables the PW setup on the granite table of configured VCMM during simulation. The
same procedure is applied for matching of CSs TOOL and TOOL_POINT for probe setting
in a probe holder.

The simulation of MPis applied on a configured VCMM UMM 500 in manufacturing
module of PTC Creo software as it shown in Figure 6b. Simulated MP was verified and
saved in a CL file (DMIS program) for the purpose of executing the measurement program
on real CMM such as UMM 500.

6.3. STEP-NC Machine Simulation

The STEP-NC Machine software is used to create a visual measuring system which can
include virtual CMM and simulation of the measuring process for generation, verification
and monitoring of a MP.

According to [35], STEP-NC Machine simulation based on CMM in this paper consists
of the next main steps: (i) creating CAD model of the PW in available CAD system;
(ii) defining the CS on the PW (ii) export of this CAD model as a STEP file according to
defined coordinate system; (iii) setting up the defined unit before loading of prepared
STEP file for inspection into STEP-NC Machine as a PW; (iv) choose the option Probing
and Create probing operation; (v) setting of measuring parameters for selected step such
as: max. number of probe points, probe clearance, probe along (surface normal or Z-
axis), moving between probes, and probe delta distances; (vi) generation of MP and save
STEP-NC file; (vii) simulation of MP including head and probe, and (viii) MP simulation
on configured Virtual machine UMM500 in STEP-NC Machine, Figure 6c; (ix) export of
DMIS file. If STEP-NC file contains machining features or geometric tolerances, STEP-NC
Machine can display them.

Based on STEP-NC Machine simulation, the output can generate the DMIS file.

6.4. Results of Comparison

The experiment was performed by simulating three types of measurements. The first
measurement simulation was performed in PTC Creo software, the second in STEP-NC
Machine software and the third measurement in MatLab software according to the ACO
model, presented in Section 5.2. The results of the comparison according to the criterion of
the minimum path of the measuring sensor, for individual GFs, are given in Table 2. In
this case, as mentioned earlier, the required variables are marked as: DC is the measuring
path length obtained by PTC Creo; DS is the measuring path length obtained by STEP-NC
Machine; DO is the optimized measuring path length obtained with ACO simulated in
MatLab software; IC is percentage of saving of the measuring path length DO in relation to
DC; IS is percentage of saving of the measuring path length DO in relation to DS.

Table 2. Results of comparison of the three measuring paths for basic GFs.

No. Name of Path/Impact
Feature

Plane Trunscated
Hemisphere Circe Cylinder Trunscated

Cone

1 PTC Creo (DC) [mm] 202.6522 183.6755 126.4420 228.9870 440.1400
2 STEP-NC (DS) [mm] 172.4683 165.2395 116.2687 195.8100 362.5900
3 Optimized by ACO (DO) [mm] 159.4604 159.0962 110.2460 172.2140 307.6090
4 IC = 100 − (DO/DC [%]) 21.31 13.38 12,81 24.79 30.11
5 IS = 100 − (DO/DS [%]) 7.54 3.71 5.17 12.05 15.16

A realistic comparison is assured by the basic postulate that the measuring process
is the same in all three cases (methods), which can be adjusted so that the parameters
have the same value in all three methods. The influence of the start and end points is
minimised using such a setting that the parameters of measuring process are the same in
all three methods.
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The length of the software measuring paths length DC and DS are taken from the
corresponding CL or DMIS file generated by PTC Creo and STEP-NC Machine, while the
optimized path length DO is the shortest path obtained with the ACO—based model. The
software path is obtained by analysing the CL file that shows points used for construction
of the measuring path.

Table 2 shows the values of measuring path lengths (DC, DS and DO) obtained with
three simulation methods, as well as the results of comparison. For the observed GFs, the
impact IC = 100 − (DO/DC [%]) are in the interval 30.11–12.81%, which presents reduction
(save) of the measuring path obtained with ACO by at least 12.81%. The impact IS =
100 − (DO/DS [%]) are in the interval 15.16–3.71%, which presents reduction (save) of the
measuring path obtained with ACO by at least 3.71%. In accordance with MPE, the results
of comparisons were rounded to 2 µm.

7. Conclusions

This paper presents an IP2SM4.0 for Industry 4.0. The described system is based on
a digital (towards smart) CMM suitable for accomplishing smart metrological processes
in accordance with metrological tasks of the concept Industry 4.0. Generally, metrological
tasks depend on geometrical and metrological complexity of PW and it is very important
to verify the smart measuring process before the execution of measurement and MP on
CMM. The CMMs are recognized as a flexible element of production metrology, and they
are applicable for a wide range of metrological tasks. It is for this reason that CMM is used
in this paper as a measuring device.

In the present paper, the verification of MP, based on IP2SM4.0, is first visualized in
MatLab, then through simulations in the STEP-NC and CMM modules of PTC Creo. The
simulation of the MP was realized on the configured VCMM UMM 500. Output from the
simulation on virtual CMM generated MP was saved in the CL file (DMIS program). When
this file is generated, the developing of a postprocessor leaves the possibility for creating a
control data list for different CMMs.

A comparison of three types of simulated measurement paths on VCMMs was per-
formed. The optimal measuring path was compared with (i) the PTC Creo programmed
measuring path, and (ii) the automatically generated measuring path in the STEP-NC
Machine software for a specially designed PW for this purposes. The optimal measuring
path is compared with the PTC Creo measuring path on a CMM and with the automatically
generated measuring path in the STEP-NC Machine, for the observed PW. A comparison
between the optimal path obtained by ACO and the PTC Creo programmed path shows
improvement, i.e., reduction of the measuring path length per GFs in the interval from
12.81% to 30.11%. Also, the optimal path obtained by ACO is shorter per GFs from 3.71% to
15.16%, that the path obtained with STEP-NC Machine software, using the same parameter
settings for both methods.

The advantage of this approach is to reduce the measurement time by optimization
of the measurement path for measurement of complex PWs. If it is known that in mea-
surements on a CMM the measuring path length given in Table 2 is directly proportional
to time, mentioned optimizations reduce length of measuring path and thus reduce mea-
suring time and raising work productivity on a CMM in the inspection planning phase
and later in the measurements execution phase. Also, the advantages of IP2SM4.0 involve
open architecture, flexibility and adaptability to various measurement strategies, from
conventional to the latest, such as the STEP-NC Machine software strategy. On the other
hand, commercial software packages do not have a completely open architecture. IP2SM4.0
automatically generates the measuring path, eliminating operator’s intuition and experi-
ence to a large extent, which is in the context of Industry 4.0 one of the prerequisites for its
successful application.

Conducted research in this paper is an answer to the industry’s requirement as its
maintenance of the permanent, required level of inspection by modeling and simulation
of the part of activity performed by an inspection planner. On the basis of proposed
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methodology, directions of future research would embrace extension to non-prismatic
machine parts (parts with free-form measuring surfaces) and towards the development of
a digital twin for measurements on a CMM.
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Abbreviations
The following abbreviations are used in this manuscript:

AI artificial intelligence
ACO ants colony optimization
AP application protocols
BDA big data analytics
CAI computer aided inspection
CAD computer aided design
CAM computer aided manufacturing
CMM coordinate measuring machine
CPS cyber physical system
CP2M cyber physical manufacturing metrology
CP3M cyber physical manufacturing metrology model
CL cutter location
CS coordinate system
DMIS dimensional measuring interface standard
DML dimensional markup language
ERP enterprise resource planning
EO engineering ontology
FAD feature approach direction
GA genetic algorithm
GF geometric feature
IoT Internet of Things
IT information technology
IIoT industrial internet of things
IP2SM4.0 inspection planning system as a support of manufacturing metrology 4.0
IGES initial graphics exchange specification
MES manufacturing execution system
MM4.0 manufacturing metrology
MP measuring path
OWL web ontology language
PAD probe approach direction
PW prismatic workpiece
STEP standard for the exchange of product model data
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STL standard triangle language
SaaS software as a service
SMEs small and medium-sized enterprises
TSP traveling salesman problem
TL tolerances of length
TF tolerances of form
TO tolerances of orientation
TLC tolerances of location
VCMM virtual coordinate measuring machine
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