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Abstract

In manufacturing, the automated elicitation of engineering knowledge is a major
challenge due to the increasing knowledge-intensive processes and systems used in industry.
Capturing and formalizing engineering knowledge is a highly costly and time-consuming task.
The existing literature covers little in this field, leaving unanswered the technical difficulties
of capturing and representing knowledge in Coordinate Measuring Machine (CMM) inspection

planning applications.

This work presents the Inspection Planning and Capturing Knowledge (IPaCK) system,
a novel paradigm for the automated capturing and formalising of human centred expertise in
the field of CMM planning. The proposed solution is an innovative physical setup using a
simple tracked hand-held probe that facilitates intuitive planning of a CMM measurement
strategy as a user interacts with a real component. As the sequence is generated, in real time
a motion tracking-based digital tool logs user activity throughout the task. A post processor
then converts log file data into multiple formalised outputs representing the knowledge

created and utilised during the CMM inspection planning task.

Experienced CMM inspection planners validated IPaCK’s potential to produce
knowledge representations of CMM planning strategies that were useful, relevant and
accurate. A comparison of planning strategies resulted in the detection of measurement
patterns; embedding both inspection planning knowledge and experience, constituting the
first known implementation of automatically capturing best practice and defining benchmarks
to evaluate future planning strategies. A task completion time (TCT) comparison against a
conventional CMM showed that IPaCK facilitates faster measurement planning and part

programming.

On using the system, novice planners rated IPaCK and its knowledge representations
to provide significant metacognition support to CMM planning and training. Experienced
planners confirmed IPaCK’s knowledge capture capability and that the formats were industry

acceptable, relevant and beneficial in inspection planning tasks.

IPaCK could be at the heart of the next generation of CMM inspection planning
systems; one that automatically captures and formalises inspection planning knowledge and
experience in multiple outputs. This thesis presents the underpinning science and technology

to realise the implementation.
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Chapter 1 Introduction

The ever-increasing market competition and customers demand for high quality
products have put a great deal of pressure into manufacturers to improve their production
processes. Thus, a great need for better product verification and inspection practices has
emerged. By enhancing measuring technologies not only can products’ quality be assured but
also significant feedback can be provided to manufacturing processes upstream so that
problems can be identified, and improvements can be achieved, towards enhanced
production throughput. This chapter presents the general field of research and motivation of
the reported work, the major aims, questions and objectives as well as the structure of the

thesis.

1.1 Field of research

Automation in modern manufacturing has been fundamental over the last three
decades. Computer Integrated Manufacturing framework (CIM)[1] offers the integration of
computer based technologies and automation into the product life-cycle for manufacturing
companies to cope with a highly competitive environment and need for continuous
improvement. Computing systems and information technologies have been employed to
support production under the prism of Computer Aided Manufacturing (CAM) offering a wide
set of methods, technologies and developments for supporting flexible and automated

manufacturing.

In any well-performing production system, inspection plays a key role [2]. Primarily, it
focuses on a product’s conformance to initial design intent, specifications, standards and,
more importantly, to customer requirements. When a product is characterised as not
conforming, inspection feedback can inform upstream stages to identify the causes of non-
compliance with the original design. By enhancing inspection knowledge, companies can
improve their design and manufacturing processes to reduce the amount of scrap and rework,
resulting in higher production rates and money savings. Figure 1 below illustrates this loop,
highlighting the connections of Computer Aided Inspection (CAl) to other steps of product’s
life cycle and thus the requirement for continuous improvement in quality check and

verification processes.
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Figure 1.1 Computer Aided Inspection & Planning within Computer Integrated Manufacturing [1]

The automation of inspection process has been implemented by the concept of
Computer Aided Inspection (CAl) providing firms with an advanced quality control tool
contributing to production of high-quality products. A key technological application of CAl is
the Coordinate Measuring Machine (CMM). The preparation stage for programming a CMM
is stated as Computer Aided Inspection Planning (CAIP) (Figure 1). The inspection routine is
generated using CAIP systems by experienced metrology engineers and CMM programmers,
and it is translated into a part program which drives the CMM to perform the dimensional and
tolerancing measurements. However, available CAIP packages generally do not provide
standardised methods and strategies for creating a measurement plan. Therefore, the
effectiveness of such methods and strategies affects repeatability. This is because, ultimately,

a part program’s quality depends on the CMM programmer’s expertise and knowledge.

The inspection results, coming from a strategy include geometrical dimensions, form
and positional accuracy and are used as the basis for quality analysis, upstream processes
feedback and decision making support throughout the whole product life-cycle [3]. This data
is crucial for the product life cycle, affecting all stages from product design to manufacturing
processes and quality testing. Therefore, it is necessary to ascertain that the best of
knowledge and expertise are engaged in generating an inspection plan and part program.
Without standardised planning practices the quality of a plan is questionable leading

eventually to uncertain and possibly faulty results of the product verification process.

Moreover, with the absence of formalised knowledge and standardised planning
methods, the generation of new inspection plans, can cause bottlenecks, lengthening the

product’s manufacturing cycle. To address these challenges, it is required to obtain a deeper



understanding and insight of how an inspection plan is created, what parameters and
considerations are involved, and what the decision making and thinking behind a generated
strategy are. By fulfilling this requirement, standardised practices and best rules for inspection
planning can by structured as well as training procedures, assuring that products are tested
and validated sufficiently as well as proper feedback informs upstream operations. Then, the
standardisation of CMM inspection planning strategies will be feasible as well as the
development of each new measurement plan required will be faster and the measurement

results precise and certain.

1.2 Motivation

In the last three decades, a wide variety of computer aided inspection planning (CAIP)
tools and systems were developed to facilitate the preparation of measurement strategies.
However, there are still open questions in understanding how a CMM programmer generates

and plans an inspection.

Although significant work has been conducted in the past to propose rules, practices
and methodologies, the lack of a methodology for capturing and formalising explicit
knowledge on how experts prepare and carry out CMM measurements constitutes a
bottleneck in the product quality testing stage that has led to a repetitive generation of new
inspection plans. Creating CMM part programs is a time-consuming task, even for experienced
programmers, and the lack of appropriate knowledge formalization tools prevents engineers
from automating or even semi-automating the task, causing the eventual loss of this expertise
in the long term. Therefore, a key motivation of this research is to enable and enhance the
deeper understanding of thought processes and decision making behind the planning and

generation of inspection strategies for CMM measurements.

Another driver for this work results from a key concern regarding knowledge storing
and reuse in industry. That is, when experienced personnel are about to leave from a company
or retire, then valuable knowledge is lost potentially affecting future product development
[4]. To deal with this issue, companies have tried to take some measures in order to mitigate
the consequences. For example, in some cases engineers who are going to leave their position
were asked to record and document their rationale and expertise in performing a task.
However, this is a highly time-consuming activity, especially in the field of CMM inspection.
Planning an inspection routine and documenting its rationale could take a huge amount of
time and could also lead to the distraction of the planner and potential inefficiencies or severe

in the measurement strategy. Thus, an advanced approach and tool are necessary to be



developed aiming to quick, automated knowledge capture and formalization so that implicit
knowledge and expertise can be extracted, formalised, stored and reused easily in future

tasks.

One outcome of this work is to support training procedures of entry level and
inexperienced CMM programmers. By making explicit and formalising the knowledge
generated by experts, novice engineers in the field will be able to study already developed
measurement plans and get familiarised more quickly in planning their own strategies. To
achieve this an understanding on how to set-up and manage a successful workflow from

capture to distribution will be carried out.

By curating different inspection strategies for the same or similar components, common
patterns of activity will be observable. These can potentially lead to identifying rules and best
practices resulting from hands-on experience. Then, standardised inspection planning will

become available to the CMM planners and programmers for reuse and further improvement.

Finally, this research aims to develop an interface for planning CMM measurements and
logging user activity. Such a system will not only allow capturing of a strategy but also provide
a risk-free environment where novices and inexperienced users can learn and practice in

planning CMM inspections.

1.3 Research hypothesis, questions and objectives
Considering the industrial and research needs, the hypothesis of this work is:

“A novel CMM inspection planning prototype using a combination of user logging and motion

tracking tools will enable implicit engineering knowledge to be made explicit and reusable.”

1.3.1 Research questions

Considering the motivating drivers of the current study several research questions have

been raised:

1. Can human centred inspection planning knowledge be captured non-invasively?
(RQ1)

2. Can human centred inspection planning knowledge be formalised and represented
in multiple outputs? (RQ2)

3. Canformalised human centred knowledge be validated by experienced CMM
programmers? (RQ3)

4.  Can patterns of activity be detected using the proposed formalisations? (RQ4)

5. Caninspection planning most preferred sequences be structured and used for the
evaluation of planning strategies? (RQ5)



1.3.2 Research objectives

To address the identified gaps and answer the research questions, a set of objectives has

been defined:

To design and develop a novel prototype for planning and capturing CMM inspection

planning strategies by logging user activity. (RO1)

e To design knowledge representation structures and build a tool for generating these

automatically. (RO2)

e To test and evaluate the planning prototype’s usability and compare it against a

conventional CMM in terms of task completion time (TCT). (RO3)
e Totest and validate the generated knowledge outputs and representations. (RO4)

e To compare planning strategies, detect most common patterns of activity and suggest

the most preferred strategic sequences. (RO5)

e To evaluate strategic planning approaches using the most preferred sequences as a

benchmark. (RO6)

1.4 Structure of thesis

CHAPTER 2 explores the state of the art of Computer Aided Inspection Planning
techniques and systems. This chapter critically reviews the current techniques and tools in
addressing each of the steps of planning a CMM inspection strategy. Moreover, the range of
existing automated inspection planning systems is studied, highlighting key limitations with

regards to human knowledge capture and integration.

CHAPTER 3 reviews current engineering knowledge capture and formalisation
approaches and tools in various engineering tasks. Key research gaps within previous works
are described highlighting the needs of the conducted research. Additionally, past scientific
paradigms of engineering knowledge capture and representation that influenced the

proposed methodology are presented.

CHAPTER 4 outlines the two-stage designed methodology and how this will enable
meeting the derived objectives. First, the components of the prototype IPaCK system are
presented as well as the logic behind its function with a view to knowledge and human
expertise capture. Then the proposed knowledge representations are tested and evaluated

through a pilot study. Finally, key updates in the final versions of the prototype system and



recommended knowledge formats are described considering the feedback from the pilot

study.

CHAPTER 5 presents the first part of the main experimental study (stage 1) and results
with regards to IPaCK’s usability evaluation by novice and experienced planners. Then a
comparison of planning strategies between the two groups of participants is conducted and a
methodical approach for structuring the most preferred sequences reusing the captured
strategies is suggested. In addition, a practical time comparison of the IPaCK system against a

real CMM is performed with regards to part programming.

CHAPTER 6 expounds the results from the second stage of the main experimentation;
the knowledge representation formats evaluation study. A statistical analysis performed
highlights similarities and differences between novice and experienced planners as well as
among the different subgroups depending on their level of exposure in CMM inspection

planning.

CHAPTER 7 discusses the main findings and comments how the results serve meeting
the defined objectives. Moreover, it is shown how the key outcomes answer the research

guestions and eventually address the identified knowledge gaps in the existing literature.

CHAPTER 8 concludes with the confirmation of research hypothesis and key
contributions to the scientific community and associated engineering areas. Critical
limitations of the carried-out research are reported. In addition, directions for future work
and development are suggested, illustrating the potential extends and scalability of the

technological solutions presented in the thesis.



Chapter 2 CAIP review

2.1 Introduction

Computer Aided Inspection planning (CAIP) has evolved considerably as a support to
metrology and quality engineers in planning component measurement using a coordinate
measuring machine (CMM). The inspection planning process can be divided into two levels:
Strategic and tactical as illustrated in Figure 2.1 [5]. Strategic level tasks include component
setup, accessibility analysis and probe and orientation selection while tactical level planning
typically concerns distribution and quantity of measurement points and path generation. A

similar classification in global and local inspection planning tasks was proposed by Cho et al.
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Figure 2.1 Strategic and Tactical inspection planning tasks
2.2 Inspection planning tasks

Prior to planning a measurement strategy for a component, the first step is to study and
review the design drawing. Dimensional and tolerancing annotations called Geometric
Dimensioning and Tolerancing (GD&T) are stated on a drawing; these provide inspection
engineers with the necessary information for preparing a measurement plan. This information
is documented by different standards institutions such as International Organization for

Standardization (ISO) [7], British Standards (BS) [8], American Society of Mechanical Engineers
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(ASME) [9]. These standards provide a guide to metrology and quality engineers in order to
test a product’s quality. This critical stage affects the whole product lifecycle and determines
if the component is characterised as conforming or not. In the latter case either rework will

be required, or the component will be scrapped leading to significant time and money losses.

Every production drawing, either paper-printed (Figure 2.2) or in the electronic format
of a CAD model (Figure 2.3), includes GD&T information, indicating which features of the
component require inspection. These features typically are critical in the function of the
component and usually have small tolerance dimensions. Depending on the purpose of
measurement, a component might be tested for acceptance or not, by inspecting only those
critical features.
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Figure 2.2 Example of tolerancing information on a 2D drawing Figure 2.3 Example of tolerancing

information CAD model

An inspection engineer, by studying the GD&T information will have to make a series
of decisions related to part setup and orientation, inspection stylus selection, probe head
orientations, order and group of features to inspect, size and distribution of point sets for each

geometrical feature for creating an efficient measurement plan.

2.2.1 Partsetup and orientation

Setting up and orienting a part on CMM table is the first step to achieving appropriate
accessibility of features and repeatable inspection planning. As a generic rule, a single setup
should be used for measuring a component as changing location and orientation will cause
significant time delays [10]. When changes of part orientation occur, further errors may be
introduced resulting in lower accuracy of results due to misalignments. However, there might
be cases where reorienting a part is necessary, establishing thus a higher level of accessibility
and finally improving the accuracy compared to using a complicated stylus configuration for

accessing all required geometrical features in a single part orientation.



Several tools have been proposed throughout the literature for selecting proper part
setup and orientation. Corrigall and Bell [11] developed a tool which produces a list with all
possible part orientations and the number of accessible toleranced features on each face. This
work cites the importance of selecting suitable part and probe orientations in order to reduce
the setup time on a CMM. The assumption is that any feature of the component can be
accessed in at least one of the six approach directions along the component’s axis system. The
orientation with the greatest number of accessible entities is selected and the process is
repeated until all the features have been allocated. This assumption constitutes a limitation

of the approach, as there might be features that are not accessible by any approach direction.

Ziemian and Medeiros [12] addresses the challenges of part setup perceived as a time
consuming and costly process. They introduced a technique using static equilibriums to
calculate work piece stable orientations. A minimum required percentage of accessibility for
each inspection item was input by the user, considering the type of tolerance and function of
the part. If the value calculated by the algorithm was lower than the minimum set, then the
region was characterised as inaccessible in this orientation. If no single setup satisfies the
requirements, then the minimum number of work piece orientations necessary for inspection
is calculated, based on the accessibility analysis results and the previously calculated stable

part orientations.

Kweon and Medeiros [5] methodology for determining part orientations for CMM
inspection used visibility maps (VMaps) based on Gaussian Maps to calculate accessible
directions for inspecting a geometrical feature. According to the authors, defining a set of part
orientations so that all required features are accessible is an important step within a planning
strategy necessitating significant efforts. Their heuristic algorithm grouped features accessible
in the same direction together and a respective part orientation was determined for each
cluster. The final output is a list of tolerances to be inspected in each orientation, without

however suggesting an optimal sequence for these.

Beg and Shunmugam [13] implemented fuzzy logic to select stable part orientations
and inspection probe orientations. Part orientation criteria considered were base surface
should have a maximum contact surface area and minimum number of features to inspect
while not having any protrusions. Probe orientation criteria were probe orientation for
inspecting datum face and target feature, probe orientation for inspecting a datum face and
probe orientation for accessing a face not accessible by any other probe orientation. Each of
the above criteria are assigned a weight for which the fuzzy logic selected the optimal part

orientation and created a sequencing order for probe orientations. Their use of criteria tries

9



to replicate the thought process of a human expert planner; however, it was not explicitly
mentioned how the utilised rules to optimise part’s and probe’s orientations and implied

knowledge were extracted.

Within this section, part setup and orientation have been identified as key steps
within a planning strategy. This work will consider this in the development of the required
tools and will aim to capture these key elements as well as formalise and represent any

associated user activity within meaningful and accurate knowledge formats.

2.2.2 Accessibility analysis

As can be seen from the previous section there is a strong correlation between a
component’s setup and inspection probe orientations. Accessibility analysis is the step of
planning an inspection where a CMM operator has to decide which probe angles are necessary
for a particular part orientation in order to inspect a feature or a group of them. This

requirement has led to the development of a series of accessibility analysis techniques.

Spyridi and Requicha [14] introduced the novel concept of local and global
accessibility cones (LAC and GAC) to characterize how accessible a feature is. The former
considers obstacles close to the testing area while the latter takes the entire component into
account. A clustering algorithm then creates the set of minimum probe orientations for
inspecting all the required features. Major limitations are the modelling of a probe as a half-

line, considering only straight configurations as well as features of low geometric complexity.

Based on the previous concept Lim and Meng [15] built a heuristics algorithm for
optimal angle search considering all the possible combinations of probe orientations to
approach the required features. Criteria employed in the algorithm were the number of points
which the probe could inspect in one orientation, grouping of inspection points and number
of points per group. Additional rules for modifying and optimising the solution were
introduced in the algorithm, by considering replacement of two or more angles with another
one. A key gap in this research is that no explanation was provided on how the criteria and

rules were structured and what the related sources of knowledge were.

Ziemian and Medeiros [16] proposed a feature accessibility algorithm to generate an
collision-free sequence of probe orientations. This methodology takes into account the global
accessibility of inspection points and a volumetric approximation of probing system: probe
stylus as a vector, touch probe as a cylinder and probe head — mounting arm as a rectangular

block. The algorithm calculates a percentage of accessibility for a feature and determines a

10



set of feasible probe orientations. The current system does not provide any means of optimal

probe orientations and focuses mainly in addressing the issue of features accessibility.

Spitz et al. [17] suggested a tool for accessibility analysis for inspection of mechanical
components based on the theory of global and local accessibility cones. As reported by the
authors, due to high complexity of spatial and geometrical analyses, approximations were
made such as: consideration of only straight probes, abstraction of a CMM body structure as
a ram-probe assembly modelled as semi-finite lines and ignoring any possible collision with
the component and limited sampling points on features’ surfaces. Considering these, it is
apparent that the challenges of accessibility on a component are difficult to overcome and
require high complexity algorithms. That is, human reasoning and decision making cannot be

replicated easily for this scope.

Wu et al. [18] overcame the limitation of modelling a probe as an infinite half-line.
They considered the influence of a probe’s actual length, volume and configuration in their
accessibility analysis for features such as slots and holes. Using the projection lengths of probe
stylus and body improved accessibility analysis and avoided the inaccuracies caused by

previously suggested over-simplified models of a probing system.

Similarly to previous studies, Alvarez et al. [19] approached accessibility analysis in
two stages: locally and globally. The novel contribution of this work were the ray-tracing
algorithms developed to identify intersections between the tessellated component model and

the probe model considering the actual probing system’s dimensions and volume.

Accessibility was analysed by Wang et al. [20] using a haptic virtual environment.
Their collision response analysis was able to distinguish a contact as a collision or
measurement by using different force feedback models. This methodology is extended further
in [21] including STL representation of the part and CMM probe unit and resulting in a more
sophisticated accessibility analysis. Although these works provided a close-to-reality CMM

planning task, they lacked storing or documenting the conducted plan and validation.

Accessibility analysis mainly refers to the features and how these can be accessed
using the inspection tools. In terms of this key aspect of inspection planning, the research will
focus on capturing and representing how each feature and respective inspection points are
taken in terms of approach and retract directions and suitably recorded for representation in

the various knowledge formats.
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2.2.3 Sampling strategy

The core of inspection planning is the selection of a proper size and distribution of
measurement points. The point set will form the actual shape of a feature or the whole
geometry of a workpiece which will be compared against its nominal values. The
measurement points selection must be made in a way that the component’s digital equivalent
will be as close as possible to the real geometry. Standards and practical guides [22] [23] have
made some recommendations for the minimum amount of points to reconstruct the part
digitally. Table 2.1 shows the minimum number of points recommended by British Standards

[8].

Table 2.1 Minimum points required for substitute geometry construction according to BS [8]

Geometric Minimum Schematic Geometric | Minimum Schematic
feature points representation feature points representation
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Probing a feature using as many points as possible could lead to a representation very

close to the actual geometry, however this would add significantly costs in terms of time.
Therefore, a balance should be maintained between the number of measurement points and
the total time for inspection. To deal with this issue, a range of different methodologies and
techniques have been proposed towards optimising the amount of probing points and proper

distribution.

A study [24] on the measurement of surface roughness and flatness, compared three sampling
schemes: uniform, Hammersley and Halton-Zaremba sequences, taking into account the

number of measurement points, their distribution and the resulting error. Uniform sampling
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requires dividing a plane into equal rectangular blocks and taking a random point in each one

(Figure 2.4).

Figure 2.4 Example of uniform sampling points distribution on measuring a plane

The comparison was made for three different sampling sizes: 16, 64, and 256. The results from
the comparison have shown that Hammersley was the best method with the least error for all
the sample sizes compared to the other sequences; although close enough was Halton-

Zaremba with 7% more error while uniform was the worst performing approach.

A study [25] on measuring circular features focuses on deviations of circularity and
true position using a calibrated ring gauge with known dimensions, tolerances and maximum
allowed error. The results showed that as the number of points increased, the diameter
deviations were smaller tending to a fixed value. Although the results are of very high
confidence, an influential factor on the measurements is the kinematics of the probing system

which may affect the measurement error.

Hammersley sequence was employed in [26] and compared against the uniform and
random sampling approaches for measuring the form errors in cylindrical, conical and
hemispherical features. Based on the results, modified Hammersley method needs about four
times fewer sampling points than the other two patterns. Moreover, the proposed approach
appears to be more accurate when it is compared with uniform and random sampling under

the same number of measurement points.

Kim and Raman [27] tested Hammersley, Halton-Zaremba, aligned systematic
sampling and systematic random sampling to measure the flatness of 30 plates using different
sample sizes. In terms of point distribution and total mean accuracy of flatness, Halton-
Zaremba sequence sampling method was the most accurate. From sample size viewpoint, the

systematic random sampling showed the highest accuracy at the sample size of 32 and 64.

A summary of all reviewed research papers is provided in Table 2.2 including the type

of characteristic as studied by the authors and what techniques have been tested in the scope
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of sampling process. The variety of approaches dealing with the selection and generation of

distribution and size of probing point sets, reveals the significance of this step in planning a

measurement strategy. Also, the study reveals research mainly focused on the tactical level

of a measurement strategy without considering the strategic planning aspects. All the

methods reported relied on rules based on previously generated knowledge and expertise.

However, none of the research studied report how this knowledge was extracted and

processed to acquire the reported practices and rules. Also, the original sources of knowledge

are not known. This thesis will therefore address the identified knowledge gaps.

Table 2.2 Summary of papers in sampling methodologies

Knowledge/rule- | Source of | Knowledge
Paper | Characteristic Sampling method tested
based method | knowledge capture
[28] Iterative-adaptive algorithm v X X
Heuristic algorithms  (Equal- v X X
[29] parametric, Patch Size Based,
Curvature Based, Hybrid)
[30] Hybrid/curvature based v X X
(31] Hammersley-Gaussian v X X
Profile, form | curvature
[32] Adaptive/heuristic algorithms v X X
[33] Adaptive algorithm v X X
Hybrid-Particle Swarm v X X
(34] S
Optimization
Hammersley-machining  error v X X
[35]
model
[36] Predictive grey theory v X X
[37] Random uniform v X X
Flatness
[38] Hammersley v X X
[39] Prussian blue technique v X X
[40] Regression model v X X
Flatness, Iterqt/ve s'ea.rch-'based sampling v X X
[41] straightness (region-elimination, tabular
g search, hybrid of the two)
[42] Search based heuristics v X X
[43] Statistical/iterative v X X
[44] Uniform with random starting v X X
Circularit point
ircularity, :
[45] cylindricity R'egressmn m'odel . ' v X X
Circumferential,  helix,  axis v X X
[46] .
parallel-across height rays
[47] Iterative-adaptive algorithm v X X
[48] A Iterative method v X X
n
[49] y Curvature dependent algorithm v X X
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As highlighted through this section, sample size and points distribution both play key
roles in a measurement planning strategy. Thus, the consideration of capturing these
elements will be central to the design and development of a knowledge capture methodology.
In this vein, the tools will log user activity and represent the embedded knowledge so that it
the inspection points and their distribution across the surfaces involved in the planning

strategy are clear.

2.2.4 Inspection path planning

The last step of planning a measurement is the generation of an efficient and collision-
free path for inspecting all the required features of a component. An extended variety of
algorithms and techniques have been suggested throughout the literature, aiming to calculate

optimal solutions for dealing with inspection path generation.

According to Lim and Meng [15] an inspection path is created based on the results
from accessibility analysis module by a heuristics algorithm. The novelty added by this
research is that each probing step of the total path is divided into: approach-retract point,
approach-retract path and inspection point; therefore, possible collisions are checked at every
step. By introducing pre-approach and post-retract positions, the probe is free to rotate and

move safely depending on the previous or next operation.

Yau and Menq [50] proposed one of the first tools for path planning simulation in a
computerised environment capable of detecting collisions between a part and the probing
system. The path is consisted of sub-segments between two probing points. If collisions are
detected, the path or probe orientation is modified by a heuristic algorithm. The advantage
of this work was the run-time modification of the planned measurement path when a collision
of probe’s tip and stylus or CMM column is detected. A significant omission concerns where

and how knowledge was embedded in the heuristic algorithm was acquired.

Qu et al. [51] suggested the use of Genetic Algorithms (GA) to generate an optimal
inspection path. Based on the Traveling Salesperson Problem, the example presented was to
measure a cylindrical feature. They achieved a reduction of the total measuring time by one
third compared to traditional operation of a CMM. While the GA obtained a shortest path, GA
has weak local optimisation and low robustness in the effort to reach the optimal global path
[52]. However, the main critique here was that the proof-of-concept was on a rather simplistic

feature.
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Table 2.3 summarizes the path planning techniques and part/geometry inspected in
the reviewed studies. Common aim of these works was the generation of an optimal collision-
free inspection path by minimising the travelling distance of the probing system. In this scope,

the main methods used are heuristic algorithms, Ant Colony Optimisation, Genetic algorithms.

Path generation is a complex process which requires consideration of many
parameters such as the geometry of the test-piece and accessibility to each required feature
and neighbour-features. That is, the strategic thinking of planning the whole measurement
path. The reviewed works employed a series of algorithms which imply utilisation of
knowledge and strategic thinking expressed in the form of rules or weights for statistical and
probabilistic algorithms. However, no descriptions were provided on how such knowledge
was captured and formalised or the form of rules or what its sources were. With such an
extensive use of knowledge related systems and techniques, it is apparent there is a need for
developing a methodology and suitable tools for capturing and documenting human expertise
and decision making in inspection planning. This thesis aims to make a major contribution that

will facilitate the rapid development and evolution of future knowledge-based systems.

Table 2.3 Summary of papers in path generation methodologies

Work piece Knowledge/rule | Source of | Knowledge
Paper Method
geometry -based method | knowledge capture
Prismatic with v X X
[15] slots, pocket,
holes, free form
Prismatic with v X X
(48] slots, pocket,
holes
[50] Free-form, v X X
Heuristic algorithm complex features
Complex with v X X
[53] free-form
features
[54] Any geometry N4 X X
[55] Any geometry v X X
[56] Any geometry N4 X X
57] Pr.ismatic,. N4 X X
spherical, conical
[52] Any geometry v X X
[58] Ant Colony Any geometry V4 X X
[59] | Optimisation algorithm Any geometry v X X
[60] Any geometry N X X
51] Prismatic, free N4 X X
) ) form
[61] Genetic algorithm Any geometry v X X
[62] Multi-component v X X
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[63] Neural network Multi-component v X X
[64] Ray-tracing algorithm Prismatic v X X
NURBS-based Free-form v X X
[65] .
algorithm surfaces
[66] B-rep & ray tracing Prismatic with N4 X X
algorithm slots
[67] TSP algorithm Any geometry v X X
[68] NURBS parametric Free-form, curved N4 X X
algorithm features
Triangulation-bounding | Complex, curved N4 X X
[69] :
box algorithm features

The final core element of an inspection planning strategy, as dictated by the current review
sections, is path planning. That is, the movement of the inspection tool from point-to-point
and from a feature’s last point to next feature’s first point. When combined in order, these
ultimately form the final inspection planning path and are key data are required when logging

and capturing user planning activity and representing it in the various knowledge formats.

2.3 Computer Aided Inspection Planning systems

Avariety of techniques reviewed in the previous sections has been employed to address
and support engineers focusing only on specific aspects of a CMM inspection planning task,
i.e. probe configuration and accessibility analysis, part setup and orientation, sampling and
path generation. An extended range of Computer Aided Inspection Planning (CAIP) systems
have been proposed for generating a complete measurement strategy and part program

covering all the required key steps.

EIMaraghy and EIMaraghy [70] reviewed CAIP and point out that intelligent inspection
planning systems should be extendable and adaptable, providing suitable user interfaces as a
support decision making tool to CMM inspection planners. As it will become clearer from the
literature reviewed in the following sections, this is still an issue with limitations with regard

to the capture and formalisation of expert knowledge and rationale.

Li and Gu reviewed [71] inspection planning techniques for free-form geometries
dividing methods in contact and non-contact inspection. Also, they identified differences
when planning inspections for tolerances with datums and tolerances without a datum. Thus,
the order of probing each feature was different, depending on what was required. Hence, a

key parameter influencing strategic planning was detected.

Zhao et al. [72] classified systems in tolerance-driven and geometry-based CAIP
systems. The former involves a selection process of features with the tighter tolerances by

engineers, while the latter requires inspection of the entire component and comparison of
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the results against the design model; a process that takes a lot of time to complete.
Furthermore, the authors highlighted the significance of the inspection results as a feedback

to inform and update the manufacturing stage.

Stojadinovic and Majstorovic [73] reviewed an extended variety of CAIP tools
developed to date, from the scope of intelligent systems and solutions for planning
inspections on prismatic parts. Key industrial issue highlighted through this work is the need
for reducing the time required to plan an inspection for a component as this affects the whole

manufacturing cycle.

The following sections critique existing CAIP systems depending on the technology
employed with regard to CMM inspection planning knowledge elicitation and reuse as
suggested by Anagnostakis et al. [74]. These highlight how expert knowledge and decision
making are formalised, processed and embedded in such systems, as well as possible
knowledge capture techniques present in this area of the literature. The following sections
are structured as follows:

e Expert systems

- Knowledge based systems
— Neural Networks & Genetic Algorithms

— Other expert systems
e Other CAIP systems

2.3.1 Expertsystems

An expert or intelligent system is a computer program capable of utilising domain
specific knowledge to solve a problem [75]. In the field of Computer Aided Inspection
Planning, many systems employ Artificial Intelligence (Al) technologies to support planning for
CMM inspection such as knowledge-based systems, neural networks, fuzzy theory techniques

and others.
2.3.1.1 Knowledge based CAIP systems

Knowledge-based systems are usually algorithms which utilise knowledge from past
recorded cases in the form of “if-then” rules to solve challenging tasks and problems with
heavy computational load. Considering that inspection planning for CMMs is a complex

process, a variety of knowledge-based systems has been developed.

EIMaraghy and Gu [76] developed one of the first expert inspection planning systems
implemented in PROLOG. The novelty was its feature clustering and sequencing based on

datums. More importantly the system attempted to capture and follow the rationale of
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human inspection planners using expert rules; however, there is no description of a capturing

method for the knowledge associated with these.

In [81, 82] a knowledge-based Object-Oriented Inspection Planner (OOIP) integrated
with a STEP-based product modelling environment is presented, capable of feature selection
for manual and machine inspection, accessibility analysis, selection of probe and probing
points and total path inspection generation. Each module operates using a separate
knowledge base and rules. However, it is not explicitly reported how utilised knowledge was

captured and where it comes from to optimise plans.

Gu [79] suggested an expert inspection planning system consisting of a feature
database and a planning knowledge base. The system relies on a data list and retrieves
geometrical information related to each tolerance and feature to inspect e.g. dimension,
tolerance, location, orientation after which a heuristic algorithm generates the planning
strategy. The knowledge is structured as “if-then” rules. This work lacks an automated method

or approach for capturing and introducing any form of new knowledge and rules.

CADIP [80] is a knowledge based system with three main components: design by
feature, feature recognition and inspection planning. The inspection planning module consists
of a listing with knowledge related to the hierarchy and geometrical attributes of features,
directions and locations, probe approach directions and other inspection planning
parameters. Knowledge representation is in the form of a subclass-superclass structure of
geometrical features and measurement requirements relationships. Process Capability indices
(PCls) characterise and assign a value to features based on their upper and lower tolerance
limits. Ketan et al. [81] also developed a knowledge based system using PCls to determine the
critical functional features required to inspect and create a proper inspection strategy. The
knowledge capturing process used to formalise these rules is not explained, while the sources

of this knowledge are not discussed.

An expert system for CMM inspection planning is produced by Pei and Ma [82].
Inspection elements are divided into basic categories associated with geometric and
dimensional tolerances. For each element the knowledge base, containing math fitting and
tolerance evaluation algorithms, provides alternative inspection sequences. The inference
engine uses rules in the format of “if-then” and according to inspection requirements selects
the proper sequence. In this research the sources of knowledge and how it is captured are not

described; neither how this was introduced in the knowledge base.
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Nasr [83] proposed a CAD integrated inspection planning system structured in three
modules: Automatic Features Extraction Module (AFEM), Automatic Inspection Planning
Module (AIPM), Coordinate Measuring Machine Module (CMMM). The AIPM develops an
inspection plan based on the inspection knowledge and rules stored in the system. No explicit
description was provided on how the utilised knowledge was extracted or where it came from

to build and structure the proposed knowledge-based system.

Messina et al. [84] described a knowledge based inspection system capable of analysing
manufacturing features (slots, holes, etc.), suggesting part orientations and measuring
features. Although the authors have identified and utilised specific types of necessary
inspection planning knowledge such as procedural, in situ and externally received (or a-priori),

they have not explained how knowledge is captured and classified.

Stojadinovic et al. [85,86] developed an intelligent approach for planning CMM
inspection using CMMs for prismatic parts. The system integrates a knowledge base which
extracts and utilises information from the IGES CAD model of the component. Then a set of
rule-based algorithms creates the measurement point set distribution and size, determines
proper probe orientations and finally produces a collision free inspection path. How the

knowledge acquired was elicited and what were the associated sources are not defined.

The current state of the art as it stands still shows the lack of a methodology for

capturing knowledge and decision making in CMM inspection planning tasks.
2.3.1.2 Neural Networks (NN) and Genetic Algorithms (GA) in CAIP systems

Neural Networks is another technology employed for dealing with complex problem
solving in engineering applications such CMM inspection planning. In inspection planning NN
have been used in order to tackle some of the key stages of a strategy as sampling point set
size [87], distribution and path generation [63],probe and part orientations selection and
feature sequence optimisation to generate an efficient plan [88]. Kamrani et al. [89] proposed
a CAD-integrated tool for generating inspection plans. The core of the system is a set of neural
networks for clustering features considering the probe’s orientation and feature’s
accessibility. Several rules are proposed however it is not described how associated

knowledge was captured and formalised.

Since NNs work mainly by learning from and processing previous data, central to their
build and development is to capture existing knowledge and formalise it in the form of rules
and statistical weights for the future decisions to make. However, there is no previous work

regarding any method for extracting knowledge and input it in a NN-based inspection planning
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system. Moreover, previous research has been focused on minimising the probe’s travelling
distance, neglecting strategic thinking and planning constraints for example tolerances that
require specific datum features involved in inspection of other tolerances. Such
considerations are difficult to capture and integrate in an expert system as it is required to
interview or observe and shadow an expert while planning a strategy; a time-consuming and

expensive process.

Commonly used to solve optimisation problems, in inspection planning GA have been
used mostly for generating efficient inspection paths [51]. Lu et al. [62] proposed a GA to
solve the problem of multi-component inspection path planning. Kovacic and Brezocnik [90]
presented a GA based system taking into account the part geometry, the probing system and
measuring machine attributes. Main drawback of GA is the slow searching of optimal solution
as well as the risk of premature convergence leading to a not optimised solution. More
importantly, the basic function of a GA is to search for the optimal solution based on an initial
plan that is introduced manually. How existing knowledge has been captured and processed

to structure a GA and integrate its associated parameters were not reported.
2.3.1.3 Other Expert CAIP systems

Hybrid neuro-fuzzy approaches have been proposed in [6] [91] [92] for addressing key
steps of inspection planning or generating a complete measurement strategy. A fuzzy
inference mechanism with rules and functions utilises past data and structured knowledge.
However, in these works it is not known how previous knowledge was captured and

embedded in the presented systems.

The Computer-Aided Tactile Inspection Planning system (CATIP) [93] offers efficient
inspection plan by minimising probe changes and reorientations, features clustering and
optimised sequencing of measurement points. Although collision-free paths are generated
automatically, the user may select the inspection points manually or modify the generated
plan. The developed tools, as stated by the authors, arose from expert knowledge of
inspection planners among other sources. The capturing process of the involved knowledge is

not explicitly described.

Zhang et al. [94] proposed an intelligent inspection planner. By extracting functional
and tolerancing information from a CAD model, the measuring plan module produces efficient
inspection sequences. According to the authors various data and metrology knowledge
provided by CMM experts are processed and integrated in the module. They do not report

how these were captured and formalised to be embedded in their system.
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Zhou et al. [95] designed and implemented an automated inspection planning system
for parts with freeform features using the CAD model. A search-based planning algorithm
generates an optimal sampling point set by using curvature of features and geometric
information from the CAD file. Then the sampling points are transformed, and the final
inspection path is generated. No reference to a knowledge capture methodology or how

utilised rules were structured is provided.

Hussien et al.’s [96] automatic inspection planning system incorporates a rule based
feature recognition module, sampling strategy module, accessibility analysis module and a
probe orientations clustering module. No use of previous strategic inspection planning
knowledge is reported. Thus, it is not clear how the rules utilised were formed and the

rationale behind the generated plans acquired.

A computer aided inspection model by Stojadinovic et al. [97] employed a Hammersly
based algorithm for sampling size and distribution for creating a collision free measurement
path. Although it is mentioned the integration of a digital model for transferring geometrical
and tolerancing information, strategic thinking is not involved on generating a features

probing sequence. The system is limited to calculate the shortest inspection path.

Polini and Moroni [98] presented a complete frame for a computer aided inspection
planning system using the geometric model of a work-piece and rule-based optimisation
algorithms. In this work the authors stated that “analysis of the human based inspection
process was carried out to acquire domain knowledge and integrate it in the developed
system.” However, the methodology applied to achieve this is not outlined. Moreover, no

testing and validation of the system and its generated outputs is reported.

Khan et al. [99] demonstrated an integrated object oriented system for process
planning, fixture design and inspection planning of prismatic parts. The inspection planning
module can determine part set-up, probe path creation, and generate an entire inspection
plan. The novelty of this system is the integration of inspection planning and information flow
from the process planning and fixture design modules downstream. They do not discuss how
the rules in the inspection planning sub-system were captured, developed and embedded in

the proposed solution.

Mohib et al. [100] developed a hybrid inspection planner combining a knowledge base
and optimisation techniques. Knowledge codified as rules selected the proper inspection
probe configuration. Geometric data extracted from the STEP file of the testing component

are input and analysed for inspection planning and sequencing optimisation module. The
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authors stated that they analysed inspection plans created by human planners and specific
inspection procedures were detected so as a list of knowledge rules and adjustable
parameters is generated. However, it is not explicitly described how these plans were
analysed and compared to produce the resulted rules nor they mention any methods to

capture the human expert knowledge embedded in the proposed system.

A CAD-integrated system proposed by Fan and Leu [101] considers rules based on the
minimum number of required inspection points and their even distribution for probing basic
geometrical features. Additionally, a module for setting measuring points manually is
available. As the authors state, any CMM planner might end up with a different point-set size
and distribution within their strategy; a critical decision which depends on their experiences.
No module was included in this approach to capture the decision making of the process or the

selection of inspection points and strategy.

Zhang et al. [102] suggested a prototype for CMM inspection planning which consists
of five modules: tolerancing information input, accessibility analysis, features clustering, path
generation and process simulation. While the user selects the probing system, collision-free
probe orientations are calculated using a Gauss mapping algorithm. Finally, a knowledge base
supports the clustering module. No description was provided on how knowledge was captured

and used in structuring the knowledge base.

A common limitation of the above body of work is a lack of a methodology for
capturing CMM inspection planning expertise and knowledge and a standardised approach
for formalising and structuring required inspection rules. Therefore, the need for a robust
knowledge capture and formalisation technique is a key issue in the development of an expert

inspection planning system.

2.3.2 Other CAIP systems

Virtual Reality technologies have been successfully used in product design and
manufacture and are now seeing applications in product quality verification processes to
support and improve further measurement techniques. Stouffer and Horst [103] used the
Virtual Reality Modelling Language (VRML) to develop a web-based environment and
interface for simulating a CMM in real time while interacting with this using a real world

controller; this is similar mode of operation to most commercial CAIP packages.

Calonego et al. [104] implemented a virtual environment to teach CMM use and

operating procedures; it can be controlled using different user interfaces, textual, graphical or
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optical tracking devices. Zhao and Peng’s [105] VR-based CMM for training purposes allows
users to navigate within the environment and control the virtual machine as in the real world
by using 3D digital display of the component. Hu et al. [106] developed a virtual CMM for
testing and simulation of CMM operations. Using this system, the user can plan a
measurement strategy and evaluate the results without using a real machine. An “augmented
virtuality” integrated CMM was proposed by Wang et al. [107], which is operated either by a

marker-less gesture recognition algorithm or using two joysticks.

Chen et al. [108-110] implemented a novel CMM inspection planning environment
with the use of haptic modelling. This replicates the operation of a real CMM using a hand-
held stylus adding the haptic perception as well. In this way the operator can feel the collision
between the part and the probing system digital equivalent. This force feedback combined
with a visual interface allows a CMM user to create collision free inspection paths easily and

quickly.

The proposed systems highlighted previously do not provide any means of user activity
logging and neither a knowledge elicitation methodology nor the generation of formalised
outputs that illustrate the planning strategy performed. Moreover, there is no testing or

feedback from inspection planners of any kind to evaluate and validate system functionality.

2.3.3 Commercial CAIP packages

Apart from the academic research, various commercially software packages are
available for creating CMM measurement plans and part programs. Some of the most popular

packages are reviewed below.

Zeiss Calypso [111] provides another solution for measuring standard geometries. The
required characteristics are necessary input by a CMM programmer for generating the
inspection plan. A lot of automation is also offered with regards to travel path and generation
of inspection plans using product and manufacturing information from a CAD model. All
geometric features associated to a characteristic are considered in the measuring program. A
measurement plan can be edited, and the sequence of steps can be changed by the
programmer. The capabilities offered indicate how much a CMM measurement plan depends
on the programmers’ expertise. This software does not provide any means of capturing the

generated and utilised knowledge during the measurement planning task.

Key characteristics of the Hexagon PC-DMIS [112] CMM programming software are:

the use of CAD models, an integration interface, linking the measurement software to any
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CAD systems, digital simulation of the measurement plan for validation before the actual
execution and part alignment assistance routines. An additional capability offered is a range
of power wizards that guide a programmer through planning process. In the viewpoint of this
research the previously mentioned feature constitutes a drawback as it does not allow a
programmer to think and intuitively prepare the measurement plan rather than leading them

to select predetermined settings and options in order to build the part program.

Wenzel OpenDMIS [113] is a CMM programming software offering various CAD
related capabilities such as importing multiple CAD formats, geometry recognition and
layering and colouring modes. A range of virtual programming modules enable inspection
planning simulation, verification and optimisation including part setup, inspection tools and
probes selection, motion path generation and collision avoidance. In addition, automatic
routines are available for feature inspection planning. The disadvantage of the package is that
it guides the programmer through a series of functionalities instead of enabling intuitive

measurement planning and strategic and tactical thinking.

Mitutoyo MCOSMOS [114] software through its different modules allows
measurement of complex components such as gears, aerofoils and other components. The
package offers an easy, user-friendly graphical interface with a range of tools and wizards for

automatic inspection path generation, part alignment, tool setup and collision avoidance.

Polyworks Inspector [115] is another commercially available solution for CMM
inspection planning. The toolset provides part alignment techniques, geometrical analysis and
best-fit algorithms, offline simulation of the measurement plan and motion of the CMM

probing system.

Renishaw MODUS [116] offers CAD-driven offline programming, full motion
simulation and collision detection and mathematical algorithms selection. As with the
previous packages, the main drawback of these is that they prompt the operator through the
automatic functionalities to plan a CMM measurement, preventing the generation and

capture of implicit knowledge through an intuitive planning process.

2.4 Summary

In this chapter, existing research work was studied aiming to identify the major
principles and steps of computer aided inspection planning. As indicated by most of the
related works, such a strategy consists of part setup and orientation, accessibility analysis,

inspection point set size and distribution and measurement path generation. A great amount
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of different techniques and methodologies were employed aiming to automate and support
CMM operators to make proper decisions for each step. Central to most of the proposed
approaches is utilisation of knowledge, especially in intelligent algorithms such as heuristic
algorithms and neural networks. A key limitation of the solutions presented is the lack of a
knowledge capture technique to reuse it and structure it in rules for developing an intelligent

planning system.

In the perspective of capturing CMM inspection planning knowledge and formalising it
in human and machine-readable formats, this thesis will focus on all the aspects of carrying
out an inspection planning task but will only consider contact and point-to-point CMM
measurements. Out of the scope of this work will be non-contact or scanning inspection
methods. In addition, this research aims to capture human centred knowledge and represent
itin visual outputs; the inspection planning techniques involved will be evaluated at a strategic

level.

Also out of the scope of this thesis will be the evaluation of the CMM part programming
methods and relevant outputs. The methodology and tools developed will aim to capture and
represent the knowledge generated employing the proposed formalisations for the following

inspection planning activities:

Part setup: how a component is located and oriented on a CMM table. To address this step,
proper visualisations will be used with the aid of a 3-axis coordinate system indication of the

part orientation.

Accessibility: how each feature is accessed in order to be inspected using an inspection tool.
This activity will be captured by displaying the approach directions visually for all the

measurement points on each feature of the component.

Sampling strategy: the number of points and their distribution over a measured feature’s

surface will be captured and shown visually in the representation formats.

Path planning: the strategic (feature-to-feature sequence) and tactical (point-to-point
sequence on a feature) inspection paths will be captured and represented aiming to capture

the strategic thinking and planning processes.

Central to the research presented is the capture of CMM inspection planning
knowledge and strategies. All of the above key elements of a measurement planning strategy

will be captured by logging the user activity. Various representation formats will be developed
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and evaluated using specific metrics with regards to ease of understanding, usefulness and

overall performance.

In the second section of the chapter, the current state of literature is reviewed in the
perspective of automated inspection planning systems for CMM measurements. A wide
variety of different technologies was employed regarding expert systems. Although these
were built upon human expertise and knowledge, there were no descriptions or evidence of
a methodology to robustly capture the knowledge and strategic thinking in order to formalise

and make it easily accessible for reuse.

In addition, there were no systems which attempted to log, in real time, the whole
inspection planning activity or any human centred expertise and knowledge that could be
embedded into expert systems. Moreover, some of the most popular commercially available
CMM measurement planning packages were reviewed. Although they provide a wide range
of features and capabilities for quick and easy generation of CMM part programs, they tend
to replace programmer’s strategic and tactical thinking and decision making. Due to the
various automated options and functionalities the CMM programmer is limited to selection of
settings of options and prevented from creating an inspection plan intuitively. Furthermore,
no capabilities for implicit knowledge capturing were found available in the reviewed
packages. These limitations leave unanswered the question if human knowledge can be
captured in the field of CMM inspection planning. The next chapter will attempt to identify

any available solutions to this issue and paradigms from other engineering areas.
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Chapter 3 Review of engineering knowledge capture and

formalisation

3.1 Introduction

The ever-increasing complexity in manufacturing and customer demands for higher
quality products with shorter production times has forced industry to develop more advanced
processes which are more knowledge intensive [117]. To achieve improved processes and
better products requires utilisation of high-quality knowledge and skills. However, previously
generated knowledge and experience in CMM planning is seldom stored and available for
future reuse. Therefore, there is a need for designing a methodology and developing suitable
tools that will enable human expertise and domain knowledge to be captured, stored and

accessible for reuse. This is the primary purpose of this research.

3.2 Definition of knowledge

Knowledge management [118] is the field of science that facilitates capturing, storing,
sharing and effectively using knowledge. To delve into the concept of Knowledge
Management a definition of the term knowledge should be provided. Many perspectives have
been proposed in the literature aiming to define and explain “knowledge”. Dalkir [118] states
that “knowledge is information translated, processed by experts and applied on a case.”
According to Sainter et al. [119] “knowledge is the combination of experiences, concepts,
values, beliefs and ways of working that can be interpreted and communicated.” Moreover,
the authors in [120] argue that “knowledge is evaluated information that can be used in a
problem solving process.” In these definitions, knowledge is linked to the term “information”,

thus it is necessary to clarify their meanings and relationship between them.

A graphical representation [121,122] in Figure 3.1 shows how each definition is
developed based on the others and the relationships and boundaries amongst data,
information and knowledge. According to this, “information is defined as the processed and
contextualised data resulting from real facts” and “knowledge is the interpreted and applied
information.” That is, one has to understand the meaning of data, put them into the domain
context to convert into information and then reflect on the information to understand and

acquire the inferred knowledge.
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Decision Making & Planning Action

Knowledge:

Information combined
with experience and judgement

Information:

Data putinto context

Data:

Raw facts and numbers

Figure 3.1 Relationships among data, information and knowledge concepts [121,122]

Du and Liu [123] classified knowledge into two categories: explicit and tacit. Explicit is
the knowledge that can be directly codified. It is more formal and systematic and often exists
in books, manuals, databases and computer programs. Tacit knowledge is unclear, difficult to
express and comes primarily from personal experience influenced by the organisation and
working nature of the company. In an effort to understand the different natures of knowledge,
a taxonomy recommended by Lundvall and Johnson [124] proposes four categories: know-
what, know-why, know-how and know-who. Shadbolt and Milton [125] described pairs of
opposite knowledge types for understanding and dealing with those more effectively as:

* Declarative or static (know-what) & procedural or dynamic (know-how).

* Tacit (cannot be articulated easily) & explicit (can be articulated easily).

* Abstract (applies in many cases) & specific (applies in one or few cases).

For the research presented in this thesis, the definition suggested by Davenport and Prusak

[126] is applied:

“Knowledge is information with the most value and is consequently the hardest
form to manage. It is valuable precisely because somebody has given the
information context, meaning, a particular interpretation; somebody has reflected
on the knowledge, added their own wisdom to it, and considered its larger

implications."

This definition was chosen as it highlights the need for expert CMM planners to reflect
on and interpret the generated knowledge formats and validate them by providing feedback.

This is central to this research because the knowledge will be captured through logging user
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(or human centred) inspection planning activities. The focus of the current work is on the tacit
type of knowledge which is undocumented, resides in a human’s mind and results from their
personal experience, according to Du and Liu [123], and therefore difficult, expensive and

time-consuming to capture with the existing traditional methodologies [127].

3.3 Automated engineering knowledge capture

Knowledge capture is the process of extracting knowledge and expertise for structuring
a knowledge-based system [128]. Acquiring high quality knowledge to develop a reliable and
effective system is a highly time-consuming task causing a bottleneck in building an expert
system [129]. Hence knowledge capture has become a major research field within knowledge
engineering aimed at developing methods and tools to facilitate the task of knowledge

extraction from an expert and its subsequent integration into a knowledge-based system.

To perform knowledge acquisition from a human expert a variety of tools and
techniques have been developed from manual to fully automated processes. Traditional
knowledge capture includes interviewing an expert, observation, task interruption and
discussion, structured questionnaires and audio and video recording. However, manual
methods are very time consuming, usually not effective enough to capture high quality tacit
knowledge and experts could be distracted from following the usual process. Therefore,
researchers have focused on proposing automated knowledge capture techniques that keep

interruptions to a minimum.

3.3.1 Automated knowledge capture in design

Engineering design is an area that has attracted the most attention for developing
knowledge acquisition methodologies. In [130] DAKA tool is proposed, capable of capturing
design activity and knowledge through mining and monitoring CAD events in real time. Key
components of the proposed system include a product model roadmap, representing the
sequence followed by the designer as a list of actions and a design operation-mining algorithm
for recognising design patterns and sequences as operations. The knowledge obtained
represents the followed rationale to reach a final design model and identifies key decisions
for specific tasks. Contributory to the current thesis is the use of a real-time user activity

monitoring system for capturing knowledge and expertise in CAD design.

Rea et al. [131] proposed an experimental setup for the automated capture of design
knowledge. It emphasises actions and changes made by the designer to achieve a goal. The

system was tested using software developed for studying the mechanical performance and
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behaviour of virtual creatures. The results after each design and test are recorded in the form
of an Extensible Mark-up Language (XML) [132] (Figure 3.2) and post processed for analysis
and improvement. XML is a simple and flexible text format designed to facilitate large-scale
electronic publishing and web-based data exchange. Its advantage is that it is both human and
machine-readable. This work highlighted the capability to capture a sequence of actions in a
data log-file and by post-processing it to generate other formats, easily readable and
understandable, for studying the performed activity.

<logfile >
<header >

<session_id text = "20070310_120934_11" >

</session_id>

<session_start hour = "12" minutes = "09" seconds = "34" seconds_milli = "921" >

</session_start>

<session_control filename = "Apprentice.xml" >

</session_control>

<baseline_zook filename = "Test Zook" >

</baseline_zook>

<copy_to_log_header copy_att = "an attribute” >
<copy_element value = "test" >
</copy_element>

</copy_to_log_header>

Figure 3.2 Example of an XML based log file [131]

The use of a VR cable harness design system was demonstrated [133] via a novel non-
intrusive method for knowledge and information capture by user logging. The captured
expertise was formalized in multiple representations such as Integrated DEFinition Methods
(IDEF) diagrams, Design Rationale Editor (DRed) graphs, Process Specification Language (PSL),
Extensible Markup Language (XML), annotated movie clips and storyboard representations.
These representations are explained in detail in Section 3.4. This work has particularly
influenced the current research by pointing out the capabilities of user logging in real time
that facilitates expression of human centred knowledge and expertise through performing a
task in a virtual environment. A key contributing factor is the generation of multiple formats

by post-processing one log-file containing the captured data.

Sung et al. [134] proposed a system that unobtrusively captures design process and
knowledge by logging a designer’s activity and interactions while using CAD system for a
design task. Various CAD system-independent representations were produced to give a visual
and formal representation of the user’s decision making and rationale during the task. This
work constitutes a novel paradigm for automated knowledge capture and formalization within
a CAD environment. In this work, the benefits of unobtrusive user activity monitoring are once

again emphasized in the effort to capture decision making and key steps of thought process.

A biometric-based system was suggested [135] capable of capturing knowledge

combined with psychological data recording in order to extract expertise in the design
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process. User logging modalities include, time-stamped keyboard/mouse user input, facial
expressions, pupil dilations and brain signal inputs. The novelty added relates engineer’s
cognitive affective status with conventional decision making in the process of designing. The
knowledge captured is represented in formats that can make it available for reuse in

optimising a product’s design process.

Sivanathan et al. [136] demonstrated a novel engineering knowledge capture and
reuse prototype for team-based design ‘reviews’. The prototype includes a VR-based 3D
model display as a multi-user interactive environment and a web interface for simultaneous
access during review activity. Tests and feedback from engineers using the system showed
that this system can enhance their engineering task knowledge capture, and reuse
capabilities. More importantly, this illustrates how a multi-modal data capturing system can
contribute to user activity logging and knowledge capture as well as the significance of

evaluating such a system by obtaining feedback from experienced engineers.

3.3.2 Automated knowledge capture in planning tasks

Other engineering areas that have attracted the interest of researchers for developing
knowledge capture techniques and tools are machining process planning and assembly
planning. Park’s [137] three-phase modelling approach for knowledge extraction from process
planning of machining holes uses three categories: facts (geometry, machining process,
cutting tools), constraints (capability of machining, processes sequence) and rules (key
parameters) for mimicking the rationale followed by human experts. The current system is
limited only to process planning for machining a hole, thus it was suggested to extend the

methodology in other feature geometries and engineering tasks.

Sung et al. [138] developed a haptic soldering environment for simulating the process
and logging the motions of a haptic pen user logging, aiming to capture and investigate the
activity during the task. A log-file is generated automatically containing the forces, velocity
and motion of user’s hand. By parsing the log-files, different knowledge representation
formats (codified, textual, graphical, etc.) are produced, illustrating critical user actions of the
soldering session. Their pilot study found that users preferred the representations with more

visual outputs such as storyboards and annotated video clips.

Zhang et al.’s [139] Universal Process Comprehension interface (UPCi) was developed
aiming to capture and reuse shop-floor and machining process knowledge. By post-processing
low level G and M code programmes written for CNC machines, domain knowledge is

represented in a standardised STEP-NC format. In this approach an XML-based meta-model
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was built and utilised for translating and reusing the developed process plan in new

manufacturing resources.

In [140] the authors developed a haptics-based virtual environment for capturing
human expertise in planning machining operations. The proposed system allows the real-time
simulation of drilling, turning and milling processes for planning purposes generating feasible
process plans. These plans contain all the necessary knowledge for part setting up and cutting
processes sequencing. The current system was tested on the production of three work-pieces
validating the efficiency. Moreover, functionality of the haptic-virtual process planning
environment was assessed and validated through a usability study engaging experienced and

novice planners.

Ritchie et al. [141] developed a mixed haptic VR environment called Haptic, Assembly,
Manufacturing and Machining System (HAMMS) for user logging in assembly planning tasks.
Main formalisation outputs consist of assembly plans, chronocyclegraphs (motion
trajectories) and Therbligs (symbolic language for activities). This work has successfully shown
that by capturing and utilising the generated outputs, user activity can be analysed so as
manufacturing methods and associated decision making can be improved. Extending this work
[142] with a time comparison of the system’s use against traditional assembly planning, it was

found that HAMMS is approximately five times faster in generating an assembly sequence.

Read et al. [143] developed a sketch-based haptic virtual environment for capturing
assembly planning sequences. The system consists of an overview where the user can see the
assembly and receive feedback on the design and compare design changes; an assembly
environment to capture the assembly sequence and a modelling environment to edit the

geometry of the parts.

3.4 Engineering knowledge formalisation

As it has been highlighted in the previous section, knowledge representation is closely
associated with knowledge capture as a means of making the knowledge explicit and
understandable either by (usually experienced) humans or a machine and available for direct
or indirect reuse. A classification of knowledge representations related to product design
knowledge is proposed by Owen and Horvath [144] forming five groups: pictorial, symbolic,
linguistic, virtual, and algorithmic. The Table 3.1 below shows some of the various

representation types related to product design and process knowledge.
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Table 3.1 Groups of product design and process knowledge representations [144]

Pictorial Symbolic Linguistic Virtual Algorithmic
Sketches Decision tables Design rules CAD models Mathematical
. . C traint . . ti

Drawings Production rules onstraints Animations equations

Charts Flow charts Analogies Multimedia Parameterisation
Verbal Computer

Photographs  Assembly tree erba . © pu €
communication algorithms

CAD model Fishbone diagram

Ontology

Design/operational
procedures

IDEF diagrams are commonly used in representing knowledge related to engineering

tasks. A number following the initials IDEF indicates the level of the function and details to

describe it. IDEFO (Figure 3.3) is a graphical representation used to model decisions, actions

and activities of an organisation or system [145].

Controls
Yy
Inputs
Manufacturing >
> Function >
Outputs
A A

Mechanisms

Figure 3.3 IDEFO and schematics of its functional components [145]

Feng [146] presented an activity model for machining process planning by using IDEF

diagrams. Major activities included in the approach are selection of machining centres,

specification of setups and tool assemblies and fixtures. The activity model was developed for

integration with automated machining process using numerical controllers. Figure 3.4

illustrates the IDEF diagrams that capture the functional components of process planning and

data requirements.

34



Select Machining centers
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Tooling/material
inventory A223

| J

Machining resource
descriptions

Figure 3.4 Example of IDEFO representation of machining process planning [146]

DRed (Design Rationale Editor) is a simple and unobtrusive software tool that allows
engineering designers to record their rationale as the design proceeds [147]. A DRed diagram
is structured by coloured symbols describing acceptable, possible or rejected answers and
solutions in different stages of an operation. Practical benefits for designers include: easy and
clear structuring of thought process, simple and flexible way of managing designs, reduced
need for written reports. Figure 3.5 below shows an example of a DRed diagram for a generic

problem diagnosing task.

2
Top level
What is the
cause of this
effect?, -
v \___\\
SN (1> - 8 )
Cumzi Caw’; 2 Cll-:'l‘
g JERIN N
Evidence in Evidence / \ Evidence in Evidence Evidence
favour of cause 1 against cause 1/ vour of cause 2 pgainst cause 3 against cause 3
oo
{ \ ¢ /‘-/ . 53]
Cause 1.1 Cause 2.1 Cause 2.2

This cause is — { 3"«\ i‘\ This cause is not
necassary and / ; . necessary but sufficient
N

sufficient i 1.e. it can tngger the
Evidence in favour of /% Evidence Evidence in favour of parent cause but if it does
cause 2.1 W against cause 3 €ause 2.2 not occurr, the parent
7 = cause can still be
\ tnggered
Codse 21.1 Cause 21.2 Cause 2.1.3
y ‘M_ 4 « I,
f . 7
7 ~ \Th«s cause is necessary but
Evid : ‘ ot sufficient, 1.e all the
of c:‘;?zh: t'avoul Ev-d.onoo Evidence causes must happen to
A. against cause 3 against cause 3 tngger the parent cause

Figure 3.5 Example of DRed diagram for a generic problem diagnosing task [147]
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In addition to DRed, Sung et al. [134] suggested PSL format for coding representations
of a VR cable harness assembly planning process. PSL is a widely acceptable format in industry
and it is used to model manufacturing and production processes. It consists of constants,
functions and variables for describing a process and can be easily converted into human
readable instructions. To this extent, plain English-syntax instructions were employed in this
work to describe the key decisions made during the planning process. The simplified
representation produced in English-syntax instructions can be used as a direct support for new
users of a system or it can be stored in the database of a PLM system. Figure 3.6 illustrates

the PSL and plain English syntax representations of this work.

| PSL | Plain-English Syntax
Assembly Planning | (activity AssemblyPlanning)
AssemblyPlannlng)
)Connocl bulkhead connector CON16 to bulkhead 6500
b Assembly Time = 33,1256
7000 [ d|
(componomnamo CON17 Cu’ren(BHCom\oclor) —————23Connect bulkhead connector CON17 to bulkhead -7000
blytime 22.3956 C BH Assembly Time = 22.3956
Sul uc(wny AssembleCableHarness Assembly lanning)
[{componentname CABOG CurreniCable) Connect inline connector CON32 to cable CABOG
CON32 Cur % Assembly Time = 8.95224
asse ime 8.95224 CurrentinlineConnector
(compommmmo CON21 Curumlnllno(:onneclm) = _)Connen inline connector CON31 to cable CABOG
22.6301 C ) Assembly Time = 22.6301
isuEactwﬂy InstallCableHamess Issoﬂﬂy?lannng)
tname CON31 Cur )
(compommnam CON16 CurrentBHConnector) | —— 2 Connect inline CON31 to bul CON16
assel ime 31.2889 CunonlBHConncc!ov Assembly Time = 31,2889
CON32 Cur
|(componentname CON17 CurrenmtBHConnector) Connect inline CON32 to bulkhead CON17
| [{assemblytime 19.4891 CurrentBHConnector) ! | Assembly Time = 19.4891

Figure 3.6 PSL and plain English syntax instructions for a VR based cable harness assembly planning task [134]

Flow charts were employed by Barreiro et al. [148] to structure an informal model, as
shown in Figure 3.7, containing knowledge for the purpose of building an ontology in the
domain of measurement with a manual portable coordinate measuring arm. Based on
recommended rules this model informed a knowledge-based system for improving
measurement reliability taking into accounting both inspection strategy and operator factors.
The knowledge involved is acquired from suggestions in manuals and standards and not

directly from captured human expertise.
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Figure 3.7 Example of an ontology model in the form of flow chart for sampling points

In [142] Gilbreth’s Therblig symbols (Figure 3.8) were utilised to represent a sequence
of user actions in assembly. In this work user’s motions are studied while performing an
assembly planning task in a virtual environment. The benefits offered by such a method is the
quick and easy identification of inefficiencies during an operation as well as comparison of
different strategies and detection of repeated activity patterns. Therblig symbols and related
descriptions along with an example (Figure 3.9) of a sequence showing user motion logging

during cable drag and drop are shown below.

<> Search U Use
<> Find Disassemble  “—/ Transport Loaded Unavoidable Delay
Select 0 Inspect \—/ Transport Empty Avoidable Delay
ﬂ Grasp Preposition 9 Position % Plan
Hold 7O\ Release Load #£ Assemble Rest

Figure 3.8 Therblig symbols and definitions [142]
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Find Grasp Transport
Search Select Hold

R P

Position Release

Figure 3.9 Example of a Therbligs sequence for a cable assembly drag and drop task [142]
3.5 Knowledge capture and formalisation in CAIP

Barreiro et al. [149] developed a functional model of inspection planning activities using
IDEF diagrams for the purpose of integrating dimensional inspection with manufacturing and
design stages within product’s life-cycle. In Figure 3.10an IDEFO based generic model for an
inspection planning activity is shown. Each activity is decomposed into sub-elements
providing further details. Unfortunately, the work has not mentioned how inferred knowledge

was captured in order to formalise it in IDEF formats.
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Figure 3.10 Example of an IDEFO diagram in inspection planning[149]

Martinez et al. [150] presented a methodology for representing knowledge in CMM
inspection planning in the form of ontology. Major focus of this work was to provide an easily

interpretable knowledge format for non-specialists in CMM programming languages as well
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as develop an ontology that would work as the informal model for building a knowledge-based
system for inspection planning. A drawback of the presented approach is the application of
manual methods for extracting domain knowledge such as interviewing CMM experts and
technical documentation (handbooks, manuals, etc.). As the authors stated, if the knowledge

capture stage is not conducted properly, formalisation of knowledge will be inefficient.

In their research Barreiro et al. [151] suggested a method to elicit knowledge in
inspection planning from manuals, standards and documents using a data mining application
(PC-PACK) in order to structure a knowledge base. According to the authors the most common
technique for knowledge elicitation is interviewing experts; a costly and time-consuming
process. Thus, their research is focused on explicit forms of knowledge documented in
technical reports and handbooks. This work was further extended [152] and applied [153] on
a case study for identifying and representing knowledge and rules in selecting CMM inspection
equipment. However, the work lacked an evaluation study and validation of the generated

outputs and inferred knowledge by experienced CMM planners.

IDEF and ontologies have been combined by Barreiro et al. [154] and Barreiro et al. [155]
to produce a more complete knowledge representation. Having extracted knowledge from
documents and using the MOKA methodology the authors identified activities, rules,
resources, constraints and entities to form an IDEF-based ontology representation (Figure
3.11) for the task of inspection planning. No forms of evaluating and validating the detected

knowledge and formalised outputs were found.
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Figure 3.11 Example of IDEF extended ontology model for inspection planning tasks [154,155]

Majstorovic et al.[156,157] presented a knowledge-base model to develop an expert
system for inspection planning. Knowledge is represented by an ontology expressing the
relationships between tolerances and entities of a measuring part such as geometric features,
metrological features, probe configuration and inspection sequence. This research is limited
from a testing and knowledge validation point of view. Also, it does not explain where the

underpinning knowledge base came from.

Similarly, Stojadinovic and Majstorovic [158] applied an engineering ontology to
develop an intelligent inspection planning system. Graph theory was used to decompose a
component and related tolerances, into metrological and geometric features. This work was
further extended in [159] to share and reuse domain knowledge. No information was provided

with regards to the knowledge capture method or sources.

Martinez et al. [160] described a knowledge model to automate inspection probe
configuration, selection and orientation. In this work the knowledge engaged comes from
reports, guides, handbooks and interviews with experts. Although the origin of the utilised
knowledge is known, it is not explicitly reported how it was elicited and processed to result in

the rules of the knowledge-based system.
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3.6 Summary

From this review of past research, it can be shown that there are no available real-time
knowledge capture methods for CMM inspection planning applications, which in other
engineering tasks have been proven beneficial in understanding of highly complex problems.
Many attempts have been made to develop tools utilising knowledge for automating some
steps or a complete strategy for inspection planning with CMMs, indicating a great need for

more contemporary knowledge capture techniques in this engineering field.

Existing work on capturing and utilising human centred knowledge relies on manual,
time-consuming methods such as document analysis and interviews with experts which add
overheads to the whole process. Most of the work dealing with knowledge-based systems is
focused on the development of algorithms and systems without paying attention in capturing
domain specific knowledge and its representation in the perspective of human understanding
which can aid the decision making and thought process for planning a CMM inspection and

potentially training novice operators more effectively and quickly.

Moreover, the knowledge models and formalisations used in past research have not
been tested and validated by experienced CMM programmers. Finally, no previous work was
detected dealing with comparison and evaluation of planning strategies so that repeated
patterns are observed, captured and analysed to help create and identify best practice

throughout the whole CMM inspection planning process.
Therefore, key research gaps in the CMM inspection planning knowledge domain are:

e lack of an automated human centred real-time knowledge capture method or tool
for planning CMM measurements.

e No existing tools for the automated generation of human centred knowledge
representations.

e No validation method of captured knowledge or any evaluation and validation of the
associated representations.

e No methodology for comparing and evaluating strategies and detecting repeated
patterns of activity.

These emerging insights and key findings from the literature review helped frame this
research’s associated hypothesis, research questions and research objectives as outlined in
Chapter 1. They also subsequently informed the definition and development of the

experimental methodology, analyses and outputs detailed in the following chapters.
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Chapter 4 IPaCK Framework and Pilot study

4.1 Introduction

This Chapter presents the Inspection Planning and Capturing Knowledge (IPaCK)
framework to address the identified knowledge gaps and outlines solutions to meet the
associated objectives. Major considerations taken into account were the logging of user
activity, post-processing the data, and to automatically generate multiple representations of
the planned strategy and logged user activity. To meet these requirements, motion tracking
was used to capture strategic planning thinking and decision making while moving a handheld
inspection tool. Key decisions and actions are input through an analogue tablet with
inspection planning options. The primary goal was the formulation of a prototype design that
would enable an intuitive setup to allow easy and quick planning of a CMM inspection and
avoidance of too much user interaction with a software environment, as most of the available

CMM software packages.

As illustrated in Figure 4.1, central to the methodology developed was the testing and
validation of the tools developed and the outputs generated by both experienced CMM
planners and novice users. Thus, it was necessary to include a two-stage experimentation;
firstly, on inspection planning and the user logging tool’s usability (Stage 1) and secondly on
the generated knowledge format representation suitability, knowledge validation and reuse

(Stage 2).

Prior to the main experimentation stages, a pilot study was carried out aiming to an
initial evaluation of the suggested representation formats and personal preferences. The
following sections detail the initial IPaCK prototype and its outputs, the pilot study results and
the feedback acquired as well as how these informed the refinement and enhancement of the

IPaCK tools.
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Pilot study:

v" Evaluation of initial knowledge representations
v Initial feedback on IPaCK's functionality

v" Refine system and update methodology

Main experimentation—Stage 1

* Inspection planning for 2 work-pieces

¢ |PaCK usability study and evaluation

* Evaluation and comparison of strategies

Main experimentation — Stage 2
* Knowledge representations evaluation and
statistical analysis

Figure 4.1 Schematic representation of experimental workflow
4.2 Methodology and initial IPaCK prototype development

Aiming to address the requirements of the defined research objectives, a CMM
inspection planning environment was created, called the Inspection Planning and Capturing
Knowledge (IPaCK) system, focusing on capturing the user’s strategy and knowledge when
planning a measurement of mechanical parts. IPaCK aims to emulate the activity of an
operator while planning a measurement strategy for a CMM by digitizing it so that it can be

captured and analysed more quickly and effectively.

A well-established method of tracking humans and objects with a view to recording
motion activity is motion capture technology (MoCap) [161]. The main reason for using this
technique is to gain a greater visibility and better understanding of human activity and
behaviour while modelling and simulating a performed task. MoCap technology has been used
for surveillance, control and analysis applications [162]. Surveillance applications are related
to monitoring multiple subjects, i.e. vehicle counting, crowd flux and congestion analysis.
Control applications involve the generation of an interface for controlling a model or object;
this usually applies to human-computer interaction case studies. MoCap for analysis covers
diagnostics and optimisation studies such as clinical and orthopaedic patients and athletes’

performance.

Previous research has employed MoCap technology for investigating and analysing
engineering and manufacturing tasks. Qiu et al. [163] proposed a MoCap based methodology

for modelling human performance in assembly and disassembly of a car engine’s connecting
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rod caps within a virtual reality environment. An optical motion tracking system was proposed
[164] for data capture and evaluation of a ladder climbing task. The setup as part of a cyber-
physical system can provide opportunities for capturing expertise from experienced operators
and facilitate training of workers in building and construction activities. A multi-depth camera
motion tracking tool [165] was developed for tracking and observing workers’ activity within
a production environment aiming to optimise processes and ergonomics of a workplace.
Therefore, motion capture and tracking techniques can effectively be used for logging user
activity effectively in real world environments. The captured data can enable the modelling
and simulation of real-world environments to be digitised with a view to capturing and

formalising human centred knowledge in engineering tasks.

The recommended solution was developed based on a physical setup combined with
an optical motion tracking system. A hand-held stylus moved by a user is tracked and the
motion data are logged and codified in a data file. The stylus moves imitate the function of a
CMM probing system. The log file generated is then post-processed and multiple visual
outputs are produced showing the planned measurement strategy for the component. Each
output focuses on various elements of the planning strategy and therefore a range of different
representations were proposed. A schematic diagram of technical framework is shown in

Figure 4.2 while the functionality of IPaCK is illustrated in a demo video (Appendix A.1).

The selected knowledge representations are: user activity motion trajectories, IDEFO
diagram, text instructions, annotated video clip, and storyboard. Past works [4,134-136,166]
have successfully employed these outputs to represent knowledge in tasks such as
engineering design, process and assembly planning. In addition, IPACK generates a part

program for driving a CMM and performing the planned inspection routine.
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Figure 4.2 Initial technical framework of IPaCK and the proposed methodology
4.2.1 Apparatus and user activity logging

The experimental setup at this stage consists of a motion capture and 3D tracking with
OptiTrack Flex 13 system (Figure 4.3), a hand-held stylus with two passive and one active LED
markers attached to it and a tablet analogue as a user input device for different inspection
planning activities (Figure 4.4). The optical tracker comes with its own software package

(Figure 4.5) for recording, storing and editing the motion data files.

Motion tracking
cameras

Working table

p—_

%
Motion tracking h L

cameras

Figure 4.3 Experimental setup and motion capture volume for the current work
The two passive markers attached on the stylus are used for tracking the stylus’ tip
position. Using the markers’ spatial coordinates, the position of the tip is calculated and
mapped onto the component’s digital model. The third marker is an IR-LED, activated when

the button is pressed, indicating in the output log file that a touch point is probed and
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recorded. A series of such points formulates the point set for digitally reconstructing a

geometrical feature of the part.

Passive retro- . Inspection planning sub-activities
reflective markers .
¥ et elgn Start Tool 1 Tool 2
» feature
o i
?a‘“’“ inspection End Tool 3 Tool 4
‘eature feature
>
Plane Line Circle Cylinder Freeform
&
= .
Straightness Straightness O /Q/
Flatness of an axis of a surface Circularity Cylindricity
3 £ | A — &
3 L Profile of a .
£ | Perpendicularity Angularity Parallelism surface Position
d
LED activation 2
e (@) =
button S
Concentricity ymmetry

Figure 4.4 Hand-held Inspection stylus and tablet analogue input devices

To log the decision making and user activity throughout the planning session, a paper-
printed tablet analogue is used as the main input device. On this, there are different types of
options available depending on the intended activity to perform; tool selection, measurement
planning (alignment, datum, inspection feature), geometrical features (plane, line, circle, etc)

and tolerancing features (position, parallelism, perpendicularity, etc).
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Figure 4.5 Motion capture operating software

The tablet analogue is calibrated within the OptiTrack application prior to the
inspection planning session and its relative position is calculated. By mapping the tablet
analogue’s four corners to the stylus positions, the actual dimensions and position of each
tablet analogue cell is known. Thus, when the stylus’ tip position falls within the specific
dimensional ranges, the system recognizes which “button” on the tablet is selected, indicating
the respective user’s choice of action. By using the tablet analogue in this way, the user logging
module can detect and record the user’s activity and sequence of steps performed in a
chronological, time-phased order. A typical procedure followed during a planning session
using IPaCK is illustrated in detail in Figure 4.6. As the user plans an inspection strategy, the
markers’ spatial positions, as well as the time when the LED marker is activated, are recorded
in a comma-separated values (CSV) file, editable in a spreadsheet as shown in Table 5. This set
up should be both user-friendly, quick and intuitive, as it does not require the user to interface

directly with a CMM control system or a complex, menu-driven software package.
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Procedure steps:
1. The wuser begins the planning

session by selecting “START” button
on tablet analogue.

2. The user selects planning sub-task
(part alignment or datum feature)
on the tablet. For tolerance
checking, the related “button” must
be selected first on the tablet.

3. The user selects shape/geometry
(plane, line, circle, cylinder etc.) on
the tablet.

4. The user probe the part on the
required face or feature by touching
it while pressing the LED activation
key.

5. The user ends the planning session
by selecting “END” button. Also the
user may start over again, by
selecting the “START” button.

Figure 4.6 Procedure to follow in the experimental trial planning session

Table 4.1 Motion capture log file

Frame Time Markers tracked X ¥ Z Marker label X Y z Marker label
0 8.33 2 292.80 —37.42 435.15 Mid 276.92 —23.66 261.37 Top
1 8.34 2 292,18 —37.15 432.14 Mid 276.73 —23.36 260.53 Top
2 8.35 2 291.85 —36.97 429.27 Mid 276.47 —23.19 259.68 Top
3 8.36 2 291.46 —36.38 426.16 Mid 276.25 —22.90 258.67 Top
4 8.37 2 291.44 —35.66 422.77 Mid 276.28 —22.64 257.68 Top
5 8.38 2 291.63 —34.85 419.11 Mid 276.43 —22.23 256.48 Top
6 8.38 2 292.15 —34.02 415.32 Mid 276.83 —-21.74 255.26 Top
7 8.39 2 292.49 —32.84 411.66 Mid 277.33 -21.29 254.20 Top
8 8.4 2 292.59 —31.56 408.14 Mid 278.04 -21.13 25295 Top
9 8.41 2 293.10 —30.60 404.83 Mid 278.38 —21.05 251.66 Top
10 8,42 2 293.86 -29.97 401.64 Mid 278.56 —21.00 250.37 Top
11 8.43 2 294.15 —29.62 398.45 Mid 278.81 —21.46 249.20 Top
12 8.43 2 294.34 —29.84 395.51 Mid 278.96 —-21.95 248.28 Top
13 8.44 2 294,50 —30.63 392.96 Mid 278.91 —22.24 247.32 Top
14 8.45 2 294.29 —30.84 390.30 Mid 279.24 —22.50 246.43 Top
15 8.46 2 294.38 —30.80 387.54 Mid 279.18 —22.49 245.65 Top
16 8.47 2 294,63 —30.67 384.65 Mid 278.81 —22.34 244,92 Top
17 8.48 2 295.19 —30.79 381.79 Mid 278.40 —22.18 24424 Top
18 8.48 2 295.36 —30.67 378.82 Mid 278.19 —22.28 243.54 Top
19 8.49 2 295.84 -30.76 375.95 Mid 277.92 —22.63 242797 Top
20 8.5 2 296.04 —30.59 372.99 Mid 277.49 —23.19 242.00 Top

After having fully designed and implemented the elements and modules of IPaCK’s
tools, a small-scale trial was conducted with one participant for checking the basic
functionality. No detailed usability study and analysis were carried out at this stage; however,

various knowledge formats were generated and tested through a pilot study.
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4.2.2 Knowledge representation formats

Various forms and structures are proposed in this section to address the challenge of
capturing and representing knowledge. By post processing the output log-file, different
knowledge formats of the measurement planning strategy can be automatically generated.
The recommended knowledge formats identified from the literature are: motion and planning
activity trajectories, plain text instructions, IDEF diagrams, storyboard and annotated video
clip. These formats have successfully been used and validated in knowledge representation
for engineering task analysis [133,167,168]. IDEF and process flow diagrams have also been

used by other CMM inspection researchers [152,160,169,170].

To produce and generate all the different representation formats a post-processor
was created using the Visualization Toolkit (VTK) library [171]. Additionally, for some of the
formats, VBA macros (developed by the author) within an Excel spreadsheet were also
employed. The following sections present each of the recommended knowledge formats with
regards to partial meeting of research objective RO2 - design and development of an

automatic knowledge representation tool. The proposed formats are now described.

4.2.2.1 Inspection plan

National Physical Laboratory [22] suggested a good practice for planning a CMM
inspection of a component was to write down the intended measurement strategy in a list
form so that it can be reviewed and checked for faults and errors. According to this, the first
proposed output was an inspection plan showing in a chronological order all the features,
tolerances and points logged during the planning session. This format is associated with the
other visual and graphical representation formats. Furthermore, the plan contains IDs for the

points and geometrical features inspected, the tool and total points used for each sub-activity.

The first section of the plan (Table 4.2) consists of the steps for aligning the
component on the CMM; in this example, three features were probed: a plane, a line and a
point, using the same inspection stylus (tool1). These are key steps within a planning strategy
as identified in section 2.2.1 and are included in the data capture to represent key inspection
planning decisions along with associated sub-activities and relevant information. The full
inspection plan (generated automatically) presents the whole strategy for testing a true

position tolerance of a ‘hole’ feature.
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Table 4.2 Initial inspection plan format generated by IPaCK

Instruction Time (sec) X Y z 1D Tool Points

Part alignment feature 22.14 4.51 -84.25 0.92 planel tooll 3

Touch 27.13 10,01 23.66 18.50 o |

Touch 28.25 35.03 66.29 18.50 1 |'

Touch 29.37 65.06 32.84 18.50 2

Part alignment feature 31.15 6.86 -87.31 0.97 linel tooll 2

Touch 3353 9.96 0.00 10.01 3 L

Touch 35.13 64.74 0.00 10.01 4 |

Part alignment feature 37.06 10.00 -86.65 0.87 touch tooll 1
= Touch 38.92 0.00 34.91 8.50 5 :
-"g True position 42.00 92.55 -164.78 0.92 Tolerance Tooll
- Datum feature 4371 7.08 -104.59 0.97 plane2 tooll 3
S Touch 46.47 10.01 2366  18.50 6 =
o Touch 47.58 10.01 51.24 18.50 7 =
c Touch 48.58 20.02 61.60 18.50 8 ks
c Touch 49.62 55.05 65.77 18.50 9 i o
g Touch 51.10 60.055 49.867 18.50 10 ;:‘:'0
ey Touch 52.45 65.06 2361 18.50 11 =
o Touch 53.90 50.045 8.5657 18.50 12 c
=11} Touch 55.05 20,02 8.83 18.50 13 0
.E'-" Daturmn feature 57.29 5.61 -106.42 0.92 plane3 tooll 4 _D'
E Touch 59.62 9.96 0.00 15.01 14 o
A Touch 61.47 64.74 0.00  10.01 15 2

Touch 62.88 69.72 0.00 5.00 16 g

Touch 64.47 10,01 0.00 5.00 17 —

Datum feature 66.93 7.19 -104.78 0.85 planed ool 4

Touch 70.43 0.00 69.81 13.50 18

Touch 7218 0.00 9.97 13.50 19 |

Touch 74.61 0.00 9.97 8.50 20 |

Touch 76.28 0.00 64.83 8.50 21 -

Inspection feature 79.42 23.50 -104.75 0.93 eylinderl ool 3

Touch 83.26 39.25 57.91 13.50 22

Touch 84.99 57.90 37.45 13.50 23

Touch 86.76 39.25 16.99 13.50 24

Touch 88.41 18.19 44.87 13.50 25

Touch 90.08 39.25 57.91 8.50 26 -

Touch 91.49 57.55 33.67 8.50 27

Touch 93.06 42.97 17.68 8.50 28

Touch 94.49 16.80 37.45 8.50 29

As observed from the plan, the main activity of inspecting a true-position tolerance
consists of several steps that define three datum features before probing the hole feature.
The related details are: geometry, number of points and tool used. By studying this output
format, both strategic (tolerances and selected features sequence) and tactical (size and
distribution of point sets) planning activity is described in a chronological order, with time-

stamps. Thus, the required information is provided for analysing the planning task.
4.2.2.2 Strategic planning sequence

Strategic planning sequence (Figure 4.7) presents the strategic planning user activity;
that is, the selection sequence of required features. Although this can be studied in isolation
to other outputs, it can also be combined with other representations that indicate further
details at each step. The significance of strategic planning sequence is to offer a quick review
of feature order to probe along with their scope of use within the strategy, i.e. alignment,
tolerance, datum or inspection feature. Figure 4.7 shows the numbered elements of the

defined order. Each label explains the scope of use of each feature, i.e. PAF for part alighment
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feature, DF for datum feature and IF for inspection feature. Finally, a geometry for each

feature with an ID number differentiates each one from others i.e. planel — plane2, etc.

. DEZplaned;

1. PASSRSIITEY

7 NERSIITHAETd
3, PAE: touch

4, DE: plane2.

Figure 4.7 Example of the strategic planning sequence representation generated by IPaCK

4.2.2.3 User activity and motion trajectories

The next suggested output generated automatically, called tactical planning motion
trajectory (Figure 4.8), presents the user activity and motion trajectory of a stylus as moved
by the planner. The approaching segments of each point, called Chronocyclegraphs have been
used successfully for representing knowledge generated in other engineering applications
[141,172]. As illustrated in section 2.2.2, approach directions are key elements of any
accessibility considerations during inspection planning. Therefore, this format allows the
effective capture and representation of associated user activity when inspecting points across

the various features of the component.

@ Touch po

* Approach path

@ Starting approach point

Figure 4.8 Example of the tactical planning motion trajectory generated by IPaCK
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Each segment consists of a large green sphere indicating the starting approach point,
the smaller green sphere shows the approach direction and path and finally the large red
sphere represents the recorded contact point with the part. The number IDs on each segment
highlights the order of the points as logged during the planning session. As mentioned in
section 2.2.3, this format also serves as a basis for identifying and capturing user activity while
planning the sample points on an inspection feature. This is critical to a planning strategy and

therefore necessary to capture and represent within any proposed knowledge formats.

The planning activity motion trajectory not only visualises the intended strategy and
planning, but also it offers indications of the planner’s behaviour while generating the
strategy, e.g. the spacing between the spheres indicates faster and confident moves.
Chronocyclegraphs have been studied and associated with Therblig symbols in previous
research [172]. This combination allows a rapid, in depth study of performed activities in a
simple way. By processing and comparing different Therblig sequences for the same task,
patterns of repeated behaviour can be detected facilitating the automation of a task or

generation of best practices.

An extension of the previous output is shown in Figure 4.9; Groups of activities
trajectory illustrates the planning strategy by separating it into three clusters: part alignment
activity, datum feature activity and inspection feature activity, with each activity coloured
differently. Recorded contact points are in red and labelled with numbers according to the

inspection plan.
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Figure 4.9 Example of the representation groups of planning activities generated by IPaCK

Figure 4.10 represents the same data as a sequence of logged inspection points,
connected with straight lines, structured into the final inspection path as planned by the user.
A ray-tracing algorithm (Appendix A.2) was found available [173], modified and integrated in
the data post-processor to create collision-free paths. The algorithm uses as input the
approach, start, retract and inspection points and conducts tests for intersections between
paths (connecting lines) and the component. If an intersection is detected, the retract point’s

z-value is adjusted by 5mm and tested again for intersections, until a collision free path is

reached.
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Figure 4.10 Example of the collision free inspection path generated by IPaCK

This format also contributes to the capture of the inspection strategy used so that the planning
path is effectively and accurately represented. This requirement was highlighted in section

2.2.4 as critical data to capture and integrate throughout the suggested knowledge formats.
4.2.2.4 CMM partprogram

An additional format automatically generated by the data post-processing tool is a
part program to drive a computer-controlled CMM. The point data are extracted from the
inspection plan and converted into the CMM’s coordinate system. Additionally, the part
programming module adds safe go-to points when the machine’s probing tool moves from
one feature to another around the part. The program is produced in the DMIS code and
adapted to be executable by the MODUS software package provided by Renishaw plc.
However, the code generating algorithm can easily be modified to generate the output based
on any other DMIS programming language. An example of such a program is shown in Figure

4.11.
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MODE/PROG,MAN GOTO/CART,26.58,6.16,17.16

GOTO/CART,13.78,23.47,24.26 GOTO/CART,12.23,-5.8,-3.64

$5<MEAS_PLANE name = "part alignment feature_plane1"> $$<MEAS_PLANE name = "datum feature_plane3">
MODE/PROG,MAN MODE/PROG,MAN

F(part alignment feature_plane1)=FEAT/PLANE,CART,36.6983,40.9272,0,0,0,1 F(datum feature_plane3)=FEAT/PLANE,CART,38.6062,0,-9.74625,0,-1.0
MEAS/PLANE, F(part alignment feature_planel1),3 MEAS/PLANE,F(datum feature_plane3),4
PTMEAS/CART,10.005,23.6583,0,0,0,1 PTMEAS/CART,9.96,0,-3.49,0,-1,0
PTMEAS/CART,35.03,66.2862,0,0,0,1 PTMEAS/CART,64.74,0,-8.495,0,-1,0
PTMEAS/CART,65.06,32.8371,0,0,0,1 PTMEAS/CART,69.72,0,-13.5,0,-1,0

ENDMES PTMEAS/CART,10.005,0,-13.5,0,-1,0

ENDMES

$S<MEAS_PLANE = part alignment feature_planel>
$$<MEAS_PLANE = datum feature_plane3>

GOTO/CART,61.66,32.34,10.73
GOTO/CART,12.95,-6.87,0.26 GOTO/CART,67.31,-15.22,3.72
GOTO/CART-4.15,66.74,0.35

S$5<MEAS_LINE name = "part alignment feature_linel">

MODE/PROG,MAN $5<MEAS_PLANE name = "datum feature_plane4">

F(part alignment feature_line1)=FEAT/LINE,UNBND,CART,37.35,0,-8.495,0,-1,0 ~ MODE/PROG,MAN

MEAS/LINE,F(part alignment feature_linel),2 F(datum feature_plane4)=FEAT/PLANE,CART,0,38.6467,-7.5025,-1,0,0

PTMEAS,’C#;RTQ 96,0-8.495,0-1.0 ’ MEAS/PLANE,F(datum feature_planed),4

PTMEAS/CART.64.74,0,-8.495,0,-1,0 PTMEAS/CART,0,69.8133,-5,-1,0,0

ENDMES PTMEAS/CART,0,9.97333,-5,-1,0,0

$$<MEAS_LINE = part alignment feature_line1> PTMEAS/CART,0,9.97333,-10.005,-1,0,0
PTMEAS/CART,0,64.8267,-10.005,-1,0,0

GOTO/CART,62.09,-15.22,0.42 ENDMES

GOTO/CART,-5.6,35.87,2.04 $S5<MEAS_PLANE = datum feature_plane4>

$$<MEAS_POINT name = "part alignment feature_touch"> GOTO/CART-10.15,62.19,0.73

MODE/PROG,MAN GOTO/CART,37.53,50.94,1.53

F(part alignment feature_touch)=FEAT/POINT,CART,0,34.9067,-10.005,-1,0,0 . ) i i

MEAS/POINT,F(part alignment feature_touch),1 $$<MEAS_CYLNDR name = "inspection feature_cylinder1">

PTMEAS/CART,0,34.9067,-10.005,-1,0,0 MODE/PROG,MAN

ENDMES Flinspection feature_cylinder1)=FEAT/CYLNDR,INNER,CART,38.8937,37.993,-7.5025,0,0,1,40

$5<MEAS_POINT = part alignment feature_touch> MEAS/CYLNDR,F(inspection feature_cylinder1),8

- - PTMEAS/CART,39.2461,57.9123,-5,0,-1,0

GOTO/CART,-5.6,35.87,-8.96 PTMEAS/CART,57.9,37.45,-5,-0.995584,-0.0922546,0.0173746

GOTO/CART,13.78,23.47,24.26 PTMEAS/CART,39.2461,16.9877,-5,-0.183722,0.982826,0.0173207
PTMEAS/CART,18.1877,44.8735,-5,0.895163,-0.445738,0

$$<MEAS_PLANE name = "datum feature_plane2"> PTMEAS/CART,39.2461,57.9123,-10.005,-0.183749,-0.982973,0

MODE/PRioG MAN - PTMEAS/CART,57.5501,33.674,-10.005,-0.961825,0.273664,0

F(datum feature_plane2)=FEAT/PLANE,CART,36.2813,36.6446,0,0,0,1 PTMEAS/CART,42.9738,17.6845,-10.005,-0.361241,0.832472,0

MEAS/PLANE,F(datum feature_plane2),8 PTMEAS/CART,16.8,37.45,-10.005,0.995734,0.092268,0

PTMEAS/CART,10.005,23.6583,0,0,0,1 ENDMES . '

PTMEAS/CART,10.005,51.2449,0,0,0,1 $$<MEAS_CYLNDR = inspection feature_cylinder1>

PTMEAS/CART,20.015,61.603,0,0,0,1

PTMEAS/CART,55.05,65.7739,0,0,0,1 GOTO/CART,38.03,38.32,-13.29

PTMEAS/CART,62.69,49.7,12.5,0,0,1
PTMEAS/CART,65.06,23.6125,0,0,0,1
PTMEAS/CART,39.2461,16.9877,-5,0,0,1
PTMEAS/CART,20.015,8.8319,0,0,0,1
ENDMES

$5<MEAS_PLANE = datum feature_plane2>

Figure 4.11 Example of a CMM part program generated by IPaCK

A part program could be considered as a knowledge representation; however, this
format has been excluded from the evaluation process. Since in the experimental trials,
inexperienced engineers would take part, they could not evaluate it as it requires quite
extensive programming experience. Moreover, a part program is the main output from a
CMM inspection planning task and it is already commonly used in the area. Therefore, there
was no point of evaluating it. The purpose of this research was to devise new output formats
and investigate the potential of them for representing inspection planning knowledge and
strategy. However, in this section it is shown that a CMM program can be generated as output

by the IPACK’s tools.
4.2.2.5 Integrated Definition (IDEF0) diagram

VBA macros (Appendix A.4) within an Excel spreadsheet were developed in order to
output a process flow chart in the form of an IDEFO diagram using the generated inspection
plan previously presented. IDEFQ is a tool to model functions, decisions, actions and activities

of a system or organisation [145]. This method has been successfully used for modelling the
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activity and thought process during design and planning tasks in past works [166,174]. This
format allows an easy to follow description of the planning steps highlighting key elements
such as the feature geometry, scope of use, number of points and type of tool at each sub-
activity. The reader can identify key decisions made during the strategy as well as the
sequence of steps to follow. Two examples of this format are depicted in Figure 4.12, showing
the part alignment stage and a hole’s true position tolerance inspection key activities. The
IDEFO diagrams can also be combined with the inspection plan format to study the strategy

with a more complete perspective.

planel linel J touch tolerance
part alignment part alignment part alignment tr.ue p05|.t|on
datum datum datum inspection
3 touches 2 touches ] 1 touches
tooll tooll tooll tooll
plane2 J plane3 planed cylinderl
inspection
—————» datum feature datum feature datum feature P
feature
8 touches I 4 touches 4 touches 8 touches
tooll tooll tooll tooll

Figure 4.12 Examples of IDEFO diagrams of planning strategy for part alignment (top) and true position
inspection (bottom) generated by IPaCK

4.2.2.6 Plain text instructions

An additional representation format defined is plain text instructions (Figure 4.13)
which provide a short description of each step of the planning strategy listed in a timed
manner. By generating this structure, a set of instructions sorted in the chronological order as
set by the human planner provides a convenient way for a quick and easy review of the
planned strategy; this format has been suggested in previous works [175] specifically for
helping novice users to understand and replicate the represented knowledge and strategy.
Plain text instructions can also be an alternative richer textual form of the data included in the

inspection plan.
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Time (sec)

22.14
31.15
37.05
42.00
43.70
57.29
66.92
79.41

Figure 4.13 Example of plain text representation format generated by IPaCK

Instruction
Probe plane1 as part alignment feature using tool1 with 3 points
Probe line1 as part alignment feature using tool1 with 2 points
Probe a touch as part alignment feature using tool1 with 1 point
True position tolerance is under test

Probe plane2 as datum feature using tool1 with 8 points

Probe plane3 as datum feature using tool1 with 4 points

Probe plane4 as datum feature using tool1 with 4 points

Probe cylinder1 as inspection feature using tool1 with 8 points

4.2.2.7 Annotated video clip

Annotated video clips has been the most preferred forms of knowledge representation in
previous research [166]. This study also includes this format. Figure 4.14 shows sample
screenshots of an example video clip where the expert planner performs a strategy. The
embedded subtitles describe the actions taking place at each step. To generate this format, a
video recording device was used during the planning session and the output inspection plan

was processed within a spreadsheet and VBA macros developed for this research (Appendix

A.5) producing a subtitle text file with all the related information.

Probeiplanelgas partial

toolliwith

Brobeta touch as partial

Figure 4.14 Screenshots of annotate video clip with embedded subtitles generated by IPaCK
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4.2.2.8 Storyboard

As a last knowledge representation, a combination of different outputs can be
structured to produce a storyboard. Sung et al. [133] showed that this format provides an
improved overview of captured activity and strategy in a chronological order. A storyboard
sample is shown in Figure 4.15, integrating the IDEFO diagram, inspection plan section, textual
description and a screenshot of the annotated video clip. It must be noted that although the

different formats are generated automatically, the integration of them is done manually

without however spending much time to produce the final output.

Time (sec) IDEF Inspection plan Text instructions Screenshot
plane1l
part alignment feature,plane1,4.51,-84.25,0.92,22.1417,3,tool1 b iEreL s e
2 touch, 0, 10.005, 23.6583,18.5,0, 0, 1,27.1333 o ion
datum touch, 1,35.03, 66.2862, 18.5, 0,0, 1, 28.25 to§|1 e e
3ouches touch, 2, 65.06, 32.8371, 18.5,0, 0, 1, 29.3667 L
tool1
linel l
- part alig feature,linel, 6.62,-87.32,1.07,31.1667,2,tool1 Probe linel as part
31 | partalignment touch, 3,9.96, 0, 10.005, 0, -1, 0, 33.5333 alignment feature using
2 touches datum touch, 4, 64.74, 0, 10.005, 0, -1, 0, 35.1333 tool1 with 2 points
tooll
touch
57 part alignment feature,touch, 10,-86.65,0.87,37.0583,1tool1 :I'l ‘;:;Z;‘:‘;::‘:i:’::ng
I da‘mm touch, 5,0, 34.9067, 8.495, -1,0, 0, 38.9167 ToolT iR paine
tooll
tolerance
42 true position, tolerance,92.55,-164.78,0.92,42,tool1 ﬁn';:f &‘:i't"’" tolerancets
inspection
tooll
datum feature,plane2,7.08,-104.59,0.97,43.7083,8,tool1
plane2 touch, 6, 10.005, 23.6583, 18.5, 0, 0, 1, 46.4667
touch, 7,10.005, 51.2449, 18.5,0, 0, 1, 47.5833
touch, 8, 20.015, 61.603, 18.5, 0,0, 1, 48.5833 Probe plane2 as datum
43 ——»| “datum feature touch, 9, 55.05, 65.7739, 18.5, 0,0, 1, 49.6167 feature using tool1 with 8
8 touches touch, 10, 60.055, 49.8667, 18.5,0, 0, 1, 51.1 points
touch, 11, 65.06, 23.6125,18.5,0, 0, 1, 52.45
tooll touch, 12, 50.045, 8.56567, 18.5, 0, 0, 1, 53.9
touch, 13, 20.015, 8.8319, 18.5,0, 0, 1, 55.05
plane3
datum feature,plane3,5.14,-106.27,1.05,57.3,4,tool1
touch, 14,9.96, 0, 15.01,0, -1, 0, 59.6167 Probe plane3 as datum
57 touch, 15, 64.74, 0,10.005, 0, -1, 0, 61.4667 feature using tooll with 4
touch, 16, 69.72,0,5, 0, -1, 0, 62.8833 points
i touch, 17, 10.005, 0, 5, 0, -1, 0, 64.4667
tool
planed
datum feature,plane4,7.42,-104.4,1.03,66.9333,4,tool1
touch, 18,0, 69.8133,13.5,-1, 0, 0, 70.4333 Probe plane4 as datum
66 touch, 19,0, 9.97333,13.5,-1,0, 0, 72.1833 feature using tooll with 4
4 touches touch, 20,0, 9.97333, 8.495, -1, 0, 0, 74.6083 points
sooil touch, 21,0, 64.8267, 8.495, -1,0, 0, 76.275
00|
inspection feature,cylinder1,28.5,-104.75,0.93,79.4167,8,tool1
cylindert] touch, 22, 39.2461, 57.9123, 13.5, 0, -1, 0, 83.2583
touch, 23, 57.9, 37.45, 13.5, -0.9955, -0.09225, 0.01737, 84.9917
- - touch, 24, 39.2461, 16.9877, 13.5, -0.1837, 0.9828, 0.01732, 86.7583 Probe cylinder1 as inspection
79 touch, 25, 18.1877, 44.8735, 13.5, 0.895163, -0.445738, 0, 88.4083 feature using tool1 with 8
8 touches| feature touch, 26,39.2461, 57.9123, 8.495, -0.183749, -0.982973, 0, 90.075 points
touch, 27, 57.5501, 33.674, 8.495, -0.961825, 0.273664, 0, 91.4917
tooll touch, 28, 42.9738, 17.6845, 8.495, -0.361241, 0.932472, 0, 93.0583
touch, 29, 16.8, 37.45, 8.495, 0.995734, 0.092268, 0, 94.4917

Figure 4.15 Storyboard knowledge representation generated by IPaCK

4.3 Pilot study - Knowledge representations evaluation

A pilot study was planned and carried out for evaluating the proposed knowledge and

strategy representations. 20 experienced CMM planners responded to an online
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guestionnaire structured and published using a free online surveys website [176]. In the
current research, experience or expertise level will be treated as the amount of time (in years)
spent in practising in CMM inspection planning tasks as suggested in previous works

[177,178].

Potential participants of this pilot study were invited through a generic request to an online
community [179] and a series of discussion groups for CMM inspection on a professionals
networking website [180]. The only criterion for inviting individuals to participate in the pilot
study was that their current profession is on CMM measurement and programming. With this
condition, it was assumed that most of the daily workload of the participants is on CMM
programming. No other pre-selection assessment was undertaken on the respondents at this
stage, as the purpose of this pilot study was mainly to obtain initial feedback and personal
viewpoints on the designed knowledge representations. Also, it was assumed that a
statement of the level of experience (in years) in CMM measurements by each of the

participants would be valid for the purposes of the study.

The main objective of this pilot study was the evaluation of the proposed knowledge
representations (presented in the section 4.2.2) in the aspects of ease of understanding,
usefulness and overall performance. Additionally, the participants were asked to state their
preferred combination of two formats for representing the intended planning strategy. Such
an approach has been employed in previous research [4] for evaluating similar
representations in design tasks. The quality of the represented strategy was not assessed as
the purpose of the pilot study was to obtain initial feedback from experienced CMM planners

on the proposed formats and how well they perform as representations.

Participants per experience group
1
® Junior (0-2 yrs)
Mid (2-5 yrs)
Senior (5-10 yrs)

Expert (10+ yrs)
15

Figure 4.16 Participants per experience grop of knowledge representations evaluation pilot study

In Figure 4.16, the experience of the participants validates that the responses are of

high quality and reliability since most of the engineers possess over 10 years of experience in
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CMM inspection planning. Therefore, feedback from this pilot study can effectively be used

for further improvements on specific issues raised by the experienced participants.

Each of the designed formats was rated with a score from 1 (lowest) to 5 (highest) for ease of
understanding, usefulness and overall performance. These three evaluation aspects confirm
and validate to what level each format can help in understanding and following the captured
strategy, including how well these specific forms represent the inspection plan. In each
question a brief description of the format was provided. A sample of the questionnaire is
shown in the Figure 4.17 which illustrates the tactical planning activity of the measurement.

The complete questionnaire can be found in Appendix B.1.
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2. Tactical activity trajectory graph

If the video display is too small, please follow the link: https:/www.youtube.com/watch?
v=Vx4oNfMLNyA

This trajectory graph presents the specific tactical planning activity consisting of: a large green
ball showing the beginning point for each segment, a set of smaller green balls indicating the
approaching path and direction and a red ball for the recorded point of contact.

Ease of
understanding

Usefulness

O g O
O gl O
O
O el O
O s O

Overall score

Figure 4.17 Example section of the questionnaire used in the pilot study
4.3.1 Pilot study results

The raw data results given in Appendix C.1 and illustrated graphically in Figure 4.18
show that the participants were able to understand and follow the strategy represented in all
the tested knowledge formats. They gave the highest average score for overall performance

(58%) and usefulness (56%) to the storyboard as this provided a complete structure with
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multiple representations and is built to provide an easy to follow step-by-step guide. In the
aspect of understanding, plain text instructions received the highest average (64%) due to its
clarity and simplicity of description. Other formats such as strategic planning sequence and

annotated video clip were also rated close to the first one, the plain text instructions.

Overview of participants' responses

9. Storyboard

8. Annotated video clip

7. Plain text instructions

6. IDEF diagrams

5. Inspection path

4. Strategic planning sequence

3. Groups of planning activity trajectory

Knowledge representation formats

M Ease of understanding

2. Tactical planning trajectory

Usefulness

1. Inspection plan m Overall performance

[
N

3 4 5
Score

Figure 4.18 Pilot study results - Average ratings of representation formats in the aspects: easure of
understanding, usefulness, overall performance

The participants of the pilot study were also asked to state their preferred
combination of any two formats. Figure 4.19 presents the preferences of the selected
combinations as stated by the participants. The most preferred combination was the
storyboard along with annotated video clip which as similarly was found in a previous study
(4].

Preffered combinations in pilot study

Text instructions + Storyboard

Groups of planning activity + Inspection path
Inspection path + Storyboard

Annotated video clip + Storyboard

Strategic planning sequence + Inspection path
Text instructions + Strategic planning sequence
Groups of planning activity + Storyboard

Inspection plan + Storyboard

Combinations statted

Strategic planning sequence + Annotated video clip
Strategic planning sequence + Storyboard
Inspection plan + Text instructions

Text instructions + Annotated video clip

Inspection plan + Annotated video clip

o
-
N

3

Number of appearances

S
w

Figure 4.19 Pilot study results — Number of appearances of chosen combinations
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In Figure 4.20 the number of appearances of each format in the preferred
combinations is shown. The storyboard and annotated video clip were the two most frequent

options amongst these with 9 appearances each of them.

Appearances of each format in chosen combinations

9. Storyboard

8. Annotated video clip
7. Plain text instructions
6. IDEFO diagrams

5. Inspection path

4. Strategic planning sequence

Knowledge format

3. Groups of planning activity
2. Tactical planning trajectory

1. Inspection plan

o
8]

4 6 8 10
Number of appearances

Figure 4.20 Pilot study results - Number of appearances of each format in chosen combinations

From the results, the more visual an output is the easier the understanding and to
follow was perceived. Furthermore, outputs structured clearly as step-guides were preferred

over just text instructions and strategic planning sequence graph.

Finally, each participant freely commented on the aspects of this pilot study. One
mentioned “Keep it simple and visual - users haven't got the time/patience to read through
text/code.” This statement appears to be pertinent considering the preference for more visual
and simple forms of representations. Other comments relate to displaying the normal vectors
of touch points and the need to show the alignment stage’s coordinate system during the
planning session, which will aid to a better description of the measurement strategy. Based
on these responses research objective (RO4) has been achieved, and the formats will be

subsequently improved.

4.3.2 Lessons learnt

The main purpose for carrying out this pilot study was to test and confirm the basic
functionality of IPaCK and methodology as well as to detect any problems and weaknesses so
that the main experimental study including a larger range of users could be informed and

updated properly.

The most important observation was that experienced planners were able to understand

how IPaCK works and that its automatically generated output formats can represent CMM
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inspection planning domain knowledge. The feedback obtained through the system’s
functionality test and online survey also highlighted the need for further improvements:

e Arequirement for a real time interactive digital interface for informing the user what

steps have been carried out, how they have been made and how they can be edited.

e Modifications to the marker-stylus so that higher precision motion tracking is enabled.

e Updating the knowledge representation formats to be more compact, simple and

visual.

e The use of combinations of formats to represent knowledge and strategies in a more

complete manner.

At this point in the research, it can be stated that the first research objective has been partly
met with regards to design and developing a user logging system for CMM inspection planning
strategies capture (RO1). The next objective related to structuring proper knowledge
representations and building a tool for automated generation of them have been addressed
completely (RO2 and RO4). IPaCK’s functionality enables planning CMM measurements as
well as logging user activity; it can also automatically generate a range of validated knowledge

representation formats. However, IPaCK'’s interface and its outputs required more rigorous

testing and evaluation.

4.4 Final prototype

From the findings and feedback, modifications are presented here to better capture
and represent the activity and decision making in planning a CMM measurement strategy. The
main modification concerns the addition of a graphical user interface to inform the planner
what activity has been completed and options for editing this. The updated technical
framework is schematically presented in the following Figure 4.21. Further changes are

discussed in the following sections.
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User activity logging framework

~ Touch points on part
Motion capture Graphical user &// .
module interface — Selections on tablet analogue

Display and editing of strategy
Visualisation of user activity < -

Motion capture

logfile Multiple representations

* |DEFO diagrams
* Text instructions

<: Post-processor + Annotated video
* Storyboard

D * CMM part program

!

Extraction of measurement plan

Time Activity GeofID X Y z Tool Totalpts | J K
34 ZeroZ  Planet Stylus1 8

37 Point 1 68.07 15.38 30 0 0 1
39 Point 2 3403 15.38 30 0 [
41 Point 3 15.01 36.76 30 0 [
43 Point 4 1201 6747 30 0 [
45 Point 5 30.01 86.54 30 0 0 1
a7 Point 6 68.07 87.5 30 0 0 1
57  ZeroY Plane2 Stylus1 4

61 Point 9 1083 0 24.02 0 -1 0
64 Point 10 9005 0 23.02 0 -1 0
66 Point " 9104 0 8.007 0 -1 0
68 Point 12 1093 0 5.004 o 1 0
114 Tolerance Position

114 Datum Plane2 Stylus1 4

118 Datum  Plane3 Stylus1 4

123 Inspection Cylinder1 Stylus1 8

127 Point 17 9736 235 25.02 057 08 0
128  Point 18 21.74 2239 24.02 07 07 0

Figure 4.21 Final technical framework of IPaCK and proposed methodology
4.4.1 Updated apparatus and user activity logging

Although the underlying framework (utilising motion tracking technology) remains the
same, necessary improvements to the experimental setup were identified through the pilot
study. To advance IPaCK’s interactivity and user experience during a planning session the

following were included:

e 3 hand-held stylus with 4 passive retro-reflective spherical markers and an IR-LED,

e an extended tablet analogue with more options,

e agraphical user interface, showing at real time the steps and points recorded.

Four passive markers were now used to improve the calculation of the stylus’ tip position
(Figure 4.22). Moreover, the IR-LED button’s functionality was modified; by pressing the

button (stylus’ clip), an inspection point was now recorded.
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Z zero Y zero X zero Datum | Inspection

Tool 1 Tool 2 Tool 3 Point
Plane Line Circle Cylinder | Freeform
Flat Straight Circularity | Cylindricity " c'Pendi
athess raigntness Ircularity ylindricity cularity
Angularity | Parallelism Profile Position |Concentricity

Symmetry

Figure 4.22 Updated IPaCK’s user input devices: Hand-held stylus (left) — tablet analogue (right)

Another enhancement relates to the tablet analogue available planning options. The
part alignment button was replaced with three distinct buttons that define X, Y and Z zero
levels, necessary to construct the part alignment stage’s spatial coordinate system (Figure
4.22). With this addition, decision making during the part alignment stage is broken down at

a more detailed level, providing further insight into the strategy used.

Finally, the main improvement was to the graphical user interface (GUI) (Figure 4.23).
This interface was developed using the Qt framework and libraries [181] and the C++
programming language. The key benefit for this update is the display of the steps performed
in real time on a computer monitor, both as a graphical output, mapping the points on the
digital model of the component, and as a procedural list for informing the user what has
already logged in much greater detail. A set of ‘edit’ buttons embedded in the interface

allowing the user to modify the strategy by repeating, deleting, inserting or undoing a step.
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Xtip: 28.36, Ytip: -198.81, Ztip: 127.72

16439
Time Step Actvity Geo ptNo X Al Z D labellD

18 Settool SHL. 0 O O O O 0O
2 88 2 ZeroZ  Plane 9. 21 478. 0 0
3 8% 2 H Pownt 2. 697 206. 100 W
4 B 2 He Pownt M. 934, 207. 151 1R
5 % 2 Ha Pont 457. &442. 207. 200 20
6 93 2 He Pont $68. 932. 208. 2% 2%
7 9% 2 Hae Ponmt 915.. 894.. 2028.. 300 30
8 97 2 He Pont 6. 579.. 208. 35 3%
9 W 3 ZeroY  Line 3., <27, 490.. 0 0
10 105 3 Ht Pownt 4. 12, T4 01 MW
1m 108 3 He Pownt 803.. -03.. N4 451 4R
12Mm a ZeroX Point 9. -25. 478. 0 0
13116 4 Ha Pont -34.. 463 990.. 01 S
14 120 § Tolera... Pose. 29.7.. -30.. 496. 0 0
15125 6 Dastum  Plane 3. 2. 441 0 0
36ed pontiD: 201
added pontiD: 451

Edit buttons aated ponD: $51
added pontiD: 601
added pontiD: 651
added pontiD: 701

rsert end nsert delete undo last

Figure 4.23 Graphical user interface and display of logged activity and steps.

Another modification implemented was the addition of playing a sound related to the

contact point registered or option selected on tablet analogue. These then appear directly on

the interface’s digital display, providing the user both visual and sound feedback on the

performed steps and actions. The updated functionality of the IPaCK and a typical procedure

followed during a planning session is illustrated in detail in Figure 4.24 as well as in the related

video in Appendix A.8
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Procedure steps:

1. The user begins planning by setting the
inspection tool on the tablet analogue.

2. Then the required planning sub-activity
and geometry to measure are set by
“hitting” the respective boxes on the grid.

3. After, the user touches the component
with the stylus’ tip and presses the clip-
button for recording each contact point to
form the required feature.

Figure 4.24 Procedure to follow during the experimental measurement planning session Appendix A.8

The output data log-file includes a list of all the activity performed (Table 4.3) along
with each points’ spatial coordinates, capturing the activity data in a temporal manner and
describing the decision making of the user during planning an inspection. In its final form, the
log-file does not include the whole motion trajectory of the stylus but only the key steps and
moves related to a point or an activity on order to ease computational load during data
processing steps for tracking and real time reporting. Hence, instead of storing the complete
path of used markers as in the pilot study, only the stylus-tip position data at specific times
are logged leading to a significantly reduced log-file size and data processing time. These data
are stored and exported in the form of a table, including each planning sub-activity performed,
the x, y, z coordinates of tip’s position in mm, the numbered label of each point recorded and

geometrical and tolerancing information.
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Table 4.3 IPaCK'’s user logging output data file

Time (Sec) Activity Geo/Feature PointID X-Y-Z (mm) index
30 setTool Stylus1 0 0 0 0 0
34 ZeroZ Plane 0 4.213 -170.5 4.886 0
37 Hit Point 1 68.41 15.29 319 101
39 Hit Point 2 33.77 15.287 32.35 151
41 Hit Point 3 15.04 36.494 32.03 201
43 Hit Point 4 12.21 67.338 32.19 251
45 Hit Point 5 30.35 86.624 32.07 301
47 Hit Point 6 68.12 87.817 31.8 351
48 Hit Point 7 87.75 69.719 31.7 401
51 Hit Point 8 87.01 34.863 31.7 451
57 ZeroY Plane 0 9.709 -176.5 4.866 O
61 Hit Point 9 10.57 -0.522 24.02 501
64 Hit Point 10 90.18 -1.803 23.51 551
66 Hit Point 11 91.37 -2.171 7.824 601
68 Hit Point 12 11.3  -0.88 5.305 651
80 ZeroX Plane 0 8.514 -169.4 4.699 0
83 Hit Point 13 -1.25 11.446 24.18 701
86 Hit Point 14 -2.62  90.708 25.22 751
88 Hit Point 15 -1.83 92.662 9.752 801
91 Hit Point 16 -2.19 13.255 6.132 851
98 Tolerance Position 0 65.15 -211 4.847 0
114 Datum Plane 0 10.57 -0.522 24.02 999
118 Datum Plane 0 -1.25 11.446 24.18 999
123 Inspection Cylinder 0 65.94 -174.8 2.365 0
127 Hit Point 17 10.04 22.586 25.07 901
128 Hit Point 18 22.2 22.395 24.38 951
130 Hit Point 19 22.58 13.283 25.91 1001
132 Hit Point 20 9.189 11.535 25.28 1051
134 Hit Point 21 9.072 11.337 7.462 1101
136 Hit Point 22 8.879 22.015 7.851 1151
138 Hit Point 23 21.8 20.606 7.636 1201
140 Hit Point 24 21.61 10.045 5.57 1251
152 Tolerance Position 0 67.32 -210.3 4.743 0
160 Datum Plane 0 7.434 -171.7 4.691 0
163 Hit Point 25 25.95 64.104 17.44 1301
166 Hit Point 26 26.95 65.888 26.3 1351
169 Hit Point 27 26.45 40.023 24.34 1401
170 Hit Point 28 27.06 38.712 18.54 1451
175 Datum Plane 0 5.146 -175.1 4.735 0
178 Hit Point 29 34.1 26.013 19.05 1501
179 Hit Point 30 35.67 26.754 25.08 1551
182 Hit Point 31 61.5 26.598 24.19 1601
183 Hit Point 32 63.92 26.74 19.3 1651
189 Inspection Cylinder 0 659 -174.6 4594 O
192 Hit Point 33 45.94 58.193 4.381 1701
194 Hit Point 34 57.07 56.291 5.277 1751
195 Hit Point 35 57.64 46.324 7.702 1801
197 Hit Point 36 45.07 43.415 7.313 1851
199 Hit Point 37 4326 45.127 25.89 1901
201 Hit Point 38 44,96 56.207 26.27 1951
203 Hit Point 39 55.35 56.984 25.77 2001
204 Hit Point 40 56.94 44.423 27 2051
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4.4.2 Final knowledge representations

In this section, the final combined knowledge representations are presented along
with the modifications applied after considering the feedback and comments received from

the pilot study.
4.4.2.1 Inspection plan and tactical planning trajectory

As in the previous version of IPaCK’s outputs, the inspection plan (Table 4.4) is a key
representation of the intended strategy. A modification applied, considered one of the
comments from the pilot study stated that it would be beneficial to include the normal vector
for each measurement point in the inspection plan and the rest of outputs. With the use of
the normals, a CMM planner can understand the required approaching direction for selecting
each point. Moreover, the part alignment process was split up and represented as subsequent
steps, showing the separate actions for defining X, Y and Z zero levels in order to construct the
alignment’s coordinate system. This facilitates another requirement as pointed out from the

experienced planners’ feedback.

An example of the updated inspection plan is shown in Table 4.4. The first section
shows the steps for aligning the part virtually on the CMM table. In this example, three planes
were created with their respective labels shown under the column Geo/ID. Below, the point
sets for each feature follow the line stating the activity, feature type, tool used and total
number of points. According to the implemented modifications, each line illustrating a contact
point includes also three columns for the I, J and K components of the respective normal

vector.

The main inspection routine shows the strategy for measuring the selected features
and tolerances. The details are displayed in the order in which each activity was performed
and logged. First, the type of tolerance is selected, followed by the datum features related to
this tolerance and finally the feature under inspection. When a line for setting a datum or
inspection feature is not followed by a point’s details, it is implied that a previously selected
feature has been reused and the same feature label is added to highlight this. By studying this
format, the measurement strategy is represented both strategically and tactically, facilitating
a better understanding of the plan at both a high and low level of detail. The time on each line
can be used for analysing the efficiency of the strategy in terms of how long it takes to conduct

the whole plan as well as all the sub-steps.
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Table 4.4 Example of updated inspection plan generated by IPaCK

Normal vectors

Time (sec) Activity Geo/ID X(mm) Y(mm) Z(mm) Tool Totalpts | J K
il 34 ZeroZ Planel Stylus1 8
37 Point 1 68.07 15.38 30 0 0 1
39 Point 2 34.03 15.38 30 0 0 1
41 Point 3 15.01  36.76 30 0 0 1k
43 Point 4 12.01 67.47 30 0 0 1
(9] 45 Point 5 30.01 86.54 30 0 0 1
E” 47 Point 6 68.07 87.5 30 0 0 1
|7} 48 Point 7 88.09 69.5 30 0 0 1
c 51 Point 8 87.09 3467 30 0 0 1
g < 57 ZeroY Plane2 Stylus1 4
c 61 Point 9 10.93 0 24.02 0 -1 0
é” 64 Point 10 90.05 0 23.02 0 -1 0
S 66 Point 11 91.04 0 8.007 0 -1 0
© 68 Point 12 10.93 0 5.004 0 -1 0
a 80 ZeroX Plane3 Stylus1 4
83 Point 13 0 11.92 24.02 -1 0 O
86 Point 14 0 91.04 25.02 -1 0 O
88 Point 15 0 93.02 10.01 -1 0 0
»81 Point___ 16 01291 6005 1. 0_0
114 Tolerance Position
114 Datum Plane2 Stylus1 4
118 Datum Plane3 Stylus1 4
123 Inspection Cylinder1l Stylus1 8
127 Point 17 9.736 235 25.02 06 -08 0
128 Point 18 21.74 2239 2402 -0.7 07 O
130 Point 19 24.83 13.16 26.03 -1 02 O
132 Point 20 6.498 9.736 25.02 09 05 O
134 Point 21 6.498 9.736 7.006 09 05 O
136 Point 22 8.263 22.39 8.007 06 -08 O
o 138 Point 23 2298 21.03 8.007 -0.8 06 0
< 140 Point 24 2298 8.974 6.005 -0.8 06 O
5 152 Tolerance Position
o 160 Datum Plane4 Stylus1 4
o 163 Point 25 25 64.15 17 1 0 0
= < 166 Point 26 25 66.1 26.01 1 0 ©0
= 169 Point 27 25 39.76  24.01 1 0 0
= 170 Point 28 25 38.78 19 1 0 O
c 175 Datum Plane5 Stylusi 4
‘© 178 Point 29 339 25 19 0 1 0
= 179 Point 30 35.85 25 25.01 0 1 0
182 Point 31 61.22 25 2401 0 1 0
183 Point 32 64.15 25 19 0 1 0
189 Inspection Cylinder2 Stylus1 8
192 Point 33 4554 5895 4.003 04 -09 O
194 Point 34 57.39 56.74 5.004 -08 -06 0
195 Point 35 58.95 4554 8.007 09 05 0
197 Point 36 4397 4202 7.006 06 08 O
199 Point 37 42.02 4397 26.03 08 06 O
201 Point 38 4397 5798 26.03 06 -08 0
203 Point 39 56.03 57.98 26.03 06 08 0
\_ 204 Point 40 57.98 4397 27.03 -08 06 0

A graphical output generated automatically by the IPaCK represents the tactical
planning user activity (Figure 4.25). On this output the point sets used for selecting each of
the features within the strategy are given; each point is labelled with a number following the
same sequence as in the inspection plan. The direction of the normal vector for each point is
displayed with a yellow line, indicating the approach direction for selecting the respective
point. In addition to this, the coordinate system set by the user during the planning session
appears on the digital display, highlighting how the part is oriented on the CMM table virtually.
These modifications were made considering the feedback acquired from experienced CMM

planners through the pilot study. Aiming to represent the tactical planning activity of the
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strategy, the combination of inspection plan and tactical planning trajectory comprise the first

knowledge format in the main experimentation stage 2 (Chapter 6).

[N Tactical Activity

Coordinate system set by user

Figure 4.25 Example of updated tactical planning trajectory representation generated by IPaCK

Based on the experienced CMM planners’ responses in the pilot study, the tactical
planning activity trajectory was not preferred in any combination. Also, it was rated with
relatively low scores 49%, 43% and 46% in the aspects of ease of understanding, usefulness
and overall performance respectively. However, it was worth investigating how its
performance would change after the recommended modifications on it and when studied in

combination with another format.
4.4.2.2 Inspection plan and strategic planning trajectory

The next combination of knowledge representations consists of the inspection plan
(Table 4.4) and a visual format illustrating the strategic planning activity (Figure 4.26, Figure
4.27). In this automatically generated output, the key steps performed are displayed in a list,
labelled with a number showing the activity order. The same number-labels appear on the
model of the component under measurement, highlighting which features are involved in the
planned strategy. In this way, a quick overview of the strategic thinking is provided, giving a

representation of the strategic planning steps and sequence of them. By combining this
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output with the inspection plan, all the necessary details are available to the user to help them

understand the planning task performed, with a focus to the strategic aspect of the plan.

W Strategic Activity

1. Alignment.ZeroZ Plane |

2. Alignment ZeraY Plane2

3. Alignment.ZeroX.Plane3

4. Position.Datum Plane2

5. Pesition.Datum Plane3

4. Pasition.Inspection Cylinder1

7. Position Datum.Planed

8. Position.Datum.Planeb

9. Position.Inspection.Cylinder2

10. Perpendicularity Datum Planeb
11. Perpendicularity Inspection.Planed
12, Parallelism.Datum.Planes

13. Parallelism.Inspection.Planed
14. Position.Datum. Cylinder1

15. Pasition.Inspection.Cylinder3

Figure 4.26, Example of Strategic planning activity representation generated by IPaCK

W Strategic Activity

1. Alignment.ZeroZ Plane

2. Alignment.ZeroY .Plane2

3. Alignment Zerox Plane3

4., Position.Datum Plane2

5. Position.Datum Plane3

6. Position.|nspection.Cylinder1

7. Position Datum.Planed

8. Position.Datum.Planeb

9. Position.Inspection.Cylinder2

10. Perpendicularity . Datum Planeb
11. Perpendicularity Inspection.Planed
12. Parallelism.Datum . Plan:

13. Parallelism.Inspection.Planeé
14. Position.Datum . Cylinder1

15. Position.Inspection.Cylinder3

Figure 4.27 Example of Strategic planning activity representation generated by IPaCK — different angle view

Strategic planning trajectory was rated relatively highly compared to other formats in the pilot
study (ease of understanding: 61%, usefulness: 52%, overall: 54%) and was selected five times

within the stated representation combinations. Thus, it was decided to be included in the main

experimentation study.
4.4.2.3 Inspection plan and IDEF0 diagram

IDEFO knowledge representations (Figure 4.28) accompany the generated inspection
plan (previously presented) as a set of diagrams. The IDEFO diagrams are produced
automatically by post-processing the inspection plan within an Excel spreadsheet using VBA
macros. In this spreadsheet, the complete strategy is separated into different sub-diagrams
for each step, describing the key decisions of the user in a procedural and schematic manner.
With this combination the tactical and strategic planning activities are represented, with a

focus to the latter, aiming to offer a quick and easy to follow guide of the conducted inspection

plan.
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Considering the obtained responses from the pilot study, IDEFO received the lowest
scores (ease of understanding: 41%, usefulness 41%, overall: 46%). However, the format was
studied in isolation to other outputs. Therefore, it was decided to study its performance
further when combined with another format, acceptable by the CMM planners; the inspection

plan in this case.

Planel l Plane2 l Plane3 l

Partalignment Partalignment N Partalignment
8 pts ZeroZ 4 pts ZeroY 4pts ZeroX

Stylus1 I Stylus1 I Stylus1 [
Position l Planez l Plane3 J C\rl'mderll

——» Tolerance inspection Datum Datum Inspection feature —
4 pts 4 pts 8 pts

Stylus1 I Stylus1 I Stylusl I Stylus1 I
Position l Planed l Planes i C\rl'mdeer

——® Tolerance inspection L Datum L Datum Ly Inspection feature [—————#
4 pts 4 pts 8 pts

Stylus1i I Stylusi I Stylusi I Stylus1 I
Perpgndiflariw Plane5s l Planed l

—— | Tolerance inspection L Datum L Inspection feature ——————#
4 pts 4 pts

StyluslI Sty|u51I Stylus1 I
ParallelisT Planes l Planet l

————®| Tolerance inspection » Datum » Inspection feature ——®
4 pts 6 pts

Stylus1 I Stylus1 I Stylus1 [
Position l O,r'lnder]i Cvl'ndersl

—— # Tolerance inspection Datum Inspection feature end of session
8 pts 8 pts

Stylus1 I Stylusi I Stylusl I

Figure 4.28 Example of IDEFO diagrams representation generated by IPaCK
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4.4.2.4 Annotated video clip

measurement planning task, with video clips being the highest rated; therefore, no
modifications were required. To obtain the video, a recording device was used for capturing
the whole planning session. The subtitles are generated automatically by post-processing the
inspection plan using VBA macros within an Excel spreadsheet and output in an ASCII file
format. Key steps logged in the plan are described textually in a chronological order. To
reproduce the video and embed the subtitles file a video player was used. An example of the
subtitles file is shown in Figure 4.29 and screenshots from the annotated video clip (Appendix
A.9) are presented in Figure 4.30. Annotated video clip was one of the two most popular

formats based on the pilot study results, being included nine times in the stated combination

As indicated by the pilot study, visual outputs were preferred for describing a

preferences. Therefore, it was selected for further study in the main experimentation.

Time Activity

34
37
39
41
43

114
114
118

ZeroZ
Point
Point
Point
Point
Point
Point
Paint
Point
ZeroY
Point
Point
Point
Point
ZeroX
Point
Point
Point
Point
Tolerance
Datum
Datum

Geo/ID
Plane1

N U AW

Plane2
9
10
1
12
Plane3
13
14
15
16
Position
Plane2
Plane3

X

68.07
34.03
15.01
12.01
30.01
68.07
88.09
87.09

10.93
90.05
91.04
10.93

oo oo

15.38
15.38
36.76
67.47
86.54
875
69.5
3467

oo oo

11.92
91.04
93.02
12.91

z

30
30
30
30
30
30
30
30

24.02
23.02
8.007
5.004

24.02
25.02
10.01
6.005

Tool Total pts

Stylus1

Stylus1

Stylus1

Stylus1
Stylus1

8

coococococoo

oo oo

-l el e

coococoocoo

S R Rl Y

co oo

oo oo alalalalalalala

oo oo

I8 video.sub - Notepad - [m]
File Edit Format View Help

1
00:00:34 --> 00:00:39
Probe 8 points on Plane? with Stylus1. Set as ZeroZ

2
00:00:57 --> 00:00:62
Probe 4 points on Plane2 with Stylus1. Set as ZeroY

3
00:00:80 --> 00:00:85
Probe 4 points on Plane3 with Stylus1. Set as ZeroX

4
00:00:113 --> 00:00:114
Inspection of Position tolerance

5
00:00:115--> 00:00:116
Reuse Plane2. Set as Datum

6
00:00:118 --> 00:00:123
Reuse Plane3. Set as Datum

Figure 4.29 Example of subtitles file in contrast with the inspection plan generated by IPaCK (Appendix A.9)
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A 21l with | Stylust
Prebe4dipointsionte tylusifiSetias ZeroxX onfofiCylinder

Figure 4.30 Example of annotated video clip screenshots generated by IPaCK

4.4.2.5 Storyboard

Storyboards combine multiple representations. The pilot study confirms such
combinations are useful in understanding the rationale and decision making behind a planning
task. Figure 4.31 illustrates a storyboard with IDEFO sub-diagrams, textual description and a

display of the model with inspection points used along with time stamps at each step.
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Time IDEFO Text Screenshot

Planel l [N Planel = O
Partalignment |
34 8 pts ZeroZ Probe 8 points on Planel
with Stylusl. Set as ZeroZ
Stylusl I

4| Pertalignment |  Probe 4 points on Plane2
57 4pts ZeroY ; y
P with Stylusl. Set as ZeroY \
Stylus1 [

Plane3 l

30 Partalignment |  Probe 4 points on Plane3
4pts ZeroX with Stylus1. Set as ZeroX
Stylus1i [

Figure 4.31 Example of storyboard knowledge representation generated by IPaCK

Due to the depth and simplicity of the structure, a storyboard can support CMM
operators with different level of experience. Novice operators could use it as training material
and repeat the same strategy. Experienced users benefit from this format both operationally
in a generic informative strategic approach and how to plan a new different measurement
plan. The tactical details provided with a storyboard could aid also as a reference for
generating inspection strategies for different components with similar groups or individual

features.

Storyboard was the most popular format together with annotated video clip (both
were selected nine times) in the stated representation preferences through the pilot study.
Furthermore, it received the highest scores in usefulness (56%) and overall performance

(58%). Thus, it qualified for use in the main experimentation study.
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4.4.3 Other knowledge representations

Further to the previously presented formats, additional outputs were developed
which were not assessed. The reason for not evaluating these is that the following outputs

were very similar to and are already covered by the final selected representations.
4.4.3.1 Inspection path

The generated inspection path (Figure 4.32) is another form of the tactical planning
activity graph. The difference is that the points relate to lines illustrating the trajectory that a
CMM inspection probe would follow. To create this path, the ray-tracing algorithm shown in
Appendix A.2 was developed and employed for checking if an intersection occurs between the
generated line and the component. The inspection path format was not considered in the
main experimental study as its represented knowledge is already included in the tactical

planning trajectory.

N Inspection Path

Figure 4.32 Example of the inspection path representation generated by IPaCK

4.4.3.2 Textinstructions

Another representation format automatically generated by VBA macros in the Excel
spreadsheet is a text file containing all the steps of the strategy and relative instructions. It is
a simple and straightforward way of presenting the strategy should facilitate easy and quick
understanding of the inspection method. That is, this output can be easily used as a guide for

training or repeating the same strategy. Additionally, it can be combined with any of the
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previous visual outputs for enhancing the study of the logged planning strategy. Figure 4.33
below illustrates an example of such a format. Plain text instructions are included as

annotations in the proposed video clip output.

&l instructions.tit - Motepad = O X

File Edit Format VWiew Help
Step Instruction

1 Probe 8 points on Plane1 with Stylus1. Set as ZeroZ
Probe 4 points on Plane2 with Stylus1. Set as ZeroY
3 Probe 4 points on Plane3 with Stylus1. Set as ZeroX
4 Inspection of Position tolerance
5 Reuse Plane2. Set as Datum
6 Reuse Plane3. Set as Datum
7 Probe 8 points on Cylinder1 with Stylus1. Check Position of Cylinder1
8 Inspection of Position tolerance

9 Probe 4 points on Plane4 with Stylus1. Set as Datum

10 Probe 4 points on Plane5 with Stylus1. Set as Daturr|

11 Probe 8 points on Cylinder2 with Stylus1. Check Position of Cylinder2
12 Inspection of Perpendicularity tolerance

13 Reuse Planeb. Set as Datum

14 Reuse Plane4 for Inspection. Check Perpendicularity of Plane4

15 Inspection of Parallelism tolerance

16 Reuse Plane5. Set as Datum

17 Probe 6 points on Plane6 with Stylus1. Check Parallelism of Plane6
18 Inspection of Position tolerance

19 Reuse Cylinder1. Set as Datum
20 Probe 8 paints on Cylinder3 with Stylus1. Check Position of Cylinder3

Figure 4.33 Example of the plain text instructions representation generated by IPaCK

4.4.3.3 CMM part program

The last output generated includes the part program for driving a computer controlled
CMM. By post-processing the output inspection plan, all the logged activity is converted into
DMIS language code for commanding a real CMM automatically. Note that for running a part
program, a manual alignment of the component on the CMM table is necessary to inform the
CMM software where the part is located within the measurement volume. An example of this

output is shown in Figure 4.34.

CMM part program output was not included in the main experimentation as it
required a lot of experience to read and understand it. In addition, a CMM part program is an
output of a software package to be executed by a CMM. Experienced CMM planners can
directly understand the planned strategy using a part program as stated in the pilot study

feedback. Therefore, there was no need of including this in the next experiments.
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Bl CMM _program.t«t - Notepad B8 CMM _program.ixt - Notepad

File Edit Format View Help
MODE/PROG,MAN

$$<MEAS_PLANE name = "Plane1">
MODE/PROG,MAN
F(Plane1)=FEAT/PLANE,CART,50.2973,51.6512,30,0,0,1
MEAS/PLANE,F(Plane1),8
PTMEAS/CART,68.067,15.3846,30
PTMEAS/CART,34.033,15.3846,30
PTMEAS/CART,15.014,36.7643,30
PTMEAS/CART,12.011,67.4738,30
PTMEAS/CART,30.0134,86.5385,30
PTMEAS/CART,68.067,87.5,30
PTMEAS/CART,88.087,69.4975,30
PTMEAS/CART,87.086,34.6665,30
ENDMES

$$<MEAS_PLANE = Plane1>

GOTO/CART,87.086,34.6665,32
GOTO/CART,10.9341,-4,34.023

$$<MEAS_PLANE name = "Plane2">
MODE/PROG,MAN
F(Plane2)=FEAT/PLANE,CART,50.7418,0,15.014,0,-1,0
MEAS/PLANE,F(Plane2),4
PTMEAS/CART,10.9341,0,24.023
PTMEAS/CART,90.0549,0,23.022
PTMEAS/CART,91.044,0,8.007
PTMEAS/CART,10.9341,0,5.004

ENDMES

$$<MEAS_PLANE = Plane2>

GOTO/CART,10.9341,-2,30.004
GOTO/CART,-4,11.9231,34.023

$$<MEAS_PLANE name = "Plane3">
MODE/PROG,MAN
F(Plane3)=FEAT/PLANE,CART,0,562.2253,16.2652,-1,0,0
MEAS/PLANE,F(Plane3),4
PTMEAS/CART,0,11.9231,24.023
PTMEAS/ICART,0,91.044,25.024
PTMEAS/CART,0,93.022,10.009
PTMEAS/CART,0,12.9121,6.005

ENDMES

$$<MEAS_PLANE = Plane3>

File Edit Format View Help
GOTO/CART,-2,12.9121,31.005
GOTO/CART,11.9962,20.2022,30.024

$$<MEAS_CYLNDR name = "Cylinder1">
MODE/PROG,MAN
F(Cylinder1)=FEAT/CYLNDR,INNER,CART,15.4402,16.3645,16.1401,0,0,1,19.999!
MEAS/CYLNDR,F(Cylinder1),8
PTMEAS/CART,9.73568,23.5022,25.024
PTMEAS/CART,21.737,22.3801,24.023
PTMEAS/CART,24.8297,13.1625,26.025
PTMEASICART,6.49783,9.73568,25.024
PTMEAS/CART,6.48783,8.73568,7.006
PTMEAS/CART,8.26304,22.3901,8.007
PTMEAS/CART,22.9802,21.0263,8.007
PTMEASICART,22.9802,8.97365,6.005
ENDMES

$$<MEAS_CYLNDR = Cylinder1>

GOTO/CART,21.3302,10.1039,31.005
GOTO/CART,28,64.1463,32.001

$$<MEAS_PLANE name = "Plane4">

MODE/PROG,MAN
F(Plane4)=FEAT/PLANE,CART,25,52.1951,21.5055,1,0,0
MEAS/PLANE F(Planed),4
PTMEASICART,25,64.1463,17.001
PTMEAS/CART,25,66.0976,26.01
PTMEAS/CART,25,39.7561,24.008
PTMEAS/CART,25,38.7805,19.003

ENDMES

$$<MEAS_PLANE = Plane4>

GOTOI/CART,27,38.7805,19.003
GOTO/CART,33.9024,29,19.003

$$<MEAS_PLANE name = "Plane5">

MODE/PROG,MAN
F(Plane5)=FEAT/PLANE,CART,48.7805,25,21.7557,0,1,0
MEAS/PLANE,F(Plane5),4
PTMEAS/CART,33.9024,25,19.003
PTMEAS/CART,35.8537,25,25.009
PTMEAS/CART,61.2195,25,24.008
PTMEAS/CART,64.1463,25,19.003

ENDMES

Figure 4.34 Example of the CMM part program generated by IPaCK

4.5 Summary

In this chapter, the proposed IPaCK system, methodology and tools were presented.
Unique elements are: a novel associative user logging-inspection planning interface
developed to emulate the operation of a real CMM; the capability to capture in real-time the
intended measurement strategy as it is being planned; capturing the CMM planning
knowledge and representing it. The required basic functional options for such a task are
integrated enabling the user to think and act in a manner similar to the operation of a real
CMM and associated software. By achieving this, research objective RO1 was partially met at
an early stage: “To design and develop a novel prototype for planning CMM measurements
and logging user activity.” Further validation of this is closely linked to meeting the objective

for testing and usability evaluation of IPaCK (RO3) which will be presented in Chapter 5.

Prior to these, a pilot study was required that would provide initial feedback on system
performance and to further inform and update the proposed solution. A single user trial with
a novice user was carried out to check the system’s functionality and generate a series of
proposed knowledge formats, while a survey facilitated the evaluation of the outputs and

feedback. 20 experienced CMM planners participated in this pilot study, answering an online

80



guestionnaire. These tasks aided in the partial meeting of the first two research objectives: i)
the design and development of a user logging tool for CMM inspection planning tasks (RO1);

ii) the automated generation of inspection planning knowledge representations (RO2).

Furthermore, a series of different knowledge and strategy planning representations
were validated by experienced planners resulting in benefits for novice and even experienced
metrology and CMM users. Hence, the objective (RO2) was achieved: “To design proper
knowledge representations of an inspection planning strategy and build a tool for generating

these automatically”.

The preliminary evaluation to acquire initial feedback on IPaCK suggested that the
impact of the proposed representation formats can support the entire spectrum of CMM
operator experience in terms of ease of understanding, usefulness and overall performance.
The results revealed that the current knowledge representations could positively affect and
help in inspection planning. This provides the foundation for addressing RO4: “to test and

validate the generated knowledge outputs and representations.”

In the following chapters, more in-depth case studies to evaluate IPaCK to ascertain its
usability and scope for industrial implementation will be conducted. The focus will be on the
user logging tool and knowledge representations performance as well as how user activity
data could be used for comparing planning strategies and detecting common patterns of

activity.
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Chapter 5 Experimental results and analysis 1 - CMM inspection

planning strategy capture

5.1 Introduction

With a refined IPaCK, a series of user trials was conducted to evaluate its usability and
level of technology readiness and address RO3. This Chapter will also present how IPaCK was

used to capture, formalise and reuse different strategies and associated knowledge.

A specific comparative case study was carried out with both novice and experienced
CMM planners. The inspection thinking patterns detected are analysed to reveal common
sequences of planning activities. The level of quality of each inspection plan will be compared
against a benchmark for each of the test components. Finally, a time-based performance test

is conducted to compare IPaCK against a conventional and current (real) CMM system.

5.2 Experimental methodology and tests

To assess the IPaCK’s usability, it was necessary to carry out a series of experimental
trials. Within these, two groups of participants were involved: novice and experienced CMM
planning engineers. 10 novice users with a basic engineering background (undergraduate and
postgraduate mechanical engineering students) and no experience in CMM inspection
participated in the trials for planning the inspections of two components using IPaCK. Prior to
the trials, they were trained for 30 minutes, where they watched a video of how a real CMM
works, how the tolerancing annotations on a design drawing are converted into inspection
planning activities (using a simple component and tolerances e.g. position, parallelism,
perpendicularity) and finally how the IPaCK prototype works. The two components involved

in the trials are shown in Figure 5.1 and Figure 5.2.

oy m‘g@'ﬁ’s‘{m‘ﬁm‘ “‘M

Figure 5.1 Part 1 used in experimental trials Figure 5.2 Part 2 used in experimental trials
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To engage experienced CMM planners at this stage of the experimentation, it was
decided to invite them to participate remotely. By watching a demonstration video, they
would evaluate IPaCK's usability. Considering the fact that skilled CMM planners with
exposure to different metrology systems, they could understand the functionality of the
prototype and therefore evaluate it properly without necessarily trying it out. For example,
an operator experienced in using a manual milling machine or lathe can understand the
function of a CNC machine and evaluate it. Consequently, it was possible to engage 74

experienced CMM inspection planners in this step of the study.

For the usability study, the two groups completed a System Usability Scale (SUS)
qguestionnaire [182] to rate the prototype’s functionality. This was selected as it has been used
extensively for assessing engineering systems computer interfaces [183] and produces reliable
results for various sample sizes [184]. The questionnaire comprises 10 statements relating to
the functionality of the system under examination. Five positive (odd numbered) and five
negative (even numbered) statements are used to balance any bias in the questionnaire. Each
respondent is required to rate the level of agreement through a five-point Likert scale varying
from "1 — strongly disagree” to “5 — strongly agree”. The structure of a SUS questionnaire is

shown in Figure 5.3.

Strongly Strongly
disagree agree
1 2 3 4 5

| think that | would like to use this system frequently

| found the system unnecessarily complex

| thought the system was easy to use

| think that | would need the support of a technical
person to be able to use this system

| found the various functions in the system were
well integrated

| thought there was too much inconsistency in this
system

| would imagine that most people would learn to
use this system very quickly

| found the system very cumbersome to use

| felt very confident using the system

| needed to learn a lot of things before | could get
going with this system

Figure 5.3 Example of the SUS questionnaire used in the usability evaluation of IPaCK
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To calculate the SUS score, each positive statement equals scale position minus 1 and
each negative statement equals 5 minus the scale position. The sum of these is multiplied by
2.5 to normalise the score between the values 0 — 100. Although the final score is a useful
usability measure, Bangor et al. [185] introduced an adjective rating scale (Figure 5.4), giving

a clear and easy to understand guide for assessing usability.

MNOT ACCEPTABLE MARGINAL ACCEPTABLE

ACCEPTABILITY

RANGES ow | HIGH |

GRADE

SCALE | F [ b T clT B [T A ]
ADJECTIVE BEST

WORST
RATINGS POOR oK GOOD EXCELLENT IMAGINABLE
!

IMAGINABLE

0 10 20 30 40 50 60 70 80 90 100

Figure 5.4 Adjective rating scale for classifying a system’s usability and acceptability [185]

Finally, each participant had to study five combinations of knowledge representations
as presented in Chapter 4 and rate them for ease of understanding, usefulness and overall
performance. As Chapter 5 is focused on capturing inspection planning activity and comparing
the strategies, the results from the knowledge representations evaluation study will be
presented in Chapter 6. The experimental method for planning inspection routines and

evaluating the prototype’s usability is described in this chapter and is illustrated in Figure 5.5.
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Main study - novices trials Main study - experts trials

Main goals: Main goals:

+ To evaluate prototype * To evaluate prototype

* To study and evaluate knowledge representations * To study and evaluate knowledge representations
« To detect patterns of activity « To validate knowledge in representations

« To detect patterns of activity

Participants: Participants :
Novice users Experienced users

) )

‘ Preparation: ‘ Preparation: ‘

* Coord. Metrology Basics (GD&T guide) * Demo video - familiarisation
* Familiarisation with system with system

* measurement planning: 2 work-pieces
* representations study

* measurement planning: 2 work-pieces
representations study

|

Main task 2/2: ’

‘ Main task 1/2: ‘ ‘ Main task 1/2: ‘

* SUS questionnaire
¢ representations questionnaire

* SUS questionnaire

Main task 2/2: ’
* representations questionnaire

Post-task feedback
* prototype usability
* representations

Post-task feedback
 prototype usability
* representations

Figure 5.5 Overview of design of experiments for the main experimental stage

5.3 [IPaCK usability testing

In the usability evaluation of IPaCK 10 novice planners and 74 experienced CMM
planners participated. In Table 5.1, a classification of all the participants depending on their
prior experience in CMM inspection is shown, forming five groups in total and providing a
more rigorous comparison of the IPaCK tools’ usability and how this is correlated with

experience in CMM planning and use.

Table 5.1 Classification of participants in IPaCK’s usability study in CMM experience groups

CMM experience . Method of
. Group of expertise . Group name
in years participation
Basic training Trial novice User trial Trial Now.
O<exp<2 Online junior Online questionnaire Online Jun.
2<exp<5 Online intermediate Online questionnaire Online Int.
5<exp<10 Online senior Online questionnaire Online Sen.
>10 Online expert Online questionnaire Online Exp.
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Two group sets were considered during the evaluation of the IPaCK system.

Set 1: The first set comprised two high level groups: one comprising Trial Novice
planners and the other Online Experienced planners. Experimental data analysis was then

possible giving an indication of how IPaCK compared between these broad categories.

Set 2: As shown in Figure 5.6, for a more detailed level analyses the experienced
planners were divided into four groups, according to the derived groups of experience,
namely: Online Junior, Online Intermediate, Online Senior and Online Expert. These were used
to determine if there were any differences based on the level of expertise and exposure to

CMM planning methods.

Participants per experience group

= Trial Nov.

= Online Jun.

= Online Int.
Online Sen.

= Online Exp.

Figure 5.6 IPaCK'’s usability study — distribution of participants per group of CMM experience

An overview of the average SUS scores of participants in Set 1 is shown in Figure 5.7 (data

given in Appendix E, Table E. 1, Table E. 2).

Average SUS score - Main groups (Set 1)

M Trial Novice (10 resp.) # Online Experienced (74 resp.) = All participants (84 resp.)

100

Average SUS Ratings

20

Figure 5.7 IPaCK usability study results - Average ratings for novice, experienced and all participants (Set 1)
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Within the usability context, IPaCK received a total SUS score of 70 from the whole
set. Based on the scale proposed by Bangor et al. [185], this characterises the system as ‘high
OK’ and falls into the ‘acceptable’ range. The experienced users have scored it slightly lower
with an average of 69 whilst the novice users have given a score of 75. Considering all the
responses and each major group’s average, IPaCK is perceived to be a usable approach for
inspection planning. Set 2 results in Figure 5.8 (Data: Table E. 1, Table E. 3, Table E. 4, Table E.

5, Table E. 6) shows the usability scores across the subjects’ experience ranges.

Average SUS score per group of experience (Set 2)

100
80
)
£ ) m Trial Nov. (10 resp.)
z 60 66
§ 65 ® Online Jun. (11 resp.)
(%] .
Online Int. (20 resp.
& 40 ( p.)
E Online Sen. (18 resp.)
< 20 ® Online Exp. (25 resp.)
0

Experience Groups
Figure 5.8 IPaCK’s usability study results - Average ratings per participants’ group of experience (Set 2)
The lowest average score of 65 was given by the group of Online Seniors, meaning
that even at its lowest rating IPaCK classifies as ‘high OK’ and ‘high marginal’ in the
acceptability scale. The Trial Novice users have given the system the highest average score of

75, which is interpreted as ‘good’ and ‘acceptable’ in the adjective and acceptability scales.

To further analyse the responses in Set 2 and detect any statistically significant
differences, parametric t-Test was used for normally distributed samples. For comparing non-
normally distributed samples the non-parametric Mann-Whitney test was employed. All the

statistical analysis was conducted with a 5% confidence level.

A normality check of data distributions was conducted on all groups prior to statistical
tests using a Shapiro-Wilk normality test. According to previous research [186,187] is the most
powerful normality test for all distributions (symmetric and asymmetric) as well as for a wide
range of sample sizes tested at confidence levels 5% and 10%. Although, it is always required
to carry out normality tests, their power weakens as the sample size lowers. Table 5.2 below
presents the results of the normality tests for each group in Set 2. Based on these results, in
the following statistical analysis and testing when the group of Trial novices was involved, the
non-parametric test Mann-Whitney was used, while for the rest of the comparison,

parametric t-Test was employed.
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Table 5.2 IPaCK’s usability study - Results of normality tests per group of experience (Set 2)

User group SW Test statistic | p-value | Normality
Trial novices (N,=10) 0.8252 0.0332 Non-normal
Online Junior (N,=11) 0.8723 0.0873 Normal
Online Intermediate (N5=20) 0.9798 0.9319 Normal
Online Senior (N,=18) 0.9600 0.6023 Normal
Online Expert (Ns=25) 0.9626 0.4687 Normal

A comparison of all groups in Set 2 across experience level was conducted to determine if
there were any statistically significant differences between them. The null and alternative

hypotheses for each of the groups’ comparison with a significance level a=5% were as follows:

e Ho: The two groups’ ratings were the same (no statistically significant difference).
e Hj: The two groups were not the same (existence of statistically significant
difference).

The results are given in Table 5.3.

Table 5.3 Statistical testing results for each experience group of participants (Set 2)

N7 Nov =10 Statistically significant difference

Non, jun =11 H,: no difference - H,: existence of difference, a=5%

Non, 1nt.=20 Tests 1-4:Mann-Whitney U test, Tests 5-10: two sample t-Test

NOnA Sen.=18

Non, £xp.=25 Un | Usp z p (2-tail) | Result | Groups’ average scores
® Trial Nov. ® Online Jun.

Tr. Nov. vs On. Jun. (Test 1) 55 | 14.085 | 0.354 | 0.7226 Hy | 75

I 73

® Trial Nov. ® Online Int.,
Tr. Nov. vs On. Int. (Test 2) 100 | 22.624 | 1.878 0.0603 Hy (s 75
e — 1

M Trial Nov. m Online Sen.
Tr. Nov. vs On. Sen. (Test 3) 90 | 20.765 | 2.118 0.0340 Hi | /5
I 65

M Trial Nov. ® Online Exp.

Tr. Nov. vs On. Exp. (Test 4) 125 | 27.257 | 0.055 0.9561 Ho _7735
| ———

t-statistic p (2-tail) | Result | Groups’ average scores
® Online Jun. ™ Online Int.
Online Jun. vs Online Int. (Test 5) 2.1427 0.0413 Hy | 73

I 66

M Online Jun. m Online Sen.
Online Jun. vs Online Sen. (Test 6) 2.3084 0.0289 H; | 73
I 65

® Online Jun. ® Online Exp.
Online Jun. vs Online Exp. (Test 7) 0.1248 0.9016 Hy | —— 73
I, 73

M Online Int.  ® Online Sen.
Online Int. vs Online Sen. (Test 8) 0.1681 0.8674 Hy [ oo
I 5

® Online Int.  m Online Exp.
Online Int. vs Online Exp. (Test 9) -2.0668 0.0448 H; | s
I 73

® Online Sen.  ® Online Exp.

Online Sen. vs Online Exp. (Test 10) -2.2963 0.0268 H, | 65
I 73
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From the results it was found that the groups with less experience perceive IPaCK'’s
usability in the same way as the most experienced participants group, giving the highest scores
(Trial Novices: 75, Online Juniors: 73 and Online Experts: 73). On the other hand, the two
groups with intermediate experience rated the prototype’s usability lower, showing similar

perceptions and preferences for its functionality.

The high results from the usability survey validates research objective RO1 and partially
addresses RO3 with regards to developing and evaluating the IPaCK’s usability, confirming in
this way its capabilities of planning CMM inspection strategies. Furthermore, having IPaCK
system evaluated at an early stage by novice and experienced CMM planners and obtaining
positive feedback on its functionality there is enough evidence to classify the prototype in the
third level of Technology Readiness Scale (Analytical and experimental critical function and/or
characteristic proof of concept) [188]. This prototype system can provide the sponsor
company of this project, Renishaw plc, with novel capabilities for logging CMM inspection

planning activity.
5.4 Comparison and evaluation of strategic planning approaches

5.4.1 Common activity and patterns detection

Key objective of the current experimental stage is the detection of common CMM
planning practices. For this step, Set 1 was employed to provide a direct comparison between
the strategies employed between the novice and experienced CMM planners. The two
participants’ groups were allocated the task of planning a measurement strategy for two trial
components shown in Figure 5.9 and Figure 5.10. The questionnaire employed for this stage

of experimentation can be found in Appendix B.2
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Figure 5.9 Part 1 tolerance specifications and feature indices for trial task 1
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Figure 5.10 Part 2 tolerance specifications and feature indices for trial task 2
The novice user group planned their measurement strategy using IPaCK’s logging tool,
while the experienced CMM planners participating remotely were asked to create the plans
by filling in an online form. Of the experienced planning group, 17 participants completed the

task for Part 1 while only 13 planned the Part 2. To avoid any impact on the results, the
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responses of four participants filling only Part 1 were rejected. Therefore, 13 responses were

involved in the comparative study.

Strategic inspection planning sequences were extracted from novice group trials using
the strategic planning trajectory output (Figure 5.11, Figure 5.12) of IPaCK as presented in
section 4.4.2.2, while the experienced group had responded to the questionnaire, listing their
sequences for selecting features. By labelling each feature with a number randomly, as shown

in Figure 5.9 and Figure 5.10, the sequences were structured and outlined in Table 5.4 and
Table 5.5.

[ Strategic Activity

1. Alignment ZeroZ Plane 1

2. Alignment.ZeraY Plane2

3. Alignment ZeroX.Plane3

4. Position.Datum Plane2

5. Pesition.Datum.Plane3

6. Position.Inspection.Cylinder1

7. Pasition.Datum.Planed

8. Position.Datum Planed

Q. Position.Inspection.Cylinder2

10. Perpendicularity Datum.Planeb
11. Perpendicularity Inspection Planed
12. Parallelism.Datum Planes

13. Pardllelism.Inspection Planed
14, Position.Datum.Cylinder 1

156, Position.Inspection.Cylinder3

Figure 5.11 Strategic planning trajectory for Part 1

[N Strategic Activity

1. Alignment.ZeroZ Plane

2. Alignment.ZeroY .Plane2

3. Alignment.ZeroX .Plane3

4, Posifion.Datum.Plane2

5. Position.Datum.Plane3

&. Posifion.Inspection.Cylinder 1

7. Perpendicularity. Datum Planed
&, Perpendicularity.Inspection.Planes
Q. Parallelisrn.Datum.Plan

10. Parallelism.Inspection.Planed
11. Position.Datum.Planes

12, Posftion.Datum. Planed

13. Position.Inspection.Cylinder2
14. Position Datum Plane 1

15. Position.Datum. Cylinder2

16. Position Inspection.Cylinder3d

Figure 5.12 Strategic planning trajectory for Part 2
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Table 5.4 Set 1 planning strategies for Part 1

Table 5.5 Set 1 planning strategies for Part 2

Part 1 probing sequences Part 2 probing sequences

Novice Experienced Novice Experienced

(10 responses) (13 responses) (10 responses) (13 responses)
123567849 142365879 123456789 123458679
715682349 123856947 231456789 123679854
123465879 123497568 123456879 123456879
123496857 123496587 123489576 123498657
123685749 123495678 123456897 123456789
123468579 123495687 123457689 142356897
123496587 178569432 123456789 123456978
231496857 127493856 231456879 123478695
123496587 127685349 123456789 124576839
123567849 132495678 123456879 158679234
123756849 123895764

132495687 123456897

123496587 123458679

To compare the planning strategies and detect commonly used sub-sequences, a
MATLAB code (Appendix B.3) called Pattern Detection Tool (PADET) was developed. This was
algorithm reads a matrix, compares each row of the matrix against the others and counts the
appearances of the various sub-series of digits by considering parameters such as the
minimum required length of a sub-set and the minimum number of appearances of this set.
Subsequently, all the different patterns detected are plotted on a histogram showing the
results graphically. The reason for applying this kind of algorithm is that all the strategic
planning sequences captured using IPaCK were structured as series of digits. Also, there was
need to search through the strategies captured and identify the most commonly used sub-

sequences; PADET facilitated this comparison and analysis.

At this experimental stage, the required inputs for PADET initially were three features
(or digits) minimum length and at least three appearances of a sequence. These limits were
subsequently increased to four features (digits) and four appearances. This combination of
settings gave a focus on longer and more frequent sub-sequences. Figure 5.13 - Figure 5.28
depict the patterns of activity detected among the novice and experienced plans for Part 1

and Part 2.
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Part 1 - Novices patterns (3 app/3 length) Part 1 - Novices patterns (4 app/3 length)
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Figure 5.14 Novice planners, Part 1 - Patterns with at

Figure 5.13 Novice planners, Part 1 - Patterns with at
least 3 features length and 4 appearances

least 3 features length and 3 appearances
As shown in Figure 5.13 and Figure 5.14, from the strategies planned by novice users

on Part 1, the most commonly followed sequence of three features was 1-2-3, which are the
features related to the alignment stage of the workpiece. This sequence appeared eight times
out of 10 responses. The second most frequent set was 2-3-4 with six appearances, which
relates to the inspection of hole C’s true position tolerance to features required for the part
alignment step, i.e. front face and left face. The longest sequence of features detected was 1-
2-3-4-9-6 with three appearances out of 10 responses. The selection order reveals another
link between hole B and hole C (hole C functioning as datum for the true position tolerance of

hole B, according to Part 2 tolerancing specification).

To focus on longer sequences, the inputs of PADET for minimum pattern length and
appearances, were set to four features (digits) combined with three and four minimum
appearances. Figure 5.15 and Figure 5.16 clearly indicate half of the novice planners followed
the same part alignment process, followed by the inspection of hole B’s true position
tolerance (feature set: 1-2-3-4). Considering that the novice participants had been trained in
tolerancing annotations only for 30 minutes prior to the trial, 50% of them were able to
interpret this connection, i.e. the features in part alignment are used as datums in hole C's
true position tolerance and plan in the same way. Moreover, 40% of the novice planners
understood the relation between hole C and hole B for the hole B’s true position inspection.
This is another indication of IPaCK’s performance, allowing a novice user to plan a CMM

inspection very quickly.
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Part 1 - Novices patterns (3 app/4 length) Part 1 - Novices patterns (4 app/4 length)
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Figure 5.15 Novice planners, Part 1 - Patterns with at  Figure 5.16 Novice planners, Part 1 - Patterns with at
least 4 features length and 3 appearances least 4 features length and 4 appearances
The same approach and analysis were conducted for the experienced planners’
strategies on the Part 1. Patterns and sequences of three features appearing three and four

times respectively are shown in Figure 5.17 and Figure 5.18.

Part1 - Experienced patterns (3 app/3 length) Part 1 - Experienced patterns (4 app/3 length)
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Figure 5.17 Experienced planners, Part 1 - Patterns Figure 5.18 Experienced planners, Part 1 - Patterns with at
with at least 3 features length and 3 appearances  least 3 features length and 4 appearances

It can be observed that the most frequent combination, appearing 10 times out of 13
responses, was 1-2-3 for the part alignment stage. The second most frequent feature set was
3-4-9 with seven appearances, showing the connection of the features hole C and hole B that
form the true position tolerance of hole B. This validates further the planning of novice users,
who detected successfully the link between hole C and hole B. The longest combination
appeared three times was found to be 1-2-3-4-9-5-6, with the sub-set 1-2-3-4-9 being the

second longest most common combination with six appearances. These two sets reveal

94



another sequence: the alignment of the part is followed by inspecting the hole’s C true
position and perpendicularity of face B. In addition, selecting face C after hole B indicates that
experienced planners considered this transition as the shortest distance compared to moving

to and selecting another feature.

Looking for longer sequences with at least four features, the strategies were scanned
and compared for combinations with a minimum of three and four minimum appearances.
From the results depicted in the Figure 5.19 and Figure 5.20, the previously detected patterns

are illustrated more clearly.

Part 1 - Experienced patterns (3 app/4 length) Part 1 - Experienced patterns (4 app/4 length)
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Figure 5.19 Experienced planners, Part 1 - Patterns Figure 5.20 Experienced planners, Part 1 - Patterns
with at least 4 features length and 3 appearances with at least 4 features length and 4 appearances

Comparing the strategies of novice and the experienced participants, Table 5.6
summarizes the patterns detected with minimum three features appeared four times at least

in planning on the Part 1.
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Table 5.6 Detected patterns from all participants’ planning strategies for Part 1

face A (8)

(7) hole A @ @ top face/datum A (1)

C——

(5) face B/datum E
face C/datum F (6)

@ hole B (9)

front face/datum B (2)

(3)left face/datum C

(4) hole Cidatum G

Patterns from novice strategies Patterns from experienced strategies
Sequence Appearances Sequence Appearances

1-2-3 8 1-2-3 7
2-3-4 6 2-3-4 5
3-4-9 4 3-4-9 6
4-9-6 4 5-6-8 4
6-8-5 4 4-9-5 4
8-5-7 4 9-5-6 4
1-2-3-4 5 1-2-3-4 5
2-3-4-9 4 2-3-4-9 5
6-8-5-7 4 4-9-5-6 4
- - 1-2-3-4-9 5

The two groups showed the same preference for the part alignment step. Regarding
the planning of tolerances’ inspection, a similar range of different approaches was employed
by both groups. Five patterns were exactly the same with similar frequencies for the two
groups. Specifically, experienced planners employed a range of up to 10 patterns that
appeared at least four times. In contrast, novice strategies appeared to have nine patterns
with at least four appearances. This becomes clearer when analysing patterns with at least
four digits length appearing at least four times. Novice users employed three different sets
with the longest sequence having four digits and five appearances, while experienced
participants had four four-digit patterns with at least four appearances. The longest set had
five features and was created by five experienced planners. This is reasonable due to the high-
level expertise of the CMM planners and the different thought processes they might follow

based on their experience.

From a rationale point of view, it can be said that both groups followed a datum-
oriented approach to plan their strategies on the simple component. That is, they preferred
selecting features used as datums in tolerances first and then the features under a tolerance

with the IPaCK system proving a useful tool for capturing this.
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The same analysis was repeated for strategies planned by novice and experienced

users on Part 2. Regarding the novices, Figure 5.21 and Figure 5.22 illustrate the patterns

detected with at least three and four digits and frequency of at least three and four times.
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Figure 5.21 Novice planners, Part 2 - Patterns with at least 3 features length and 3 appearances
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Figure 5.22 Novice planners, Part 2 - Patterns with at least 4 features length and 3 appearances

Afirst observation from the Figure 5.21 and Figure 5.22 is the wide variety of different

sequences and sub-sets of features within the strategies planned by novice users. Considering

the design of the part, it was found that a lot of possible combinations can be generated. The

most common patterns of three features were 1-2-3 (part alignment stage), 2-3-4 (hole’s C

true position inspection) and 4-5-6 (perpendicularity of face E) appearing eight times, while 1-

2-3-4 was the most common four-digit combination with eight appearances. These sequences

highlight that novice planners were able to discover more connections between features and

97



interpret tolerances into planning sub-activities, compared to the strategies on Part 1. This
might also be the result of their further familiarisation with the IPaCK’s interface, after having
already carried out planning on Part 1. In addition, the longest sequence was 1-2-3-4-5-6-7-8-
9 appeared three times covering all the features required for inspecting the annotated
tolerances. It is important to note that in Part 2 planning, the novice group’s plans led to a
long pattern involving all the features. This is another impact of the experience they acquired

through the planning task on Part 1.
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Figure 5.23 Novice planners, Part 2 - Patterns with  Figure 5.24 Novice planners, Part 2 - Patterns with at
at least 3 features length and 4 appearances least 4 features length and 4 appearances
Figure 5.23 and Figure 5.24 present more distinctly the patterns obtained when
limiting to sets with at least four appearances. The longest most common sub-sequence is 1-
2-3-4-5-6, appeared six times out of ten plans. This pattern indicates that novice planners
preferred to move from hole C to face B and then to face C compared to other possible routes;

a strategy that involves the shortest distance between features.

Experienced planners for Part 2 show a vastly different strategy (Figure 5.25 - Figure
5.28). From observation, the most commonly used features set was 1-2-3 (part alignment),
which appeared ten times out of thirteen followed by 2-3-4 (nine appearances), linking part
alignment stage features with the true position checking of hole C. Patterns 1-2-3-4-5 and 2-
3-4-5 indicate a preference for moving to the next closest feature to select. The longest
pattern was 1-2-3-4-5-6 with five appearances. Apart from this specific pattern, no other was
returned from the data processing tool appeared at least three times. This indicates that there
were alternative less common sub-sequences followed by the experienced planners less than

three times and therefore were not detected as patterns.
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Part 2 - Experienced patterns (3 app/3 length)

Part 2 - Experienced patterns (4 app/3 length)
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Figure 5.25 Experienced planners, Part 2 - Patterns Figure 5.26 Experienced planners, Part 2 - Patterns
with at least 3 features length and 3 appearances with at least 3 features length and 4 appearances
(experienced) (experienced)

Part 2 - Experienced patterns (3 app/4 length) Part 2 - Experienced patterns (4 app/4 length)
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Figure 5.27 Experienced planners, Part 2 - Patterns Figure 5.28 Experienced planners, Part 2 - Patterns
with at least 4 features length and 3 appearances with at least 4 features length and 4 appearances
(experienced) (experienced)

Table 5.7 summarizes the patterns detected for both novice and experienced planners

for the Part 2.
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Table 5.7 Detected patterns with at least four appearances from all participants’ planning strategies for Part 2

/hole B/datum F (8)

hole A (9)

face D (7} ‘-

face C/datum E
(6)

face B/datum D (5)”

| left face/datum C (3)

“Mront face/datum B(2)

(1)face A/datum A

Patterns from novice strategies Patterns from experienced strategies
Feature sequence Appearances Feature sequence Appearances
1-2-3 8 1-2-3 10
2-3-4 3 2-3-4 9
3-4-5 7 3-4-5 6
4-5-6 8 4-5-6 5
5-6-7 4 2 X
6-7-8 4 S 2
7-8-9 4 . -
5-6-8 4 - =
1-2-3-4 8 1-2-3-4 8
2-3-4-5 7 2-3-4-5 6
3-4-5-6 6 3-4-5-6 5
4-5-6-7 4 - -
5-6-7-8 4 2 >
6-7-8-9 4 S 2
4-5-6-8 4 - -
1-2-3-4-5 7 1-2-3-4-5 6
2-3-4-5-6 6 2-3-4-5-6 5
4-5-6-7-8 4 - -
5-6-7-8-9 4 - -
1-2-3-4-5-6 6 1-2-3-4-5-6 5
4-5-6-7-8-9 4 - -
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In a similar manner to Part 1 planning task, both groups followed the sub-sequence 1-
2-3 for the part alignment step as the most common routine. Regarding the measurement
planning of the tolerances, novice planners followed several patterns resulting from the two
longest sequences: 1-2-3-4-5-6 and 4-5-6-7-8-9. The former pattern was also found in
experienced group’s plans. The strategies of experienced users led to a significantly smaller
number of different patterns compared to the novices, indicating that shorter sets of features

appeared less than three times out of 13 plans in total.

The different levels of experience of the experienced planners, and the multiple
possible sequences due to the geometry and tolerancing specifications of Part 2, led to less
frequent and shorter sub-sequences, resulting in less repeated planning patterns. In contrast,
the novice group’s plans for Part 2 contained longer sequences compared to their planning
for Part 1, possibly due to their further familiarisation with IPaCK and the associated

inspection planning task.

On closer examination of each group’s sequences, both novice and experienced
planners followed a datum-oriented planning approach for Part 2. Both groups set a priority
in selecting datum features first followed by the toleranced features. It also emerged that
novice planners also considered the shortest distance between features when planning Part
2. Thus, in some instances, novices planned sequences tended to move from one feature to

its next closest.

Research objective RO1 concerned the design and development of tools capable of
capturing CMM inspection planning strategies. The validation of IPaCK’s usability with novice
and experienced planners satisfactorily addressed RO1, while the positive feedback
contributed to RO3. The IPaCK methodology successfully differentiated CMM planning
strategies and detection of repeated patterns of activity, addressing research objective RO5

and associated question RQ4.

5.4.2 Evaluating the quality of strategic planning

Throughout the literature, no methods were found for comparing strategic planning
sequences in CMM measurement. In an effort to deal with this challenge, a novel solution is
proposed in this work. The basic idea is that a benchmark sequence of features can be
formulated using the previously detected patterns from the strategies planned by the
experienced users. Subsequently, each sequence planned for the two components will be
compared against this benchmark sequence. The number of differences between these will

characterise the quality of each plan. This will be quantified by counting the differences
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between the sequences under-comparison. Given the lack of previous relevant work in
evaluating various CMM inspection planning strategies, this approach constitutes a novel

proposal for this kind of comparison and was applied successfully.

Considering first, the most frequent and then the longest identified patterns of
activity from the experienced group’s plans, the benchmark sequences for each of the two
test components are shown in Table 5.8. The last three features in the best sequences were
defined based on patterns with three appearances or less. On the table, the patterns

considered for the formulation of the benchmark sequences are highlighted.

Table 5.8 Patterns considered from experienced strategies and benchmark sequences for Part 1 and Part 2

Part 1 - Experienced strategies’ patterns Part 2 - Experienced strategies’ patterns

Sequence Appearances Features’ sequence Appearances
1-2-3 7 1-2-3 10
2-3-4 5 2-3-4 9
3-4-9 6 3-4-5 6
5-6-8 4 4-5-6 5
4-9-5 4 1-2-3-4 8
9-5-6 4 2-3-4-5 6
1-2-3-4 5 3-4-5-6 5
2-3-4-9 5 1-2-3-4-5 6
4-9-5-6 4 2-3-4-5-6 5
1-2-3-4-9 5 1-2-3-4-5-6 5

Benchmark sequence: 1-2-3-4-9-5-6-8-7 Benchmark sequence: 1-2-3-4-5-6-8-7-9

To conduct the comparison of strategies, given that all sequences are expressed in the
form of digits series, an Edit Distance algorithm was developed, again in MATLAB (Appendix
B.4). The algorithm compares two strings of digits (each planned sequence against the best
one) and counts the differences in digits’ positions between them. For example, if the tested
sequence is 1-2-3-4 and the ideal is 1-3-4-2, there are two differences in the second and forth
positions of the tested sequence compared to the ideal. This gives a measure of a plan’s

quality level in terms of how close each plan is to the ideal.

Table 5.9 shows all the features sequences planned by novice and experienced
participants along with the number of differences for planning for Part 1 compared to the
ideal. The average values provided indicate the level of deviation of the two sets of strategies
compared to the ideal sequence. It was found that three novice sequences were close to the
ideal sequence with only two differences, while only one of the experienced plans meeting
the benchmark. Moreover, four plans were very close to the best sequence with only two

differences. In this case, the experienced participants’ plans were found to be closer to the

102



benchmark than those of the novice planners, considering the average number of differences

for each group.

Table 5.9 Comparison of novice and experienced strategies against benchmark for Part 1

Novice planning sequences Experienced planning sequences
Participant Number of Number of
Test sequence Participant No Test sequence
No differences differences
1 123567849 5 1 142365879 5
2 715682349 8 2 123856947 4
3 123465879 3 3 123497568 2
4 123496857 2 4 123496587 2
5 123685749 5 5 123495678 2
6 123468579 4 6 123495687 0
7 123496587 2 7 178569432 8
8 231496857 4 8 127493856 5
9 123496587 2 9 127685349 6
10 123567849 5 10 132495678 4
Average 4 11 123756849 4
12 132495687 5
13 123496587 2
Average 35

Table 5.10 Comparison of novice and experienced strategies against benchmark for Part 2

Novice planning sequences Experienced planning sequences
Participant Number of Number of
Test sequence Participant No Test sequence
No differences differences
1 123456789 2 1 123458679 2
2 231456789 4 2 123679854 5
3 123456879 0 3 123568749 0
4 123489576 4 4 123498657 4
5 123456897 2 5 123568479 2
6 123457689 2 6 142356897 4
7 123456789 2 7 123984765 2
8 231456879 2 8 123478695 4
9 123456789 2 9 124576839 3
10 123456879 0 10 158679234 8
Average 2.4 11 123895764 6
12 123568974 2
13 123456789 2
Average 3.3

Similarly, strategies on Part 2 were analysed and compared (Table 5.10). For
inspection planning, only two sequences met the benchmark and six were found with two
differences. One experienced planner matched the best sequence while five others were close

to this recoding only two differences in their plans.
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Considering the average differences for each group, the novice planners were found
to be closer to the ideal sequence when compared to the experienced planners. The latter
employed a range of different approaches due to their expertise. This highlights the variety of
approaches employed by the experienced planners in relation to their strategic thinking,

indicating the lack of commonly followed practices in inspection planning.

On the other hand, novice planners have very little exposure to the interpretation of
geometric and tolerancing annotations and tend to follow similar approaches; especially after
obtaining further practical experience after planning Part 1. They were unable to convert
tolerances into planning activities other than the way in which they were trained. The
experienced planners were more creative and confident in following their rationale based on

their level of expertise.

Also, it is apparent from the novice group’s strategies when comparing these against
the experts’ plans that they were found to be sensible and reasonable for the purposes of this

comparison. Therefore, it was not necessary to involve experts in functional user trials.

Although used within a constrained and limited experimental environment, in the
future this methodology has the potential to provide more comprehensive results with more
robust criteria relating to a set of plans’ quality and effectiveness especially with a larger

number of expert planners involved in any future comparative study.

5.5 CMM part programming

The last step for evaluating IPaCK involves a comparison of the system used for
generating a plan and associated CMM part program against planning an inspection sequence
and generating a part program using an actual CMM. The purpose of this benchmarking was
to investigate if IPaCK facilitates faster measurement planning against a real CMM when

extended to automatically generate a CMM control program from the user logged data.

As supplement to the usability study, a comparison of IPaCK use against its conventional
CMM equivalent was carried out. It is essential to note that the prototype was designed and
built to facilitate fast inspection planning as well as being oriented to novice users; this would
allow the effective capture of intuitively generated knowledge during a planning session. The
IPaCK system does not aim to replace a CMM and therefore the comparison with

programming a CMM was kept at a generic level considering only task completion time.

To carry out this, the average times of the participants IPaCK’s trial for planning

inspections on the two parts (Table 5.11) were calculated. Note the significant variation in the
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completion times among the strategies developed. This is primarily due to the different
number of points involved for selecting each of the features and, secondly, in the level of

confidence and familiarisation obtained by each participant during the trials.

Also, it was observed that except for one participant, all the users planned more quickly
for the second component (a more complex design), demonstrating that they had been
sufficiently familiarised with the system after carrying out the task for the Part 1. Table 5.11
below shows the times taken for each participant to plan measurements on both components

using IPaCK as well as the respective average values.

Table 5.11 Individual task completion times and average values in each trial test using IPaCK

Task completion time (min)
Participant Part 1 Part 2
1 8.1 9.2
2 15.8 10.2
3 15.8 13.5
4 19.6 13.3
5 19.2 12.4
6 8.7 8.2
7 14.5 12.7
8 16.0 11.3
9 7.5 9.1
10 14.6 9.6
Average 14.0 11.0

With the aid of the generated outputs presented in section 4.3.2, the two plans closest to the
average completion times were selected and replicated on an actual CMM. These were: Plan
7 for Part 1 (14.5 min) and Plan 8 for Part 2 (11.3 min). The equipment employed was a CE
Johansson 3-axis CMM (Figure 5.29) equipped with a Renishaw PH10M probe head operated

with Modus 1.1 part programming software (Figure 5.30).
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Figure 5.29 CE Johansson CMM available in the Metrology lab of Heriot-Watt University

Part programs generated by IPaCK and using the CE Johansson CMM can be found in Appendix
C.3 (Part 1-Plan 7) and Appendix C.4 (Part 2 — Plan 8).
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Figure 5.30 Modus environment for programming a CMM
The task completion times (TCT) for replicating the defined inspection planning tasks
for the two trial components are shown in Table 5.12. For Part 1 it was 32 minutes which is
2.3 times slower compared to the respective average TCT using IPaCK and 34 minutes for Part

2; thatis 3.1 times slower compared to the average time when planning on Part 2 using IPaCK.

Table 5.12 Task completion times for Part 1 and Part 2 planning using a CMM

Task completion time (min)

Part 1 Part 2
32 34
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It is essential to highlight the differences of the two planning methodologies and how
these link to the differences in the average task completion times for the two tasks. IPaCK is a
very simple and completely freeform unrestricted planning environment design to allow a
user to express their thought process and cognition with regards to planning a measurement.
Thus, no implicit guidance is provided through prompts to select and set specific options on
operating the software as happens with a CMM programming package. On the other hand,
when using a CMM, the planning software requires a lot of input by a user for setting a range
of parameters in the planning session, for example the angles of the probe head, the speed of
probing system, the approach and retract distances, the fitting algorithms for producing the
substitute geometries of the physical component and many others. All of these are necessary
for creating a measurement plan with a CMM, adding substantially to the total completion
time; these are not required when using IPaCK. Moreover, the two systems employ very
different ways of carrying out planning. On IPaCK, the inspection stylus is moved by the user
quickly from point-to-point and from feature to feature while implicitly and consciously
considering any possible collisions, whereas on the CMM the probing system is moved
manually using a joystick at a relatively low speed. This was the case in the experimentation
conducted, adding further time in the total planning task. If the user has selected one of the
software suggested inspection routes, then it calculates a collision free inspection path saving

this amount of time.

IPaCK’s purpose is solely to facilitate a quick and simplified environment for planning
CMM-like inspections and capturing relevant expert knowledge and not necessarily for
generating an actual CMM part program per se. In this vein, the two systems are quite
different such that various parameters mentioned previously affect their use and
effectiveness. Therefore, task completion time was selected as a key metric for an additional
evaluation of the IPaCK prototype, supplementary to the main usability study. For all the
above reasons, the durations of planning using IPacK for the two components were found to

be shorter than when using the CMM.

By achieving this initial evaluation of IPaCK’s usability and functionality in rapidly
planning CMM measurements, future research can include additional metrics with regards to
inspection planning. These can be related to the execution time for inspection, accuracy,
repeatability and measurement uncertainty. In addition, other parameters that could be taken
into consideration can be the number of measurement points regarding the percentage of
features covered using the input sampling points, the ratio of time to number of points as well

as time spent on thinking before actual planning. All of these can lead to further insights into
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a measurement planning strategy and could be enabled by redesigning and further developing

the IPaCK prototype.

Although IPaCK it is not meant to replace a CMM, it is apparent that it can facilitate
the rapid generation of measurement strategies and respective part programs as an additional
benefit when combined with its main purpose: capturing CMM inspection planning activity
and knowledge and formalise them automatically in multiple formats. With this part of
experimentation, RO3 - to test and evaluate the planning prototype’s usability and compare
it against a conventional CMM in terms of TCT- is fully achieved and a thorough usability
evaluation completed, presenting the key benefits and contributions IPaCK’s use can offer to

CMM measurement planning.

5.6 Summary

In this first stage of experimental results and analysis, the usability evaluation of IPaCK
was presented, proving its novel capabilities for logging user activity and inspection planning

tasks.

The SUS scores demonstrated that the novice planners rated IPaCK more highly than
the experienced engineers but with no statistically significant difference, forming a common
perception and acceptability level. Both main groups ranked IPaCK within the ‘high OK’ range
of the acceptability scale. However, a comparative statistical analysis showed mixed
differences across the derived sub-groups of experienced participants. Groups with little or
no experience and much more experience provided higher scores on IPaCK’s usability
compared to participants with intermediate levels of expertise. With regards to novice
planners, IPaCK was found to be intuitive, easy to learn and use, confirming that it can enhance
inexperienced planners’ familiarisation with CMM inspection and associated planning strategy

principles.

Therefore, part of research objective (RO3) related to ‘test and evaluate the prototype’s
usability’ was met. In addition, the design and development of IPaCK as a tool for logging and
capturing CMM inspection planning strategies (RO1) was partially addressed. Further

validation with regards to the generated knowledge outputs will be reported in Chapter 6.

IPaCK’s novel methodology for comparing and evaluating planning strategies was also
demonstrated. With the aid of IPaCK'’s outputs (strategic activity trajectory) and the identified
patterns from the users’ strategic inspection plans, best sequences were defined and applied

to measure the inspection plans’ quality. The evaluation of the experienced group’s plans
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reveals the variety of different inspection planning strategies, illustrating the absence of

standardised CMM inspection planning methods.

With the results obtained, and associated analysis presented in Chapter 5, there is
scientific evidence that IPaCK can enable capturing of CMM inspection planning strategies and
knowledge with a view to compare various plans and detecting repeated patterns of activity
(ROS5). This can eventually lead to a capability for structuring best sequences to evaluate the
quality of strategic inspection planning thinking and rationale (RO6). Therefore, research
guestion RQ4 (Can patterns of activity be detected?) and RQ5 (Can best practices be created?)
were answered. Thus, the potential to fill the key industrial and research gaps in the domain

of Coordinate Metrology has been demonstrated:

e Alack of standardised CMM inspection planning strategies.
e Alack of a methodology for comparing planning strategies, detecting repeated
patterns and structuring best practices.

To completely meet research objective (RO3), a practical comparison between IPaCK and
a real CMM was carried out with the former being quicker at generating the associated
measurement strategy and inspection plans as well as CMM part programs. The results are
encouraging, indicating the potential of IPaCK to facilitate rapid CMM inspection planning.
Moreover, the IPaCK system offers a unique capability to capture the knowledge and

experience of CMM inspection planning; this is investigated in the following chapter.

In conclusion, the usability study responses obtained from the experienced participants
classified IPaCK in the third level of Technology Readiness Level scale (TRL-3). It is also
highlighted its industrial acceptance and potential contribution to supporting CMM inspection
planning tasks. From an industrial point of view, this chapter highlights the potential benefits

of the underpinning science and technology researched.
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Chapter 6 Experimental results and analysis 2 - The evaluation
and validation of CMM inspection planning knowledge

representations

6.1 Introduction

The second stage of the main study concerned the evaluation of the structured
knowledge representations. A major contribution of this research to the CMM inspection
planning field was to capture, evaluate and reuse knowledge associated with inspection
thinking and planning. The purpose of Chapter 6 is to extrapolate and validate from the
feedback obtained from both the novice and experienced engineer’s their views on the
knowledge and experience residing within the planning activities. The usefulness, ease of
understanding and overall performance of each one of the selected formats generated from
the logged data were evaluated by the participants and scored. Having acquired the results, a
statistical analysis and comparison between the two main groups (Set 1) was conducted to
identify any significant differences. Additionally, further comparisons were carried out
regarding how participants’ sub-groups with different levels of experience (Set 2) understand

and perceive the use and performance of the suggested representations.

6.2 Experimental methodology

On completion of the inspection planning tasks on the two components (Figure 5.9 and
Figure 5.10) and IPaCK’s functionality and usability assessment, novice and experienced
planners were asked to study a set of knowledge formats; i.e. representation combinations of
an already prepared planning strategy. Then, they completed a questionnaire to rate each
format with respect to their performance in representing the intended strategy and
knowledge. The final formats to evaluate were presented and explained in detail in the

Chapter 4 (section 4.4.2) are as follows:

e Inspection Plan + Tactical Planning Trajectory.

e Inspection Plan + Strategic Planning Trajectory.

e Inspection Plan + IDEFQ Diagram.

e Annotated Video clip.

e Storyboard.

The questionnaire consisted of three neutral statements related to the usefulness of each

combination, ease of understanding and level of output’s performance in representing the

planned strategy. Each respondent had to rate the representations using a five-point Likert
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scale, varying from “1-lowest” to “5-highest”. Feedback was requested for each individual
format in the end of each sub-section as well as the end of questionnaire for further
comments. An example of the questionnaire is given in Figure 6.1 and Figure 6.2; the full

guestionnaire can be found in Appendix D.3.

1. Inspection plan - tactical planning trajectory

In this format the followed strategy is displayed as a list of steps (inspection plan) in a chronological order
with details on how each tolerance is checked, what geometrical features are used and the number of
points with XYZ coordinates and associated normal vectors. The graph on the right shows the points
(numbered as in the plan) along with the normal vectors, indicating the distribution of points over each
feature.

To see the image in a larger size, please follow the link: https://imgur.com/fkeGHu'l
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Figure 6.1 Sample of questionnaire on final knowledge representations evaluation
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http://youtube_com/watch?v=WX6dVv6gvSc
In this video, the above digital model is shown in different angles, allowing the participant to have a better
view of what is displayed. To watch the video in a larger window please follow the link:
https://www.youtube.com/watch?v=WX6dVv6gvSc

2. On a scale from 1 (lowest) to 5 (highest), please rate the format for each of the following
aspects. ”

Mark only one oval per row.

Ease of understanding
Usefulness

Overall

3. Please leave your comments for this format. *

Figure 6.2 Sample of questionnaire on final knowledge representations evaluation (continued from Figure 6.1)

112



6.3 Knowledge representations evaluation and statistical analysis

6.3.1 Main groups comparison and statistical analysis

In the evaluation stage of IPaCK’s outputs and knowledge representations, 10 novice
planners and 62 experienced CMM planners responded. As in Chapter 5, participants’
responses are divided into Set 1 (novice and experienced users) and Set 2 (five subgroups,

Table 6.1).

Table 6.1 Classification of participants based on level of experience (Set 2)

CMM experience in years Group of expertise
Basic training Trial novice
O<exp<2 Online junior
2<exp<5 Online intermediate
5<exp<10 Online senior
>10 Online expert

Figures 81-83 summarise the average scores of the Set 1 classification responses on the
knowledge formats. The raw data for all main groups (Set 1) and subgroups (Set 2) can be
found in Appendix E (Table E. 7, Table E. 8 for Set 1 and Table E. 9, Table E. 10Table E. 11, Table
E. 12 for Set 2).

Ease of understanding - Average Ratings

5. Storyboard & . ! 1

4. Annotated video clip

3. Inspection plan + IDEFO

Knowledge formats

2. Inspection plan + Strategic planning trajectory

1. Inspection plan + Tactical planning trajectory

1 2 3 4 5
Average Rating
M Trial Novice  m Online Experienced All participants

Figure 6.3 Ease of understanding average ratings - novice, experienced and all participants (Set 1)

On the aspect of ease of understanding (Figure 6.3), richer forms of representation,
such as the Annotated Video clip and Storyboard (combined multiple forms), were rated
highly (84% and 82% respectively) by all participants. The novice planners scored all the
suggested formats higher compared to experienced group, showing the potential of these

representations to support the training of inexperienced CMM planners. Additionally, the
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experienced planners gave scores ranging from mid to high (66% - 84%), showing the outputs
acceptance and understanding from an industrial perspective, with a specific preference for
the Annotated Video clip and Storyboard. Since all groups rated the formats highly, they were

able to understand the embedded knowledge.

Usefulness - Average Ratings
5. Storyboard
4. Annotated video clip

3. Inspection plan + IDEFO

Knowledge formats

2. Inspection plan + Strategic planning trajectory

1. Inspection plan + Tactical planning trajectory

1 2 3 4 5
Average Rating
m Trial Novice ~ m Online Experienced All participants

Figure 6.4 Usefulness average ratings - novice, experienced and all participants (Set 1)

As shown in Figure 6.4 the Storyboard and Annotated Video clip were rated with the
highest scores (74% and 70% respectively) by all the participants in the aspect of usefulness.
Novice users providing higher scores to all formats compared to experienced planners, found
Storyboard and the combination Inspection Plan + Strategic Planning Trajectory more useful,
while the experienced planners had the same preference as all the respondents, i.e. the
Storyboard and Annotated Video-clip formats. The combination of Inspection Plan + IDEFO
diagram received the lowest score across all groups. In general, novice and experienced
planners confirmed the usefulness of the proposed formats from which can be inferred that
these could be beneficial for training purposes as well as a support in industrial CMM

inspection planning needs.
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Overall performance - Average Ratings

5. Storyboard

4. Annotated video clip

3. Inspection plan + IDEFO

Knowledge formats

2. Inspection plan + Strategic planning trajectory

1. Inspection plan + Tactical planning trajectory

1 2 3 4 5
Average Rating
M Trial Novice  m Online Experienced  m All participants

Figure 6.5 Overall performance average ratings - novice, experienced and all participants (Set 1)

Regarding the overall performance (Figure 6.5) all the formats received scores from
mid to high from all participants and the two major groups in Set 1, i.e. the selected formats
can successfully represent captured knowledge and inspection planning strategies. The
Storyboard and Annotated Video-clip were again rated the highest (76%). The high scores
show and validate the conclusion that the suggested formats can represent the captured
CMM inspection knowledge and convey both the intended inspection plan and strategy they

represent.

Comments on the representations by experienced planners include the following:

Inspection Plan + Tactical Planning Trajectory:
- ‘While this is a different software from what | use, the format is easily
interpreted, and the information is clear and concise.’
- ‘The first time is complicated understand this format as any new software,
but on second time that you review is easy to use’
e Inspection Plan + Strategic Planning Trajectory
- ‘Nice and easy to understand, very good.’
- ‘Clear concise directions.’
e Inspection Plan + IDEFO
- ‘It's useful in the sense that it establishes chronological order.’
- ‘lunderstand what is being conveyed; the data on the left already makes
that known anyway.’
e Annotated Video-clip
‘It is much clearer what all of the points in the previous formats represent.’
- Far the easiest to understand. This video will help a CMM programming
beginner.’
e Storyboard
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- ‘This diagram best explains the measurement strategy thus far. The
combination of screenshots and diagrams creates a great visual
representation.’

- ‘The explanations next to each diagram is very helpful.’

The positive comments and written feedback provided by experienced CMM planners
showed they were able to reflect, interpret and therefore validate embedded knowledge, in
line with Davenport and Prusak [126] who stated that “Knowledge is information with the
most value and is consequently the hardest form to manage. It is valuable precisely because
somebody has given the information context, meaning, a particular interpretation; somebody
has reflected on the knowledge, added their own wisdom to it, and considered its larger
implications.” This finding is also underpinned by Sung et al. [4, 165], as they employed
experienced engineers to test similar knowledge representations and validated them in other

engineering domains.

To compare these responses in a greater detail and detect statistically significant
differences between the two main groups, the non-parametric Mann-Whitney U two-tailed
test [189] for two unpaired samples was used as the acquired data are ordinal (Likert scale).
The null and alternative hypotheses tested for the two groups comparison (Group 1: novice
planners N1=10 and Group 2: experienced planners N,=62) with a significance level a=5% were

as follows:

e Ho: The two groups’ ratings were the same (no statistically significant difference).

e H;: The two groups’ ratings were not the same (existence of statistically significant

difference).

The results summarised in Table 6.2 indicate that except for the format Inspection Plan +
Tactical Planning Trajectory (all aspects) and the Annotated Video-clip’s overall performance,
in most cases there is a statistically significant difference (highlighted results). That is, both
novice and experienced planners perceive in the same way the ease of understanding,
usefulness and overall performance of Inspection Plan + Tactical Planning Trajectory output
and Annotated Video clip’s overall performance. Thus, both groups can benefit from these

tested and confirmed outputs’ aspects at the same level.

Of the remaining representation formats, the median values of both groups (Figure 6.6),
detected significant differences are in favour of novice planners’ group. That is, novice
planners’ ratings were significantly higher compared to experienced planners’ responses. This
outcome validates further that the proposed representations can be an important aid in

training and supporting inexperienced CMM planners in generating a measurement strategy.
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Table 6.2 Summary of statistical testing results for the two main groups’ responses (Set 1) for all knowledge

formats
Statistically significant difference testing (2-tailed) — Trial novice vs. Online Experienced
H,: no difference - H,: existence of difference
N1=10, N,=62, a=0,05
(due to large samples, 1. Inspection plan + 2. Inspection plan + | 3. Inspection plan +| 4. Annotated s stervbeaTd
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Figure 6.6 All aspects’ median values of novice and experienced groups responses for all the knowledge

formats

Some key conclusions can be drawn from these findings with respect to the research

questions:

o All the proposed formats, studied and evaluated by novice and experienced planners
with relatively high scores, were validated in the aspects of ease of understanding,
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usefulness and overall performance. Acceptance by the two groups is proven
through the results obtained and associated written feedback (RQ2).

With regards to the investigated aspects of ease of understanding, usefulness and
overall performance, more visual outputs such as annotated video-clip and
storyboard were preferred by all participants, novice and experienced, according to
their ratings.

Inspection Plan + Tactical Planning Trajectory was perceived to be equally
understandable, useful and precise by novice and experienced planners. The same
applies to annotated video-clip’s overall performance.

Novice planners found the rest outputs to be more easily understood, useful and
precise compared to experienced planners. Therefore, the novice group could
benefit more using the proposed formats, especially with regards to their
development and training.

In the perspective of different levels of picking up key information and relations due
to experience level, statistically significant differences were found between novice
and experienced planners’ responses and ratings of different representation
formats.

The success of each representation format is that they could effectively convey the
intended planned strategies and utilised knowledge into novice and experienced
planners (RQ1-RQ2-RQ3). The novice participants were able to understand, reflect
and interpret the planning strategy representations for a complex task that they
were trained for only half an hour.

More importantly, experienced planners’ responses and ratings verified the
structured knowledge formats in the defined perspectives of understanding,
usefulness and performance (RQ3). This reveals the key contribution of the
developed representations as support to industrial CMM inspection planning
strategies.

Further analysis in the next sections will provide additional validation and insights through

the following in-depth statistical analyses and comparisons.

6.3.2 Sub-groups’ comparison and statistical analyses

Kellman and Massey [190] studied how experience level affects personal perception

and information processing in executing complex tasks. Specifically, they noted that more

experienced people show greater attention to the more relevant information, an increased

level of observation and relationships detection, with easier and faster capability in picking up

relevant information. In this perspective, it was worth investigating the perception and

preferences of the participants on the suggested knowledge representations, depending on

their level of exposure in CMM inspection planning. The results will provide the research

domain with further insights on how the proposed representations can contribute to and

support novice and experienced planners in planning a measurement strategy.
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Using Set 2 classification, separate statistical tests were carried out on the knowledge
format feedback data. To compare each sub-group against the others in order to detect
statistically significant differences, the non-parametric Mann-Whitney U two-tailed test [189]
for two unpaired samples was employed with a significance level a=5%. The results of the
statistical testing and analysis will indicate the similarities and differences of experienced and

non-experienced planners in perceiving and understanding the proposed knowledge formats.
Inspection Plan + Tactical Planning Trajectory

The statistical analysis (section 6.3.1) shows that no difference was detected between
novice and experienced planners with regards to the first format (Inspection Plan + Tactical
Planning Trajectory, section 4.4.2.1, Table 4.4, Figure 4.25). Therefore, there was no need to

perform further comparisons among the formulated groups of experience.

The average scores across all sub-groups for the Inspection Plan + Tactical Planning
Trajectory format are presented in Figure 6.7 with the raw data given in Table E. 13. The
highest scores were given by novice planners for each of the three evaluation aspects: ease of
understanding (78%), usefulness (78%), and overall performance (80%). The experienced
planners’ groups rated the representation with slight lower scores ranging from 56% to 74%

for all aspects.

Inspection Plan + Tactical Planning Trajectory
Sub-groups average values
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Figure 6.7 Average ratings of all sub-groups responses for inspection plan + tactical planning trajectory
combined format

From Table 6.2, no statistically significant difference was found between the two main

groups of novice and experienced planners, although novice participants appeared to rate this

format slightly higher compared to the other sub-groups.

These differences are illustrated also in Figure 6.8, where the medians of each sub-group
are presented; however no statistically significant differences were found according to

Kruskal-Wallis test (proper test for comparing more than two unpaired ordinal data sets)
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results shown in Table 6.3 at 5% significance level. The null and alternative hypotheses tested
for the comparison with a significance level a=5% were as follows:
e Ho: The groups’ ratings were the same (no statistically significant difference).

e H;: The groups’ ratings were not the same (existence of statistically significant
difference).

Table 6.3 Statistical testing results (Kruskal-Wallis test) of all sub-groups responses for the inspection plan +
tactical planning trajectory combined format

Trial Novice — N,=10 Statistically significant difference (a=0.05)
Online Junior — N,=5 H,: no difference - H,: existence of difference
Online Intermediate — N;=15
Online Senior — N,=17
Online Expert — Ns=25

Ease of understanding Usefulness Overall performance
p (2-tail) Result | p (2-tail) | Result | p (2-tail) Result

0.35312 Ho 0.25662 Ho 0.13495 Ho

Inspection Plan + Tactical Planning Trajectory
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Figure 6.8 Median values of all sub-group’s responses for the inspection plan + tactical planning trajectory
combined format

The associated results in Table 6.3 confirm that all participants, independently from
their level of experience in CMM inspection planning, perceive in the same way the ease of
understanding, usefulness and overall performance of the inspection plan/tactical planning
trajectory output. Thus, they could reflect and interpret it, while attributing the benefits of
such a representation at the same satisfactory level. In addition, considering the different
levels of expertise in terms of information processing and perception, the combination of an
inspection plan and a tactical planning representation can successfully meet the needs and

support any level of expertise a planner might have.
Inspection Plan + Strategic Planning Trajectory

Using the data in Table E.14, Figure 6.9 shows the average scores for the combined
format Inspection Plan + Strategic Planning Trajectory (Table 4.4, Figure 4.26). As it can be
seen, novice planners rated higher the format inspection plan/strategic planning trajectory in

the perspectives of ease of understanding (92%), usefulness (90%) and overall performance
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(86%) compared to the other more experienced groups. On average, the sub-groups of
experienced participants rated at about the same lower level the inspection plan/strategic
planning trajectory (62%-72%). In section’s 6.3.1 analysis, significant differences were found

between the novice and experienced planners’ group.

Inspection Plan + Strategic Planning Trajectory
Sub-groups average values
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Figure 6.9 Average ratings of all sub-groups responses for inspection plan + strategic planning trajectory format

To investigate further the differences among the different levels of experienced
participants, the non-parametric Mann-Whitney U two-tailed test for two unpaired samples
was used as the acquired data are ordinal (Likert scale). The null and alternative hypotheses

tested for each group’s comparison with a significance level a=5% were as follows:

e Ho: The two groups’ ratings were the same (no statistically significant difference).

e H;: The two groups’ ratings were not the same (existence of statistically significant

difference).

Table 6.4 and Figure 6.10 confirmed that the novice planners rated inspection
plan/strategic planning trajectory higher, with a significant difference when compared to all
experienced sub-groups except for the junior planners’ group. Another exception was the
comparison between novices and intermediate planners, where it was found that both groups
realised the inspection plan/strategic planning trajectory format’s overall performance in the
same manner. From the results obtained, it can be inferred that novice planners perceived
higher the benefits of the inspection plan/strategic planning trajectory representation
compared to the more experienced groups. On the other hand, the groups of experienced
participants showed no significant difference among them. Thus, it can be stated that all
experienced participants expressed the same preferences regarding the combination of
inspection plan/strategic planning trajectory. It also shows that the level of expertise
influenced the subjects’ responses and results, highlighting the differences in personal

perception and information processing as more experience is acquired.
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Table 6.4 Statistical testing results of all sub-groups responses for the inspection plan + strategic planning
trajectory combined format

N7, no, =10 Statistically significant difference, Hy: no difference - H,: existence of difference, a=5%
Nop jon=5 * If Neoro<20, the exact Mann-Whitney Ucrit value is used
Nop, 1ne =15 Ease of understanding (a) Usefulness (b) Overall performance (c)
N, =17
NZ:' i::zs U, ‘ Usp ‘ Z ‘ p (2-tail) | Result | Up, ‘ Ugp ‘ F | p(2-tail) | Result |  Up, ‘ Usp ‘ z ‘ p (2-tail) | Result
Tr. Nov. vs On. Jun. (Test 1) Ugrit=8, U=11 Hq Ugrit=8, U=10 H, Ugrit=8, U=10 Hy
Tr. Nov. vs On. Int. (Test 2) 75 17.19 | 2.53 | 0.0114 H; 75 | 17.23 | 2.147 | 0.03179 Hi 75 17.11 | 1.782 | 0.07471 Hy
Tr. Nov. vs On. Sen. (Test 3) 85 |[19.17 | 3.129 | 0.0017 Hy 85 | 19.24 | 3.091 | 0.00199 H,y 85 19.37 | 2.606 | 0.00914 Hy
Tr. Nov. vs On. Exp. (Test 4) 125 | 26.17 | 2.521 | 0.0116 H, 125 | 26.15 | 2.753 | 0.00589 H; 125 26.18 | 2.215 | 0.02673 H,
On. Jun. vs On. Int. (Test 5) Ugir=14, U=34.5 Ho Ugrit=14, U=34.5 Ho Ugrit=14, U=315 Ho
On. Jun. vs On. Sen. (Test 6) 42.5 | 12.29 | 0.772 | 0.4396 H, |[425]12.21 | 0.818 | 0.41298 Ho 42.5 12.08 | 0.703 | 0.48175 Ho
On. Jun. vs On. Exp. (Test 7) 62.5 | 17.32 | 0.001 | 0.9991 Hy 62.5| 17.35 | 0.288 | 0.77323 Hy 62.5 17.30 | 0.173 | 0.86239 Hy
On. Int. vs On. Sen. (Test 8) 127.5 | 25.67 | 0.681 | 0.4954 H, [127.5] 25.71 | 0.816 | 0.41405 Ho 127.5 | 25.65 | 1.461 | 0.14383 Ho
On. Int. vs On. Exp. (Test 9) 187.5 | 34.62 | 0.447 | 0.6544 H, |187.5| 34.67 | 0.216 | 0.82877 Ho 187.5 | 34.44 | 0.449 | 0.65274 Ho
On. Sen. vs On. Exp. (Test 10) | 212.5 | 37.65 | 1.314 | 0.1886 Hy [212.5] 37.83 | 0.792 | 0.42778 Hy 212.5 |37.97 | 1.158 | 0.24657 Ho
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Figure 6.10 Median values of all sub-group’s responses for Inspection Plan + Strategic Planning Trajectory

Inspection Plan + IDEF0 Diagram

The average scores of all sub-groups for the combined format of Inspection Plan +

IDEFO representations (Table 4.4, Figure 4.28) are shown in Figure 6.11 (Data: Table E. 15). As

observed, novice group rated the format higher in the three studied aspects (understanding,

usefulness, performance with 90%, 84%, 84% respectively) compared to the other groups of

experienced planners (range of 52% - 72%).
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Figure 6.11 Average ratings of all sub-groups’ responses for inspection plan + IDEFO diagram format
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According to initial statistical analysis (section 6.3.1), significant differences were noticed
between the main novice and experienced groups. To study the differences with more detail,
the non-parametric Mann-Whitney U two-tailed test for two unpaired samples was used for
ordinal data sets. The null and alternative hypotheses tested for each group’s comparison with

a significance level a=5% were as follows:

e Ho: The two groups’ ratings were the same (no statistically significant difference).
e H;: The two groups’ ratings were not the same (existence of statistically significant
difference).

Table 6.5 presents the results and the sub-groups median values are shown in Figure 6.12 .

Table 6.5 Statistical testing results of all sub-groups responses for inspection plan + IDEFO diagram combined

format
N7, nov=10 Statistically significant difference, H,: no difference - H,: existence of difference, a=5%
Non. un=5 * If N,y1,<20, the exact Mann-Whitney Ucrit value is used
Nop, ine=15 Ease of understanding (a) Usefulness (b) Overall performance (c)
ﬂg ;;Z Un ‘ Usp ‘ z ’ p (2-tail) | Result | Up, ’ Usp ‘ z ’ p (2-tail) | Result | Up, ‘ Ugp ‘ z ‘ p (2-tail) | Result
Tr. Nov. vs On. Jun. (Test 1) Ugrit=8, U=11 Ho Ugit=8, U=8.5 Ho Ugit=8, U=10 Ho
Tr. Nov. vs On. Int. (Test 2) 75 | 17.54 | 3.049 | 0.0022 H, 75 | 17.33 | 1.96 | 0.0498 Hy 75 17.55 | 2.079 | 0.037 Hi
Tr. Nov. vs On. Sen. (Test 3) 85 |[19.25 | 3.089 | 0.002 H, 85 | 19.37 | 2.96 | 0.003 Hi 85 19.47 | 2.90 | 0.0037 Hi
Tr. Nov. vs On. Exp. (Test 4) 125 |26.43 | 2.53 | 0.0112 H, | 125 26.75 | 2.82 | 0.0047 H; 125 26.56 | 2.46 | 0.0136 H,
On. Jun. vs On. Int. (Test 5) Ugit=14, U=22 H, Ugit=14, U=35 Ho Uqit=14, U=36 Ho
On. Jun. vs On. Sen. (Test 6) 42,5 | 12.06 | 0.994 | 0.3198 Hy |425]1234|0.121| 0.90 Ho 42,5 12.43 | 0.683 | 0.4941 Ho
On. Jun. vs On. Exp. (Test 7) 62.5 | 17.45 | 0.229 | 0.8187 Hy |62.5|17.49 | 0.001 | 0.9992 H, 62.5 17.41 | 0.028 | 0.977 Ho
On. Int. vs On. Sen. (Test 8) 127.5 | 25.67 | 0.895 | 0.3704 Hy, |127.5( 25.89 | 0.27 | 0.7868 Ho 127.5 |25.86 | 0.309 | 0.757 Ho
On. Int. vs On. Exp. (Test 9) 187.5 | 35.02 | 1.456 | 0.1453 H, |187.5| 35.04 | 0.156 | 0.8752 Ho 187.5 |35.01 | 0.442 | 0.6579 Ho
On. Sen. vs On. Exp. (Test 10) | 212.5 | 37.97 | 0.816 | 0.4142 Hy |212.5( 37.77 | 0.145 | 0.8842 Hy 2125 |3804| 116 | 0.242 H,
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Figure 6.12 Median values of all sub-group’s responses for inspection plan + IDEFO diagram combined format

From comparisons, novice planners’ ratings were significantly higher compared to
experienced groups other than the junior group. No other statistically significant differences
were revealed through the testing of the remaining groups. From the comparison of novice
planners against each experienced sub-group, it was found that participants with less than
two years’ experience (novice and junior planners) had the same perception regarding

understanding, usefulness and overall performance of the Inspection Plan + IDEFO
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representation. Similarly, this applies to the more experienced planners’ groups
(intermediate, senior and expert planners). From the perspective of planner’s perception and
understanding in relation to the level of expertise, the sub-groups of experienced participants
showed no significant differences in scoring and therefore they perceived inspection

plan/IDEFO format in a similar manner.
Annotated Video-clip

The average scores for Annotated Video clip (example screenshots shown in Figure
4.30), are presented in Figure 6.13 with the raw data given in Table E. 16. The format received
very high scores with novice planners rating it with 96%, 88% and 86% for the characteristics
of ease of understanding, usefulness and overall performance respectively. From the
experienced groups, Annotated Video clip was rated lower but with relatively high scores, in

the range of 68%-96% for each of the aspects.

Annotated Video-clip
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Figure 6.13 Average ratings of all sub-groups responses for Annotated Video clip format

From the previous results (section 6.3.1), statistically significant differences were
detected between novice and experienced planners for the ratings in the aspects of ease of
understanding and usefulness, while no difference was observed for the overall performance

of the format. Additional statistical testing was performed as follows.

The non-parametric Mann-Whitney U two-tailed test for two unpaired samples was used
as the acquired data are ordinal (Likert scale). The null and alternative hypotheses tested for

this comparison with a significance level a=5% were as follows:

e Ho: The two groups’ ratings were the same (no statistically significant difference).
e H;: The two groups’ ratings were not the same (existence of statistically significant
difference).
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Table 6.6 Statistical testing results of all sub-groups responses for annotated video clip format

N7, nou=10 Statistically significant difference, Hy: no difference - H,: existence of difference, a=5%

N iz =5 *If N,,4<20, the exact Mann-Whitney Ucrit value is used

Non, int =15 Ease of understanding (a) Usefulness (b) Overall performance (c)
:Z::;Z Un l Usp ‘ Z ‘p(z-tail} Result | Up, ‘ Usp l Z ‘p(z-tail) Result | Up, ‘ Usp ‘ Z ‘p(z-tail) Result
Tr. Nov. vs On. Jun. (Test 1) Ugrit=8, U=25 Hy Ugit=8, U=13.5 Ho Ugit=8, U=20.5 Ho
Tr. Nov. vs On. Int. (Test 2) 75 |15.26 | 1.408 | 0.1589 Hq 75 |16.59 | 1.205 | 0.228 Ho 75 |16.77 | 0.387 | 0.698 Hy

Tr. Nov. vs On. Sen. (Test 3) 85 | 1829|2432 | 0.0150 | H, 85 |[19.08 [2.384 | 0.017 | H, 85 |19.05|1.941| 0.052 Ho
Tr. Nov. vs On. Exp. (Test 4) 125 | 2442|1862 | 0.0624 | H, | 125 |26.16 | 2.178 | 0.029 Hy 125 |26.19 | 1.66 | 0.096 Ho
On. Jun. vs On. Int. (Test 5) Ugi=14, U=26.5 Hy Ugrit=14, U=29.5 Ho Ugit=14, U=34 Ho
On. Jun. vs On. Sen. (Test 6) 42.5 | 11.99 | 1.833 | 0.0667 H, | 425 | 12.06 | 0.621 | 0.534 Hy | 42.5 |12.15|0.946 | 0.343 Hy
On. Jun. vs On. Exp. (Test 7) 62.5 | 16.35 | 1.376 | 0.1687 Ho 62.5 [ 17.03 | 0.146 | 0.883 Hy 62.5 | 17.21 | 0.580 | 0.561 Hy
On. Int. vs On. Sen. (Test 8) 127.5  24.95 | 1.422 | 0.1548 Hy [127.5|25.59 | 1.66 | 0.096 Hp |[127.5]25.46 | 1.806 | 0.0709 Ho
On. Int. vs On. Exp. (Test 9) 187.5 | 32.93 | 0.516 | 0.6057 Hy, | 187.5| 3445|1247 | 0212 Hp |187.5]34.23|1.460 | 0.144 Hy
On. Sen. vs On. Exp. (Test 10) | 212.5 | 36.89 | 1.057 | 0.290 Hy, |212.5(37.33|0.629 | 0.529 Hy |212.5|37.48 | 0.680 | 0.496 Hy
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Figure 6.14 Median values of all sub-group’s responses for Annotated Video-clip

Statistical results in Table 6.6 reveal primarily that Annotated Video clip is the format
with the least detected significant differences among the sub-groups’ responses. Although
differences are shown in Figure 6.14, with regards to the sub-groups median values for the
investigated aspects (understanding, usefulness, performance), these were not statistically
significant as the results indicate (Table 6.6). Exceptions to this observation are the significant
differences found between novice and senior planners in ease of understanding and
usefulness ratings and between novice and expert planners’ groups for the Annotated Video-

clip’s usefulness.

The only different perception in the format’s usefulness may be due to the opinion of
the more experienced planners that a video needs some time to watch as the complete
planning strategy is studied. However, through their comments, experienced planners
emphasized that such an output is useful, especially for training purposes. In the aspect of
ease of understanding, the significant difference probably refers to the level of detail provided
in the annotations (subtitles) and the single view angle of the video as it was recorded using

only one device.
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In general, the high ratings given by all participants and the smallest number of
significant differences highlight a common acceptance of the Annotated Video-clip, both as a
support to the industrial needs of CMM inspection planning and as a training aid for

inexperienced planners.
Storyboard

Finally, the average ratings by all sub-groups for the Storyboard representation
(Figure 4.31) are shown in Figure 6.15 with the raw data given in Table E. 17. All groups rated
the storyboard with high scores for each of the defined aspects (ease of understanding,
usefulness and overall performance); novice planners rated it with 96%, 92% and 94%%
respectively. Experienced planners gave lower ratings with a range 58%-96%, but high enough
to indicate the approval of Storyboard from the perspective of experienced participants. As
shown in section 6.3.1, significant differences were found between novice and experienced

planners.
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Figure 6.15 Average ratings of all sub-groups’ responses for storyboard format

A deeper analysis was carried out to study these differences across the difference levels
of experience. The non-parametric Mann-Whitney U two-tailed test for two unpaired samples
was used as the acquired data are ordinal (Likert scale). The null and alternative hypotheses

tested for each groups comparison with a significance level a=5% were as follows:

e Ho: The two groups’ ratings were the same (no statistically significant difference).
e H;: The two groups’ ratings were not the same (existence of statistically significant
difference).

Table 6.7 presents a summary of the statistical testing results; the related median values of

each sub-group are shown in Figure 6.16.
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Table 6.7 Statistical testing results of all sub-groups responses for annotated storyboard format

N7, vov=10 Statistically significant difference, Hy: no difference - H,: existence of difference, a=5%

Nop jon=5 ¥ If N..¢.<20, the exact Mann-Whitney Ucrit value is used

Non. =15 Ease of understanding (a) Usefulness (b) Overall performance (c)

:Z: ::;Z Unm | Usp ‘ Z | p(2-tail) | Result | Up, I Usp I z l p (2-tail) | Result | Up ‘ Ugp I z I p (2-tail) | Result
Tr. Nov. vs On. Jun. (Test 1) Ugrit=8, U=25 Hy Uit=8, U=25 Hy Ugii=8, U=21 H,
Tr. Nov. vs On. Int. (Test 2) 75 |15.74 [ 1.746 | 0.08 Hy 75 | 16.27 | 1.781 | 0.074 Ho 75 | 16.2 | 1.82 | 0.068 Hy

Tr. Nov. vs On. Sen. (Test 3) 85 | 18.94 [3.246 | 0.0012 | H, 85 |19.15|3.158 | 0.0015 | H; 85 |18.81 | 2.975 | 0.0029 | H,
Tr. Nov. vs On. Exp. (Test 4) 125 |24.61|2.010 [ 0.044 H, | 125 |25.90 |2.431 | 0.015 H, | 125 |25.78 | 2.540 | 0.011 H,
On. Jun. vs On. Int. (Test 5) Ugrit=14, U=23.5 Hy Ugrit=14, U=33.5 Ho Ugit=14, U=26 Hy
On. Jun. vs On. Sen. (Test6) | 42.5 | 12.29 | 2.48 | 0.013 Hy | 42,5 | 1234 | 2.147 | 0.031 Hy | 42,5 | 1238|2179 | 0.029 H,
On. Jun. vs On. Exp. (Test 7) 625 | 1643 | 149 | 0.136 Hy 625 | 17.2 | 0.784| 0.432 Hy 62.5 | 17.00 | 1.617 | 0.105 Ho
On. Int. vs On. Sen. (Test8) | 127.5 | 25.45 | 1.984 | 0.047 Hy |127.5|25.72 | 2235 | 0.025 Hi | 127.5 | 25.65 | 2.182 | 0.029 Hy
On. Int. vs On. Exp. (Test 9) 187.5 | 33.25 | 0.060 | 0.952 Hy |187.534.39|0.537 | 0.59 Hy | 187.5|34.07 | 0.763 | 0.445 Ho
On. Sen. vs On. Exp. (Test 10) | 212.5 | 37.28 | 2.33 | 0.019 H, |212.537.94 | 2174 | 0.029 H, |212.5|37.95| 1.87 | 0.061 Hy
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Figure 6.16 Median values of all sub-group’s responses for storyboard representation

In the cases where significant differences were detected across all three comparison
categories, the Storyboard received higher ratings from less experienced groups compared to
the more experienced participants. That is, planners with less experience perceived the
format as more easily understood, useful and performing well. Consequently, Storyboard can
be more beneficial and contributory to less experienced planners either as training material
or to support planning new inspection strategies. An exception to this was the comparison of
senior group against experts where the latter provided higher scores to the format in relation

to ease of understanding and usefulness.

Those differences not only emphasize the critical reflection of experienced participants
but also highlight they also how differently the Storyboard is perceived across different levels
of expertise. As in the previous format, Annotated Video clip, the Storyboard received high
ratings in the aspects of ease of understanding, usefulness and overall performance. This
reveals the high acceptance of the format across every level of experience, although

significant differences were detected.
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6.4 Summary

In the second stage of the main study, the primary goal was to evaluate the final
proposed CMM inspection planning knowledge representations and obtain feedback by the
participants regarding how easily they can understand each format, how useful they are and
how well these represent the intended strategy and inferred knowledge. This stage was also
related to the research objective (RO4) requiring “testing and validation of knowledge outputs

and representations.”

From the analysis of the two main group’s average scores, it was found that novice
participants rated the formats higher than other experienced groups, showing that even those
with very little or no hands-on experience in inspection planning were able to understand the
strategies in the suggested formats. Their first preference was the Storyboard, rating it the
highest in ease of understanding (96%), usefulness (92%) and overall performance (94%);
Annotated Video clip was the second preferred and rated very close to the storyboard.
Therefore, the proposed representations could potentially enhance the understanding of
measurement planning strategies and facilitate training of inexperienced CMM operators.
From the responses of experienced planners, they were found to prefer the same two formats
(Storyboard and Annotated Video clip) by rating them with the same average scores in the

three defined aspects (82%, 70%, 74%).

A statistical analysis was carried out, revealing significant differences across the derived
sub-groups with different experience levels (Set 2). In almost every comparison it was found
that groups with less experience rated the formats significantly higher when compared to the
more experienced groups. The main reason of this observation, is that understanding,
processing and extracting information is influenced by the level of expertise according to
Kellman and Massey [190]. The filtering and fluency in picking up important features and key
relationships, and consequently, the level of interpretation and reflection varies across the
different experience levels. From this perspective and considering that both novice and
experienced participants (Set 1) rated two knowledge outputs the highest (Storyboard and
Annotated Video clips), it is proven these two specific formats were structured properly to
represent the associated strategy and knowledge in a way that can meet and address the
different requirements of perception and processing for both experienced and inexperienced

planners.

Considering the average ratings of novice and experienced participants, the proposed

knowledge outputs were validated and accepted at a sufficiently high level. All participants
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were able to understand, reflect and interpret the combined knowledge formalisations
verifying their capability to convert the inspection planning activity logged data into explicit,
understandable and useful formats. The high scores obtained on the knowledge formats not
only do highlight their acceptance within industry but also illustrate that the recommended
representations can successfully be used as an aid to CMM planners in future tasks. More
importantly, by having experienced engineers evaluating and reflecting on the suggested
formats, they confirmed they could understand each of the formats, follow the planning
strategies and validated the embedded knowledge and the way this is formalised as suggested

by Sung et al. [4, 165] and Ritchie et al. [191].

Thus, not only associated research objective (RO4) was met but also a key contribution to
the specific domain knowledge was made, since the research presented comprises the first
known paradigm in capturing and formalising CMM inspection planning strategies and
knowledge with the aid of a physical interactive inspection planning user logging system. With
the outcomes and underpinning technology presented, it is demonstrated that human
expertise and knowledge in inspection planning can be captured (RQ1), formalised and
represented in multiple outputs (RQ2) and validated by experienced CMM planners (RQ3).

These entail a range of key benefits for industrial CMM inspection planning:

e Rapid digitisation of CMM inspection planning strategies for storing and reuse.
e Support in CMM inspection planning tasks as future reference.
e Formulation of training material and guidance for novice planners.
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Chapter 7 Discussion

The hypothesis of this thesis states that a novel CMM inspection planning prototype
will enable implicit engineering knowledge to be made explicit and reusable, with the aid of
user logging and motion tracking tools. This was defined after a study of past research work
as well as industrial needs due to the lack of a methodology and proper tools for capturing,
formalising and validating CMM inspection planning strategies and knowledge. Indeed, it
became apparent that this fundamental CMM inspection planning gap had not been

addressed.

Lowe et al. [192] has shown that about 30% of an engineer’s working time is spent in
searching and retrieving information necessary for task completion, slowing down product
development and adding to costs. By capturing and storing human expertise, decision making
and problem solving will be improved, leading to higher quality outputs with shorter lead

times, giving a competitive advantage to any kind of industry [193].

To deal with the identified technological challenges in the CMM inspection planning
area, an integrated knowledge capture and dissemination approach [118] was employed in

the development of the proposed solutions as illustrated in Figure 7.1.

:' Main experimentation - Stage 1 Assess ‘:
! 1
! 1
[ |
l :
E STEP 1: Knowledge capture and creation STEP 2: Knowledge sharing and dissemination |}
E IPaCK’s use - Inspection Log data post-processing and i
t planning activity user logging development of representation formats !

Update Contextualise
STEP 3: Knowledge acquisition and application

representations

Main experimentation - Stage 2

i
| Evaluation of knowledge
1
|

Figure 7.1, Integrated knowledge capture and dissemination cycle followed within the thesis [118]

The key steps involved in this approach were:

e Step 1 - Knowledge capture and creation: codification and storing of internal
knowledge and know-how.

e Step 2 - Knowledge sharing and dissemination: knowledge is contextualised to be
understood and used.
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e Step 3 - Knowledge acquisition and application: knowledge is accessed and used in
order to be updated.
A two-stage experimental study was carried out, following the knowledge management cycle

as described, in order to address the identified gaps in the related knowledge domain:

Stage 1: focusing on logging inspection planning activity and knowledge capture, codification
and storing and dissemination of logged data into understandable and usable knowledge

formats (Steps 1-2).

Stage 2: central to this, was the knowledge acquisition and application of the developed
representation outputs through the evaluation and validation from experienced CMM

planners (Step 3).

The first knowledge gap identified through the reviewed research papers highlighted
that, although presented intelligent and expert inspection planning systems utilising
knowledge, there was no report of a methodology to capture this human expertise and
associated knowledge to be integrated in the proposed systems. This led to the first research
objective requiring “design and development of a novel user logging prototype for planning

and capturing CMM inspection planning strategies” (RO1).

To meet this initially, a technical framework was established in Chapter 4 (4.2) and a
modular prototype was developed for CMM inspection planning tool (IPaCK) incorporating
user activity logging. This used a camera-based motion tracking system following user
movements within a real-world environment that emulates — via a hand-held probe — the
operation of a CMM. Inspection planning tasks could be simulated and captured with the aid
of a stylus and a tablet-analogue as the main the user inputs. After conducting a pilot study
on IPaCK’s functionality and operation, the full study prototype was improved to include the
integration of a real-time plan editing and display capability, as well as the rebuilding of the
stylus for improving the motion tracking accuracy and conditions. Thus, research objective
(RO1) was more rigorously addressed in Chapter 5 (5.3) along with meeting part of the
objective (RO3) related to testing and evaluating IPaCK’s usability, through the main

experimentation study (stage 1).

High scores were given in the usability evaluation, while no statistically significant
differences were found between the two major groups of participants, characterising it as
“high OK” in the acceptability scale. This highlights the developed prototype can be easily used
for planning measurements by CMM planners of any experience level. Although experienced

participants validated the IPaCK’s usability, novices were able to learn and use it directly, after
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having only just a short introduction in its operation and the related metrology principles and
CMM inspection. This further confirms the system’s functionality and simplicity allowing quick
familiarisation with and training of inexperienced planners in the requirements of CMM

inspection planning.

From the comparison of usability results between novice planners and those with
mid-level of experience it can be inferred that CMM planners with lower level of experience
are keener to adopt and use a new method for measurement planning compared to those
with more years in the field. The latter may not feel confident enough to change the system
they are used to and be trained on a new one. From the expert group usability results, the
IPaCK was rated very highly on their average. Relative to this, it can be stated that due to their
high level of expertise and exposure to various metrology and measurement planning
systems, they were able to understand and appreciate the potential of IPaCK and its
associated benefits. No previous research was found to support this correlation, therefore this

should be further studied and analysed in future work.

Research objective (RO3) was fully achieved as presented in Chapter 5 (5.5) with
performing an additional practical comparison of the task completion times for two planning
tasks using the prototype against the use of a real CMM. The results showed that IPaCK
facilitates faster generation of CMM part programs while offering the capability of logging

user activity and capturing the intended planning strategy and decision making.

Another key research gap identified through the literature survey was the absence of
an approach and associated tools to formalise automatically CMM inspection planning
knowledge and strategies in multiple representation outputs. Driven from this, research
objective (RO2) was formulated, necessitating design of knowledge representation structures
and development of a tool for automatic generation of them. Closely linked to this, it was the
research objective (RO4) requiring testing and validation of the generated knowledge outputs
and representations. To achieve both objectives, a series of formalisation outputs were
developed, as presented in Chapter 4 (4.2.2), based on previous research paradigms
[133,167,168] proven successful in representing engineering knowledge. By carrying out a
pilot study, significant feedback was obtained by experienced CMM planners on the
recommended representations. The aspects that pilot study’s participants were asked to
assess were: ease of understanding, usefulness and overall performance. These aspects were
considered also as key parameters for monitoring IPaCK’s maturity level and capability to
capture and represent CMM inspection planning knowledge. The results and written feedback

obtained from the pilot study informed the main evaluation study (Stage 2) and led to further
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refinements, by reducing the number of knowledge formats considering planners’
preferences, and their content was updated to be more compact by incorporating suggestions
and input comments. With these modifications applied, it was also aimed to study how the

defined parameters were updated and led to improved knowledge representation formats.

To give a full evaluation of the recommended knowledge representations’ practicality,
they were subsequently studied and assessed by all the study’s participants. The survey
feedback high scores indicated the confirmation and validation of the knowledge embedded
with the designed representation formats across all the categories, i.e. understanding,
usefulness and performance. Therefore, an original contribution from this research is the
adaptation of existing engineering knowledge formats for reuse in the CMM inspection
planning domain. An additional novelty was the automatic generation of these formats and
their subsequent validation by novice and experienced CMM planners. The most popular
formats from both the two groups of participants’ responses were the storyboard and

annotated video-clips, backing up previous research with similar findings [4,167].

Another interesting outcome was that the knowledge formats highly rated by the
inexperienced planners proved to be easily understood, useful and accurately represented
the intended strategies; therefore, they could play a key role in supporting the training of
novice or inexperienced CMM planners by capturing best practice from experienced users.
The high ratings from the experienced planners, who were crucially from an industrial needs’
perspective, highlighted the potential of IPaCK’s outputs as a means of supporting and storing
expert plans and knowledge automatically. By analysing these best practices, standardised

methods could be obtained.

The results and feedback obtained proved that these formats were effective and
could successfully represent the captured domain specific knowledge and expertise.
Therefore, with regards to the related research questions, these outcomes proved that human
centred inspection planning knowledge can be captured (RQ1), formalised automatically and
represented in multiple formats (RQ2) as well as validated by experienced CMM planners

(RQ3).

The last identified knowledge gap was regarding the lack of a methodology for
comparing generated inspection plans, detection of repeated patterns of activity and
formulation of best sequences for the evaluation of planning strategies (RO5-R0O6). To address
these issues, at Stage 1 of the main experimentation study and using the recommended

output “strategic planning trajectory”, it was easy to extract the strategic thinking and
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sequence of each user and quickly codify it for the required comparison. Then, repeated
patterns of planning activity were detected, and best sequences were created, considering
the patterns resulted from the experienced planners’ strategies. These best sequences were
used as a benchmark for the evaluation of each suggested plan by all participants. The results
of this part of the experimental work provided grounded answers to the research questions

(RQ4-RQ5) linked to the related gap and associated objectives.

Key finding of the evaluation process was that novices’ inspection plans were found
to be not far from the best sequences structured based on the experienced strategies. This
highlights that the proposed methodology and IPaCK played a key role and supported novice
participants to understand very quickly the principles of CMM operation and inspection
planning, given that they were trained for only 30 minutes before the user trials. This work
also illustrates the potential of this rapid method to capture and formalise human expertise
and knowledge that facilitates and proposes a novel approach to quickly digitise and

standardise planning strategies for CMM applications.

With the participation of novice and experienced CMM planners in the main
experimentation study, the obtained results and findings were adequate to establish the
maturity level of IPaCK system’s and underpinning technology. Provided that the developed
proof-of-concept prototype’s critical functionalities and its outputs were tested
experimentally and analytically, it was estimated that the Technology Readiness Level 3 has

been achieved.

In summary, a series of novel contributions result from this research. As shown in the
literature, existing computer aided inspection planning systems involve only digital models
and simulations of a work piece with the interaction of the planner via a software interface
[86,97,98]. However, IPaCK’s uniqueness resides in its operation by providing an intuitive, real
world set up for logging and monitoring of user activity and inputs whilst resembling a real
CMM. This direct interaction and logging of user activity with the physical component not
only makes this approach original but generates data that can be post-processed and
formalised into multiple outputs regarding plans, knowledge formats and user behaviour. The
intuitive nature of this system enables it to be identified by all the participants as a systematic
approach which could be used for planning CMM inspections at both a strategic and tactical
level. Moreover, compared to existing commercial CMM programming software packages,
IPaCK’s operation and interface do not interrupt the inspection planner’s thought process,

allowing the user to focus on the planning solution rather than operating a software interface.
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The intuitive and usable IPaCK prototype demonstrated that it facilitates faster
generation of inspection plans and CMM part programs although tested at a small scale. The
knowledge formats designed and tested can formalise and explicitly represent implicit human
centred knowledge. Besides that, the proposed formats can also contribute to the rapid
digitisation of inspection planning strategies allowing to store them for post-processing and
future reuse as well as comparing and identifying common patterns of activity. Thus, a novel
capability is provided to the industrial domain of CMM inspection for structuring best

practices and standardising planning strategies.

Ettlie and Kubarek [194] found out that 28% of new designs in manufacturing resulted
from past cases in product development, while according to Rezayat [195] 80% of new
products comes from complete reuse (40%) or the slight modification (40%) of existing
designs. Therefore, it is apparent that by storing and making existing knowledge accessible for
quick reuse in future tasks would save significant amounts of time and money for any
business. The proposed methodology, tools and outputs validated by experienced CMM
planners while the knowledge capture and formalisation techniques were verified,
demonstrating the overall impact of this work as a novel contribution to industrial CMM

inspection planning and programming.

Industries have already realised that capturing, storing and reusing knowledge saves
money and prevents or reduces interruptions in knowledge intensive tasks, while it
contributes to dealing with changes in personnel [121,196]. On the completion of this
research, a detailed methodology as well as an effective digital engineering tool for CMM
inspection planning knowledge capture and formalisation were designed, tested and
validated, potentially setting a new direction for computer-aided inspection planning

applications and systems in the future.
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Chapter 8 Conclusions and future work

8.1 Main conclusion

The research presented provides a novel solution for knowledge capture and
formalisation in the area of Computer Aided Inspection Planning. By developing an original
user logging and CMM inspection planning system, automated capture and formalisation of
human centred knowledge and expertise is feasible. IPaCK aims to support CMM planners and
programmers, by enabling the rapid capture and storing for post-processing of domain

specific expertise and making it easily accessible for future reference and reuse.

A unique motion tracking-based user logging system was built for creating a usable
interface that allows a CMM planner to interact with a real component and plan a
measurement strategy. This enables the intuitive expression of implicit human knowledge
during a planning task along with the rapid and easy generation of inspection plans and CMM
part programs as well as effective unobtrusive capturing of domain knowledge and decision

making.

Moreover, the proposed novel representations being tested and validated, facilitate the
formalisation of captured knowledge and expertise in the CMM inspection planning field. Both
experienced and novice CMM planners can benefit from the proposed IPaCK’s outputs, as a
support in the development of new inspection plans and part programs, and for creating
training material and procedural guides. Besides, by studying the verified representations, a

deeper understanding can be achieved on how a measurement strategy is generated.

In addition, an original contribution is provided for the evaluation of inspection plans.
With the use of the proposed formats, a series of strategies can be analysed, compared and
repeated patterns of planning activity can be rapidly detected. These can eventually lead to
formulation of best sequences and practices. Using these as benchmarks, an inspection plan
can be evaluated. More importantly, the detected patterns and structured best sequences
can result in best practices, rules and protocols facilitating the standardisation of planning

strategies, addressing consequently a key industrial need.

Furthermore, a novel knowledge management approach was proposed in the field of
CMM applications. IPaCK and its outputs were proven successful in the effort to address a key
challenge with regards to capturing, formalising and reusing domain expert CMM inspection
planning knowledge, while enabling intuitive CMM inspection planning. The results of this

thesis have illustrated a new original paradigm in knowledge engineering and development of
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future expert CMM inspection planning systems; those that enable automated capture and

formalisation of inspection planning knowledge and expertise in multiple outputs.

In conclusion, the overall outcomes of this research have met the defined research
objectives and answered the associated questions. Therefore, the thesis’ hypothesis can be
confirmed: “A novel CMM inspection planning prototype using a combination of user logging
and motion tracking tools will enable implicit engineering knowledge to be made explicit and

reusable”.

Therefore, the general aim of this research is fulfilled: To design and develop a solution
for planning CMM measurements and logging user activity. IPaCK not only enables capturing
of planning strategies and associated knowledge, but also offers a novel interface that

replicates CMM’s principal functioning, supporting planners in inspection planning tasks.

8.2 Limitations of research and future directions

This thesis has demonstrated a series of novelties and contributions as well as the great
potential of IPaCK and its outputs in capturing and formalising CMM inspection planning
strategies and knowledge. However, there are limitations to overcome in the current work,

showing that there is a great deal of opportunity to take this further forward into the future.

Through the proof of principle experimental work presented, the IPaCK planning
module’s state and functionality was found to be successful and adequate for the case study
conducted. A key caveat is the limited range and variety of participants in the trials. Only
novice users were employed in actually using the system when capturing the generated
knowledge. Having experienced CMM planners involved in the actual planning tasks using
IPaCK would allow the capture of further elements and aspects of their expertise and
knowledge. This may lead to more robust results and strategies when analysing and
comparing the quality of the different planning approaches as well as identifying repeated

patterns and sub-sequences of activity as well as advanced knowledge and rationale.

To increase IPaCK’s employability in future applications, it can be further expanded to
include more planning options, such as tolerance characteristics, geometrical features and
inspection tools as well as tracking of different part orientations. The current experimental
setup is limited to capturing knowledge and strategies when inspecting work pieces of
relatively simple geometry. Although this approach was successful for the case studies
covered and provides a foundation for future work, it is desirable to test IPaCK with more

complicated parts if relevant conclusions were required to be reached for more complex
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conditions. Extending the capability of IPaCK’s tools would enable its application in more
complex inspection planning situations including a wider range of components with more
features and different design characteristics along with further evaluation of the proposed

methodology.

A key limitation of the current state of IPaCK is that through the knowledge capture
process bad or inefficient practice or knowledge will also be elicited. Central to this is the level
of experience of a CMM programmer and their current level of expertise. Although, the
proposed approach has partially considered and addressed this issue, a more sophisticated
methodology could facilitate differentiating good knowledge from bad. In this aspect, it is
recommended that, building on the current work, in the future the level of expertise of CMM
programmers involved in relevant inspection planning knowledge capture experimentation
should be more thoroughly investigated and classified into sub-categories considering further
aspects such as the percentage of daily CMM programming workload. Moreover, another
parameter to be taken into account could be the range of different measuring systems and

CMM inspection planning software systems and experience of the participants.

In the vein of the abovementioned limitations, the presented research could be
significantly improved in future work. Primarily, a more thorough comparison of the
developed IPaCK prototype against using a CMM would be ideal. This will allow to identify the
key differences between the traditional and novel approaches. That is, a full replication of
each measurement strategy carried out with the IPaCK to be produced and contrasted on the
CMM use. In this aspect, with the use of such comparison and analysis IPaCK could be further
enhanced and improved much more so that it aligns with the requirements of CMM part

programming.

For further advancing the current version of IPaCK, a significant technical advancement
would be the integration of user video and voice recording devices or other user inputs. This
will facilitate the enhanced capture of decision making and rationale along with the basic
knowledge capture as offered by the current system. By using and capturing all these inputs
would generate much richer data sets for comparison and analysis purposes that will

eventually contribute to considerably improved knowledge representations.

On the aspect of improving the current IPaCK apparatus, the stylus’ structure can be
modified to allow greater motion tracking precision; adjusting tracking IR cameras’ settings

can contribute to even more accurate results. This would lead to enhanced outputs both in
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the digital user interface displayed on screen in real-time and the generated knowledge

representation formats.

Another future direction would be the integration of IPaCK with virtual reality
technologies in order to structure novel cyber-physical systems or digital twins, in the case
coupling with a real CMM would be achieved. Such an implementation would greatly influence
and improve knowledge capture as well as training novice CMM planners and support more
experienced engineers. Furthermore, with the development of a mixed/virtual reality based
IPaCK system, the already captured and formalised knowledge could be pushed to the user
during planning tasks for providing help and guidance. In addition, the use of a digital motion
tracking system would possibly offer higher precision than IPaCK’s current state, while

improving significantly its portability.

By evolving the current IPaCK'’s tools and adapting them in a real-world engineering
environment, a series of case studies will be enabled. Engaging multiple components with
similar geometries or sets of features, inspection plans can be quickly produced using IPaCK
and best practices-to-inspect can be formulated for specific product designs or part families.
By having a wider range of expert CMM planners to carry out measurement planning routines,
extended analyses and comparisons would be carried out and repeated patterns can be

detected leading to ideal probing sequences.

The scope of this thesis was to capture and formalise human expertise and knowledge
in formats understandable to and useful for human CMM planners. However, part of the
proposed and validated knowledge representations, such as IDEFO, could be integrated with
and operate on computer-based applications and algorithms, i.e. ontologies. The current
work’s findings highlighted that it is feasible to generate various representations by post-
processing the user logging data file. Therefore, it is recommended to extend further the
formalised knowledge outputs to include other formats such as XML, STEP compliant or any
other structures that could facilitate data integration with PLM systems or other CAIP systems.
In this extent, another direction could be the utilisation of the logged user activity and
captured planning strategies and their introduction into machine learning tools and
algorithms aiming potentially at the automated detection of key relationships between large

volumes of CMM inspection planning data.

Moreover, investigating the use of chronocyclegraphs could provide indications for
user’s learning curve when undergoing training as well as determining their confidence;

therefore, testing IPaCK’s learnability extensively. In addition, planner’s behaviour and
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strategy would be more effectively analysed and studied, helping in detecting areas of
inefficient activity and therefore improving the strategy. Besides that, the user activity and
behaviour analyses’ findings can contribute to tailoring existing CAIP systems and CMM
programming packages to improve inspection planning options and capabilities. In
combination with chronocyclegraphs, Therblig symbols would provide an easy and quickly
reviewed form of representing the followed planning strategy, enabling in this way more
efficient analyses and comparisons so that repeated patterns of activity are recognisable.
Consequently, another approach would be available in future efforts for optimising inspection

planning strategies and formulating best practices.

Finally, a future direction of the proposed IPaCK solution could potentially be its suitable
modification and application for capturing and formalising knowledge in other non-inspection
related tasks, i.e. surgical planning, assembly planning, maintenance tasks. This will provide a
basis for testing and validating the knowledge capture and training capabilities offered by the

proposed prototype.
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Appendix A

Appendix A.1 Early stage IPaCK - demo video

Demonstration video of the early stage IPaCK can be found in the link:

https://youtu.be/BZagUv1B73g

Alternatively, it can be found on Youtube.com under the title:

“Early stage IPaCK prototype — demo”
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Appendix A.2 Ray tracing algorithm for inspection path

vtkSmartPointer<vtkPoints> intersectPoints =
vtkSmartPointer<vtkPoints>: :New();

vtkSmartPointer<vtkIdList> intersectCells =
vtkSmartPointer<vtkIdList>: :New();

vtkSmartPointer<vtkExtractCells> cellSource =
vtkSmartPointer<vtkExtractCells>: :New();
cellSource->SetInputConnection(part->GetOutputPort());

vtkSmartPointer<vtkPoints> test_points =
vtkSmartPointer<vtkPoints>: :New();

double tol = 6;
int j = 6;

double o[3];
double d[3];

for (vtkIdType 1 = @; 1 < pathLinePts->GetNumberOfPoints()-1; i++)
flag:

pathLinePts->GetPoint(i, o0);

pathLinePts->GetPoint(i + 1, d);

double LinePO[3]
double LineP1[3]

{ o[@],0[1],0[2] };
{ d[e],d[1],d[2] };

partOBBree->SetTolerance(tol);
partOBBree->IntersectWithLine(lineP@, LlineP1, 1intersectPoints, intersectCells);

if (intersectPoints->GetNumberOfPoints() == 0)
{
test_points->InsertPoint(i, o[@], o[1], o[2]);
test_points->InsertPoint(i + 1, d[@], d[1], d[2]);

}

else
Ef (o[2] < d[2])
g[z] = o[2] + 5;
eL%e if (o[2] > d[2])

d[2] = df2] + 5;
}

else
{
o[2] = o[2] + 5;
d[2] = d[2] + 5;

pathLinePts->InsertPoint(i, o[@], o[1], o[2]);
pathlLinePts->InsertPoint(i + 1, d[e], d[1], d[2]);

goto flag;

double intersection[3];
for (int i = @; 1 < intersectPoints->GetNumberOfPoints(); i++)

intersectPoints->GetPoint(i, intersection);
cout << "\tPoint Intersection " << 1 <<
<< intersection[2] << endl;

}

" "

<< 1intersection[0@] << ", << 1intersection[1]

n, w

" "

<<
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vtkIdType cellId;
for (vtkIdType 1 = @; 1 < intersectCells->GetNumberOfIds(); i++)

cellId = intersectCells->GetId(1i);
cellSource->AddCellList(intersectCells);
}

}

}

vtkSmartPointer<vtkDataSetMapper> cellMapper =
vtkSmartPointer<vtkDataSetMapper>: :New();
cellMapper->SetInputConnection(cellSource->GetOutputPort());

vtkSmartPointer<vtkActor> cellActor =
vtkSmartPointer<vtkActor>: :New();

cellActor->SetMapper(celMapper) ;

cellActor->GetProperty()->SetColor(o, 0.8, 0.9);

// Create a polydata to store inspection path points and lines in

vtkSmartPointer<vtkPolyData> pathLinePoly =
vtkSmartPointer<vtkPolyData>: :New();

pathlLinePoly->SetPoints(pathLinePts);

vtkSmartPointer<vtkCellArray> pathCellArray =
vtkSmartPointer<vtkCellArray>: :New();

for (vtkIdType 1 = @; 1 < pathLinePts->GetNumberOfPoints()-1; i++)

vtkSmartPointer<vtkLine> pathlLines =
vtkSmartPointer<vtkLine>: :New();

pathlLines->GetPointIds()->SetId(o, 1i);

pathlLines->GetPointIds()->SetId(1, i + 1);

pathCellArray->InsertNextCell (pathLines);

}
// Add the Llines to the dataset
pathLinePoly->SetLines(pathCellArray);

vtkSmartPointer<vtkPolyDataMapper> pathLineMap =
vtkSmartPointer<vtkPolyDataMapper>: :New();
pathLineMap->SetInputData(pathLinePoly);

vtkSmartPointer<vtkActor> pathlineAct =
vtkSmartPointer<vtkActor>: :New();
pathLineAct->SetMapper(pathLineMap);
pathLineAct->GetProperty()->SetLineWidth(1);
pathLineAct->GetProperty()->SetColor(1, 1, 0);

vtkSmartPointer<vtkPolyData> pathPointspolydata =
vtkSmartPointer<vtkPolyData>: :New();
pathPointspolydata->SetPoints(pathLinePts);

vtkSmartPointer<vtkOctreePointlLocator> pathPtOctree =
vtkSmartPointer<vtkOctreePointLocator>: :New();

pathPtOctree->SetDataSet (pathPointspolydata);

pathPtOctree->BuildLocator();
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Appendix A.3 Code for CMM part program generation

ofstream myfile3("CMM_program.txt");
if (myfile3.is_open())
{

myfile3 << "MODE/PROG,MAN" << endl;

myfile3 <<

<< endl;

for (int i = @; 1 < table2->GetNumberOfRows(); i++)

{
if (table2->GetValue(i, 2).ToString().substr(e, 4) =

"Plan" && table2->GetValue(i+1,

1).ToString()=="Point")

Lab_tag = table2->GetValue(i, 2).ToString();
geo_tagl = "PLANE";
geo_tag2 = "PLANE,CART";

myfile3 << "$$<MEAS_" << geo_tagl << " name = " << "\"" << lab_tag << "\"" << ">" <<
endl;
myfile3 << "MODE/PROG,MAN" << endl;
int j = i+1;
Xsum = 0;
Ysum = 0;
Zsum = 0;
Xcount = o;
Ycount = 0;
Zcount = 0;
while (table2->GetValue(j, 1).ToString() == "Point")
{
Xsum = Xsum + table2->GetValue(j, 3).ToDouble();
Ysum = Ysum + table2->GetValue(j, 4).ToDouble();
Zsum = Zsum + table2->GetValue(j, 5).ToDouble();
Xcount = Xcount + 1;
Ycount = Ycount + 1;
Zcount = Zcount + 1;
Xnor = table2->GetValue(j, 8).ToDouble();
Ynor = table2->GetValue(j, 9).ToDouble();
Znor = table2->GetValue(j, 10).ToDouble();
J++5
}
Xc = Xsum / Xcount;
Yc = Ysum / Ycount;
Zc = Zsum / Zcount;
myfile3 << "F(" << lab_tag << ")=FEAT/" << geo_tag2 << "," << Xc << "," << Yc << ", " <<
Zc << "," << Xnor << "," << Ynor << "," << Znor << endl;
myfile3 << "MEAS/PLANE,F(" << lab_tag << ")," << Xcount << endl;
int kR =1+ 1;
while (table2->GetValue(k, 1).ToString() == "Point")
{
double Xpt, Ypt, Zpt;
Xpt = table2->GetValue(k, 3).ToDouble();
Ypt = table2->GetValue(k, 4).ToDouble();
Zpt = table2->GetValue(k, 5).ToDouble() - ZzeroAxis;
myfile3 << "PTMEAS/CART," << Xpt << "," << Ypt << "," << Zpt << endl;
R++;
}
myfile3 << "ENDMES" << endl;
myfile3 << "$$<\MEAS_PLANE = " << lab_tag << ">" << endl;
myfile3 << " " << endl;
}
if (table2->GetValue(i, 2).ToString().substr(o, 4) == "Line" && table2->GetValue(i + 1,
1).ToString() == "Point")
Lab_tag = table2->GetValue(i, 2).ToString();
geo_tagl = "LINE";
geo_tag2 = "LINE,UNBND,CART";
myfile3 << "$$<MEAS_" << geo_tagl << " name = " << "\"" << lab_tag << "\"" << ">" <<
endl;

myfile3 << "MODE/PROG,MAN" << endl;

int j =1+ 1;
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Xsum
Ysum =
Zsum =
Xcount
Ycount =
Zcount =

I o909
o ..

-

.

El

El

(SO

El

while (table2->GetValue(j, 1).ToString() == "Point")
{
Xsum = Xsum + table2->GetValue(j, 3).ToDouble();
Ysum = Ysum + table2->GetValue(j, 4).ToDouble();
Zsum = Zsum + table2->GetValue(j, 5).ToDouble();
Xcount = Xcount + 1;
Ycount = Ycount + 1;
Zcount = Zcount + 1;
Xnor = table2->GetValue(j, 8).ToDouble();
Ynor = table2->GetValue(j, 9).ToDouble();
Znor = table2->GetValue(j, 10).ToDouble();
J++5

}

Xc = Xsum / Xcount;
Yc = Ysum / Ycount;
Zc = Zsum / Zcount;

non

myfile3 << "F(" << lab_tag << ")=FEAT/" << geo_tag2 << "," << Xc << "," << Yc << "," <<
Zc << "," << Xnor << "," << Ynor << "," << Znor << endl;
myfile3 << "MEAS/LINE,F(" << lab_tag << ")," << Xcount << endl;
int k =1 + 1;
while (table2->GetValue(k, 1).ToString() == "Point")
{
double Xpt, Ypt, Zpt;
Xpt = table2->GetValue(k, 3).ToDouble();
Ypt = table2->GetValue(k, 4).ToDouble();
Zpt = table2->GetValue(k, 5).ToDouble() - ZzeroAxis;
myfile3 << "PTMEAS/CART," << Xpt << "," << Ypt << "," << Zpt << endl;
R++;
}
myfile3 << "ENDMES" << endl;
myfile3 << "$$<\MEAS_LINE = " << lab_tag << ">" << endl;
myfile3 << " " << endl;
if (table2->GetValue(i, 2).ToString().substr(o, 4) == "Cyli" && table2->GetValue(i + 1,
1).ToString() == "Point")
Lab_tag = table2->GetValue(i, 2).ToString();
geo_tagl = "CYLNDR";
geo_tag2 = "CYLNDR, INNER,CART";
myfile3 << "$$<MEAS_ " << geo_tagl << " name = " << "\"" << lab_tag << "\"" << ">" <<

endl;
myfile3 << "MODE/PROG,MAN" << endl;

int j =1+ 1;
Xsum ;
Ysum =
Zsum =
Xcount
Ycount
Zcount

o909

£l

£l

£l

0;
0;
0;

while (table2->GetValue(j, 1).ToString() == "Point")
{
Xsum = Xsum + table2->GetValue(j, 3).ToDouble();
Ysum = Ysum + table2->GetValue(j, 4).ToDouble();
Zsum = Zsum + table2->GetValue(j, 5).ToDouble();
Xcount = Xcount + 1;
Ycount = Ycount + 1;
Zcount = Zcount + 1;
J++;

}

Xc = Xsum / Xcount;
Yc = Ysum / Ycount;
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endl;

Zc = Zsum / Zcount;

float ax, ay, bx, by, cx,

ax = table2->GetValue(i
ay = table2->GetValue(i
bx = table2->GetValue(i
by = table2->GetValue(i
cx = table2->GetValue(i
cy = table2->GetValue(i

+ + 4+ + + +

s

-

-

2

WL\J\[\JI\JHH

E

3).
4).
3).
4).
3).
4).

ToFloat();
ToFloat();
ToFloat();
ToFloat();
ToFloat();
ToFloat();

myfunction(ax, ay, bx, by, cx, cy);

myfile3 << "F(" << lab_tag << ")=FEAT/" << geo_tag2 << "," << Xc << "," << Yc << ", " <<
Zc << ",0,0,1," << centdia[@] << endl;
myfile3 << "MEAS/CYLNDR,F(" << lab_tag << ")," << Xcount << endl;

int k =1+ 1;

while (table2->GetValue(k, 1).ToString() == "Point")

{
double Xpt, Ypt, Zpt;

Xpt = table2->GetValue(k,
Ypt = table2->GetValue(k,

3).ToDouble();
4).ToDouble();

", " << Zpt << endl;

Zpt = table2->GetValue(k, 5).ToDouble() - ZzeroAxis;
myfile3 << "PTMEAS/CART," << Xpt << "," << Ypt <<
R++;
}

myfile3 << "ENDMES" << endl;

myfile3 << "$$<\MEAS_CYLNDR = " << lab_tag << ">" <<

"o

myfile3 << << endl;

if (table2->GetValue(i, 2).ToString().substr(e, 4)
1).ToString() == "Point")

lab_tag = table2->GetValue(i, 2).ToString();

geo_tagl

"CIRCLE";

geo_tag2 = "CIRCLE,INNER,CART";

myfile3 << "$$<MEAS_" << geo_tagl << " name =

myfile3 << "MODE/PROG,MAN" << endl;

int j =1+ 1;
Xsum ;
Ysum =
Zsum =
Xcount 9;
Ycount = 0;
Zcount = @

o909
.

£l

.

El

<<

while (table2->GetValue(j, 1).ToString() == "Point")

{

Xsum = Xsum + table2->GetValue(j, 3).ToDouble();
Ysum = Ysum + table2->GetValue(j, 4).ToDouble();
Zsum = Zsum + table2->GetValue(j, 5).ToDouble();

Xcount = Xcount + 1;
Ycount = Ycount + 1;
Zcount = Zcount + 1;
J++;
}

Xc = Xsum / Xcount;

Yc = Ysum / Ycount;
Zc = Zsum / Zcount;

float ax, ay, bx, by, cx,

ax = table2->GetValue(i
ay = table2->GetValue(i
bx = table2->GetValue(i
by = table2->GetValue(i
cx = table2->GetValue(i
cy = table2->GetValue(i

+ + + + + +

cy;

M

-

-

WW“I\)NHH

.ToFloat();
.ToFloat();
.ToFloat();
.ToFloat();
.ToFloat();
.ToFloat();
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endl;

"Circ" && table2->GetValue(i + 1,

"\"" << lab_tag << "\"" <<

>

<<



myfunction(ax, ay, bx, by, cx, cy);

"on "on

myfile3 << "F(" << lab_tag << ")=FEAT/" << geo_tag2 << "," << Xc << "," << Yc << <<
Zc << ",0,0,1," << centdia[@] << endl;

myfile3 << "MEAS/CIRCLE,F(" << lab_tag << ")," << Xcount << endl;

int kR =1 + 1;

while (table2->GetValue(k, 1).ToString() == "Point")
{
double Xpt, Ypt, Zpt;
Xpt = table2->GetValue(k, 3).ToDouble();
Ypt = table2->GetValue(k, 4).ToDouble();
Zpt = table2->GetValue(k, 5).ToDouble() - ZzeroAxis;
myfile3 << "PTMEAS/CART," << Xpt << "," << Ypt << "," << Zpt << endl;
R++;
}

myfile3 << "ENDMES" << endl;

myfile3 << "$$<\MEAS_CIRCLE = " << lab_tag << ">" << endl;

myfile3 << " " << endl;

}

// Adding GOTO points between features probing
if (i < table2->GetNumberOfRows() - 1 && table2->GetValue(i, 1).ToString() == "Point" &&
table2->GetValue(i + 1, 1).ToString() != "Point")
{

Lastpt[O] = table2->GetValue(i, 3).ToDouble();
Lastpt[1] = table2->GetValue(i, 4).ToDouble();
Lastpt[2] = table2->GetValue(i, 5).ToDouble();

vtkIdType 1D = pathPtOctree->FindClosestPoint(lastpt);
pathPtOctree->GetDataSet()->GetPoint(iD, Llastpt);

pathPtOctree->GetDataSet()->GetPoint(iD + 1, gotol);
pathPtOctree->GetDataSet()->GetPoint(iD + 2, goto2);

myfile3 << "GOTO/CART," << gotol[@] << "," << gotol[1] << "," << gotol[2] - ZzeroAxis
<< endl;

myfile3 << "GOTO/CART," << goto2[@] << "," << goto2[1] << "," << goto2[2] - ZzeroAxis
<< endl;

myfile3 <<

}

"o

<< endl;
} // End of reading inspection plan file
} // End of CMM part program file writing

Appendix A.4 VBA macro code for IDEF0 generation

Sub DrawlIDEFO()
Dim Shp As Shape

Dim pts As Integer

Range("A1").Select
Selection.CurrentRegion.Select

row_num = Selection.Rows.count

s1="b2:b" & row_num
s2 ="h2:h" & row_num
s3 ="c2:c" & row_num

s4 ="g2:g" & row_num
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Set a = Range(s1)
Set b = Range(s2)
Set ¢ = Range(s3)
Set g = Range(s4)

'Count the number of rows in the log file

row_num = a.Rows.count

Dim s As Shape

Dim ws As Worksheet
Dim pbox As Shape
Dim sbox As Shape
Dim tbox As Shape
Dim conn As Shape

Dim ro As Integer

Set ws = ActiveSheet

lo =700

ho =100

boxw = 100
boxh =50

arrl =50

Row = a(i).Value
fpts=0

pts=0

'MsgBox Row

Fori=1Torow_num

'MsgBox a(i).Value

If a(i).Value = "ZeroZ" Or a(i).Value = "ZeroY" Or a(i).Value = "ZeroX" Then
textl = "Part alignment" & vbCrLf & a(i).Value
pttext = b(i).Value
geo = c(i).Value
toolID = g(i).Value
Set pbox = ws.Shapes.AddShape(msoShapeRectangle, lo, ho, boxw, boxh)
pbox.Fill.ForeColor.RGB = RGB(300, 300, 300)
pbox.Line.ForeColor.RGB = RGB(0, 0, 0)
pbox.TextFrame.Characters.Text = textl
pbox.TextFrame.Characters.Font.Colorindex = xlAutomatic

pbox.TextFrame.HorizontalAlignment = xICenter
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pbox.TextFrame.VerticalAlignment = xICenter

pbox.TextFrame.Characters.Font.Size = 10

'add input box before

Set s = ws.Shapes.AddShape(msoShapeRectangle, 10 + lo - 2 * arrl / 2, ho + boxh - 25, 60, 15)
s.Fill.ForeColor.RGB = RGB(300, 300, 300)

s.Line.ForeColor.RGB = RGB(300, 300, 300)

s.TextFrame.Characters.Text = pttext & " pts"

s.TextFrame.Characters.Font.ColorIindex = xlAutomatic

s.TextFrame.AutoSize = True

s.TextFrame.HorizontalAlignment = xICenter

s.TextFrame.VerticalAlignment = xICenter

s.TextFrame.Characters.Font.Size = 10

'add control box above

Set s = ws.Shapes.AddShape(msoShapeRectangle, lo, ho - arrl, 60, 30)
s.Fill.ForeColor.RGB = RGB(300, 300, 300)

s.Line.ForeColor.RGB = RGB(300, 300, 300)
s.TextFrame.Characters.Text = geo
s.TextFrame.Characters.Font.Colorindex = xIAutomatic
s.TextFrame.AutoSize = True

s.TextFrame.HorizontalAlignment = xICenter
s.TextFrame.VerticalAlignment = xICenter

s.TextFrame.Characters.Font.Size = 10

'add mechanism box below

Set s = ws.Shapes.AddShape(msoShapeRectangle, lo + 5, ho + boxh + arrl / 2, 60, 30)
s.Fill.ForeColor.RGB = RGB(300, 300, 300)

s.Line.ForeColor.RGB = RGB(300, 300, 300)

s.TextFrame.Characters.Text = toollD

s.TextFrame.Characters.Font.Colorindex = xlIAutomatic

s.TextFrame.AutoSize = True

s.TextFrame.HorizontalAlignment = xICenter

s.TextFrame.VerticalAlignment = xICenter

s.TextFrame.Characters.Font.Size = 10

'add input arrow before

ws.Shapes.AddLine(lo - arrl, ho + boxh / 2, lo, ho + boxh / 2).Select
Selection.ShapeRange.Line.EndArrowheadStyle = msoArrowheadTriangle
Selection.ShapeRange.Line.ForeColor.RGB = RGB(0, 0, 0)

'add control arrow above
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ws.Shapes.AddLine(lo + boxw / 2, ho - boxh, lo + boxw / 2, ho).Select
Selection.ShapeRange.Line.EndArrowheadStyle = msoArrowheadTriangle

Selection.ShapeRange.Line.ForeColor.RGB = RGB(0, 0, 0)

'add mechanism arrow below box
ws.Shapes.AddLine(lo + boxw / 2, ho + boxh + arrl, lo + boxw / 2, ho + boxh).Select
Selection.ShapeRange.Line.EndArrowheadStyle = msoArrowheadTriangle

Selection.ShapeRange.Line.ForeColor.RGB = RGB(0, 0, 0)

'add output arrow next to box
ws.Shapes.AddLine(lo + boxw, ho + boxh / 2, lo + boxw + arrl, ho + boxh / 2).Select
Selection.ShapeRange.Line.EndArrowheadStyle = msoArrowheadTriangle

Selection.ShapeRange.Line.ForeColor.RGB = RGB(0, 0, 0)

'ws.Shapes.AddLine(lo + 4 * boxw + 4 * arrl, ho + boxh / 2, lo + 4 * boxw + 4 * arrl, ho + 4 * boxh + 4 * arrl).Select
'Selection.ShapeRange.Line.EndArrowheadStyle = msoArrowheadTriangle
'Selection.ShapeRange.Line.ForeColor.RGB = RGB(0, 0, 0)

'add connector

'ws.Shapes.AddConnector(msoConnectorElbow, lo + boxw, ho + boxh / 2, lo + 6 * boxw, ho + 6 * boxh).Select
'Selection.ShapeRange.Line.EndArrowheadStyle = msoArrowheadTriangle
'Selection.ShapeRange.Line.ForeColor.RGB = RGB(0, 0, 0)

'MsgBox lo

lo=1lo+150

'ho = ho + boxw

Elself a(i).Value = "Datum" Then
text2 = "Datum"
pttext = b(i).Value

geo = c(i).Value

'add a box -

Set sbox = ws.Shapes.AddShape(msoShapeRectangle, lo, ho, boxw, boxh)
sbox.Fill.ForeColor.RGB = RGB(300, 300, 300)

sbox.Line.ForeColor.RGB = RGB(0, 0, 0)

sbox.TextFrame.Characters.Text = text2
sbox.TextFrame.Characters.Font.Colorindex = xIAutomatic
sbox.TextFrame.HorizontalAlignment = xICenter
sbox.TextFrame.VerticalAlignment = xICenter

sbox.TextFrame.Characters.Font.Size = 10
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'add input box before

Set s = ws.Shapes.AddShape(msoShapeRectangle, 10 + lo - 2 * arrl / 2, ho + boxh - 25, 60, 15)
s.Fill.ForeColor.RGB = RGB(300, 300, 300)

s.Line.ForeColor.RGB = RGB(300, 300, 300)

s.TextFrame.Characters.Text = pttext & " pts"

s.TextFrame.Characters.Font.Colorindex = xIAutomatic

s.TextFrame.AutoSize = True

s.TextFrame.HorizontalAlignment = xICenter

s.TextFrame.VerticalAlignment = xICenter

s.TextFrame.Characters.Font.Size = 10

s.ZOrder msoSendToBack

'add control box above

Set s = ws.Shapes.AddShape(msoShapeRectangle, lo, ho - boxh, 60, 30)
s.Fill.ForeColor.RGB = RGB(300, 300, 300)

s.Line.ForeColor.RGB = RGB(300, 300, 300)
s.TextFrame.Characters.Text = geo
s.TextFrame.Characters.Font.Colorindex = xIAutomatic
s.TextFrame.AutoSize = True

s.TextFrame.HorizontalAlignment = xICenter
s.TextFrame.VerticalAlignment = xICenter

s.TextFrame.Characters.Font.Size = 10

'add mechanism box below

Set s = ws.Shapes.AddShape(msoShapeRectangle, lo + 5, ho + arrl / 2 + boxh, 60, 30)
s.Fill.ForeColor.RGB = RGB(300, 300, 300)

s.Line.ForeColor.RGB = RGB(300, 300, 300)

s.TextFrame.Characters.Text = toolID

s.TextFrame.Characters.Font.Colorindex = xIAutomatic

s.TextFrame.AutoSize = True

s.TextFrame.HorizontalAlignment = xICenter

s.TextFrame.VerticalAlignment = xICenter

s.TextFrame.Characters.Font.Size = 10

"add input arrow

ws.Shapes.AddLine(lo - boxw / 2, ho + boxh / 2, lo, ho + boxh / 2).Select
Selection.ShapeRange.Line.EndArrowheadStyle = msoArrowheadTriangle

Selection.ShapeRange.Line.ForeColor.RGB = RGB(0, 0, 0)

'add control arrow
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ws.Shapes.AddLine(lo + boxw / 2, ho - boxh, lo + boxw / 2, ho).Select
Selection.ShapeRange.Line.EndArrowheadStyle = msoArrowheadTriangle

Selection.ShapeRange.Line.ForeColor.RGB = RGB(0, 0, 0)

'add mechanism arrow
ws.Shapes.AddLine(lo + boxw / 2, ho + boxh + arrl, lo + boxw / 2, ho + boxh).Select
Selection.ShapeRange.Line.EndArrowheadStyle = msoArrowheadTriangle

Selection.ShapeRange.Line.ForeColor.RGB = RGB(0, 0, 0)

'add output arrow
ws.Shapes.AddLine(lo + boxw, ho + boxh / 2, lo + boxw + arrl, ho + boxh / 2).Select
Selection.ShapeRange.Line.EndArrowheadStyle = msoArrowheadTriangle

Selection.ShapeRange.Line.ForeColor.RGB = RGB(0, 0, 0)

lo=1lo+150

Elself a(i).Value = "Tolerance" Then
text3 = "Tolerance inspection"
pttext = b(i).Value

geo = c(i).Value

ho = ho + 200

'add a box / new IDEFO block

Set sbox = ws.Shapes.AddShape(msoShapeRectangle, lo, ho, boxw, boxh)
sbox.Fill.ForeColor.RGB = RGB(300, 300, 300)

sbox.Line.ForeColor.RGB = RGB(0, 0, 0)

sbox.TextFrame.Characters.Text = text3
sbox.TextFrame.Characters.Font.Colorindex = xIAutomatic
sbox.TextFrame.HorizontalAlignment = xICenter
sbox.TextFrame.VerticalAlignment = xICenter

sbox.TextFrame.Characters.Font.Size = 10

'add input box before

Set s = ws.Shapes.AddShape(msoShapeRectangle, lo - 2 * arrl / 2, ho + boxh, 60, 15)
s.Fill.ForeColor.RGB = RGB(300, 300, 300)

s.Line.ForeColor.RGB = RGB(300, 300, 300)

s.TextFrame.Characters.Text = pttext & " "

s.TextFrame.Characters.Font.Colorindex = xIAutomatic

s.TextFrame.AutoSize = True

s.TextFrame.HorizontalAlignment = xICenter

s.TextFrame.VerticalAlignment = xICenter
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s.TextFrame.Characters.Font.Size = 10

s.ZOrder msoSendToBack

'add control box above

Set s = ws.Shapes.AddShape(msoShapeRectangle, lo, ho - boxh, 60, 30)
s.Fill.ForeColor.RGB = RGB(300, 300, 300)

s.Line.ForeColor.RGB = RGB(300, 300, 300)
s.TextFrame.Characters.Text = geo
s.TextFrame.Characters.Font.ColorIindex = xlAutomatic
s.TextFrame.AutoSize = True

s.TextFrame.HorizontalAlignment = xICenter
s.TextFrame.VerticalAlignment = xICenter

s.TextFrame.Characters.Font.Size = 10

'add mechanism box below

Set s = ws.Shapes.AddShape(msoShapeRectangle, lo + 5, ho + arrl / 2 + boxh, 60, 30)
s.Fill.ForeColor.RGB = RGB(300, 300, 300)

s.Line.ForeColor.RGB = RGB(300, 300, 300)

s.TextFrame.Characters.Text = toolID

s.TextFrame.Characters.Font.Colorindex = xIAutomatic

s.TextFrame.AutoSize = True

s.TextFrame.HorizontalAlignment = xICenter

s.TextFrame.VerticalAlignment = xICenter

s.TextFrame.Characters.Font.Size = 10

"add input arrow
ws.Shapes.AddLine(lo - boxw / 2, ho + boxh / 2, lo, ho + boxh / 2).Select
Selection.ShapeRange.Line.EndArrowheadStyle = msoArrowheadTriangle

Selection.ShapeRange.Line.ForeColor.RGB = RGB(0, 0, 0)

'add control arrow

ws.Shapes.AddLine(lo + boxw / 2, ho - boxh, lo + boxw / 2, ho).Select
Selection.ShapeRange.Line.EndArrowheadStyle = msoArrowheadTriangle

Selection.ShapeRange.Line.ForeColor.RGB = RGB(0, 0, 0)

'add mechanism arrow

ws.Shapes.AddLine(lo + boxw / 2, ho + boxh + arrl, lo + boxw / 2, ho + boxh).Select
Selection.ShapeRange.Line.EndArrowheadStyle = msoArrowheadTriangle
Selection.ShapeRange.Line.ForeColor.RGB = RGB(0, 0, 0)

'add output arrow
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ws.Shapes.AddLine(lo + boxw, ho + boxh / 2, lo + boxw + arrl, ho + boxh / 2).Select
Selection.ShapeRange.Line.EndArrowheadStyle = msoArrowheadTriangle

Selection.ShapeRange.Line.ForeColor.RGB = RGB(0, 0, 0)

lo=1lo+ 150

Elself a(i).Value = "Inspection"” Then
text3 = "Inspection feature"
pttext = b(i).Value

geo = c(i).Value

'add a box -

Set sbox = ws.Shapes.AddShape(msoShapeRectangle, lo, ho, boxw, boxh)
sbox.Fill.ForeColor.RGB = RGB(300, 300, 300)

sbox.Line.ForeColor.RGB = RGB(0, 0, 0)

sbox.TextFrame.Characters.Text = text3
sbox.TextFrame.Characters.Font.Colorindex = xIAutomatic
sbox.TextFrame.HorizontalAlignment = xICenter
sbox.TextFrame.VerticalAlignment = xICenter

sbox.TextFrame.Characters.Font.Size = 10

'add input box before

Set s = ws.Shapes.AddShape(msoShapeRectangle, 10 + lo - 2 * arrl / 2, ho + boxh - 25, 60, 15)
s.Fill.ForeColor.RGB = RGB(300, 300, 300)

s.Line.ForeColor.RGB = RGB(300, 300, 300)

s.TextFrame.Characters.Text = pttext & " pts"

s.TextFrame.Characters.Font.Colorindex = xlAutomatic

s.TextFrame.AutoSize = True

s.TextFrame.HorizontalAlignment = xICenter

s.TextFrame.VerticalAlignment = xICenter

s.TextFrame.Characters.Font.Size = 10

s.Z0rder msoSendToBack

'add control box above

Set s = ws.Shapes.AddShape(msoShapeRectangle, lo, ho - boxh, 60, 30)
s.Fill.ForeColor.RGB = RGB(300, 300, 300)

s.Line.ForeColor.RGB = RGB(300, 300, 300)
s.TextFrame.Characters.Text = geo
s.TextFrame.Characters.Font.Colorindex = xlIAutomatic
s.TextFrame.AutoSize = True

s.TextFrame.HorizontalAlignment = xICenter
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s.TextFrame.VerticalAlignment = xICenter

s.TextFrame.Characters.Font.Size = 10

'add mechanism box below

Set s = ws.Shapes.AddShape(msoShapeRectangle, lo, ho + arrl / 2 + boxh, 60, 30)
s.Fill.ForeColor.RGB = RGB(300, 300, 300)

s.Line.ForeColor.RGB = RGB(300, 300, 300)

s.TextFrame.Characters.Text = toollD

s.TextFrame.Characters.Font.ColorIindex = xlAutomatic

s.TextFrame.AutoSize = True

s.TextFrame.HorizontalAlignment = xICenter

s.TextFrame.VerticalAlignment = xICenter

s.TextFrame.Characters.Font.Size = 10

"add input arrow
ws.Shapes.AddLine(lo - boxw / 2, ho + boxh / 2, lo, ho + boxh / 2).Select
Selection.ShapeRange.Line.EndArrowheadStyle = msoArrowheadTriangle

Selection.ShapeRange.Line.ForeColor.RGB = RGB(0, 0, 0)

'add control arrow

ws.Shapes.AddLine(lo + boxw / 2, ho - boxh, lo + boxw / 2, ho).Select
Selection.ShapeRange.Line.EndArrowheadStyle = msoArrowheadTriangle

Selection.ShapeRange.Line.ForeColor.RGB = RGB(0, 0, 0)

'add mechanism arrow
ws.Shapes.AddLine(lo + boxw / 2, ho + boxh + arrl, lo + boxw / 2, ho + boxh).Select
Selection.ShapeRange.Line.EndArrowheadStyle = msoArrowheadTriangle

Selection.ShapeRange.Line.ForeColor.RGB = RGB(0, 0, 0)

'add output arrow

ws.Shapes.AddLine(lo + boxw, ho + boxh / 2, lo + boxw + arrl, ho + boxh / 2).Select
Selection.ShapeRange.Line.EndArrowheadStyle = msoArrowheadTriangle
Selection.ShapeRange.Line.ForeColor.RGB = RGB(0, 0, 0)

lo=1lo+150

Elself i =row_num Then

text4 = "end of session"

Set s = ws.Shapes.AddShape(msoShapeRectangle, lo, ho, 100, 50)
s.Fill.ForeColor.RGB = RGB(300, 300, 300)
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s.TextFrame.Characters.Text = text4
s.TextFrame.Characters.Font.ColorIindex = xlAutomatic
s.TextFrame.HorizontalAlignment = xICenter
s.TextFrame.VerticalAlignment = xICenter
s.TextFrame.Characters.Font.Size = 10

s.Line.ForeColor.RGB = RGB(0, 0, 0)

lo=1lo+ 150
End If
Next i

ActiveSheet.Shapes.SelectAll
Selection.ShapeRange.Group

End Sub

Appendix A.5 VBA macro code for subtitles generation

Sub GenerateSubs()

Dim count As Integer
Dim tol As String
Dim fso As Object

Set fso = CreateObject("Scripting.FileSystemObject")

Dim Fileout As Object
Set Fileout = fso.CreateTextFile("C:\Users\Dimitrios\OneDrive - Heriot-Watt

University\PhD\Experimentation\Trials\Results\video.sub", True, True)

'create a message box in the beginning

'MsgBox "Create IDEF0" OR InputBox ("Create IDEF0")

Range("A1").Select
Selection.CurrentRegion.Select

row_num = Selection.Rows.count

s1="b2:b" & row_num
s2 ="h2:h" & row_num
s3 ="c2:c" & row_num
s4 ="g2:g" & row_num
s5 ="a2:a" & row_num

s6 ="12:I" & row_num
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Set a = Range(s1)
Set b = Range(s2)
Set ¢ = Range(s3)
Set g = Range(s4)
Set e = Range(s5)
Set d = Range(s6)

count=0

Fori=1Torow_num-1

textl = a(i).Value 'Activity
text2 = b(i).Value 'Total points
text3 = c(i).Value 'Geometry
textd = g(i).Value 'Tool

step_time = e(i).Value

Repeat = d(i).Value

If textl = "ZeroZ" Or textl = "ZeroY" Or textl = "ZeroX" Then
count =count+1
Fileout.Write count & vbCrLf
Fileout.Write "00:00:" & step_time & " -->" & "00:00:" & step_time + 5 & vbCrLf
Fileout.Write "Probe " & text2 & " points on " & text3 & " with " & text4 & ". Set as " & text1l & vbCrLf
Fileout.Write "" & vbCrLf

Elself textl = "Datum" Then
count =count+1
Fileout.Write count & vbCrLf
Fileout.Write "00:00:" & step_time & " -->" & "00:00:" & step_time + 5 & vbCrLf
If Repeat =0 Then
Fileout.Write "Probe " & text2 & " points on " & text3 & " with " & text4 & ". Set as " & textl & vbCrLf
Elself Repeat =1 Then
Fileout.Write "Reuse " & text3 & ". Set as " & textl & vbCrLf
End If

Fileout.Write "" & vbCrLf

Elself textl = "Inspection" Then

count=count+1
Fileout.Write count & vbCrLf
Fileout.Write "00:00:" & step_time & " -->" & "00:00:" & step_time + 5 & vbCrLf
If Repeat = 0 Then
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Fileout.Write "Probe " & text2 & " points on " & text3 & " with " & text4 & ". Check " & tol & " of " & text3 &
vbCrLf

Elself Repeat = 1 Then

Fileout.Write "Reuse " & text3 & ". Check " & tol & " of " & text3 & vbCrLf

End If

Fileout.Write "" & vbCrLf

Elself textl = "Tolerance" Then

count =count+1
Fileout.Write count & vbCrLf
Fileout.Write "00:00:" & step_time & " -->" & "00:00:" & step_time + 5 & vbCrLf
Fileout.Write "Inspection of " & text3 & " tolerance" & vbCrLf

Fileout.Write "" & vbCrLf

tol = text3
End If
Next i
End Sub
Appendix A.6 VBA macro code for text instructions generation

Sub Generatelnstructions()

Dim count As Integer

Dim tol As String

Dim fso2 As Object

Set fso2 = CreateObject("Scripting.FileSystemObject")

Dim Fileout2 As Object
Set Fileout2 = fso2.CreateTextFile("C:\Users\Dimitrios\OneDrive - Heriot-Watt

University\PhD\Experimentation\Trials\Results\instructions.txt", True, True)

Range("A1").Select
Selection.CurrentRegion.Select

row_num = Selection.Rows.count

s1="b2:b" & row_num

s2 ="h2:h" & row_num
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s3 ="c2:c" & row_num
s4 ="g2:g" & row_num
s5 ="a2:a" & row_num

s6 ="12:I" & row_num

Set a = Range(s1)
Set b = Range(s2)
Set ¢ = Range(s3)
Set g = Range(s4)
Set e = Range(s5)
Set d = Range(s6)

Fileout2.Write "Step " & " Instruction" & vbCrLf
Fileout2.Write "==== "&" ===========" & vbCrLf
count=0

Fori=1Torow_num-1

textl = a(i).Value 'Activity
text2 = b(i).Value 'Total points
text3 = c(i).Value 'Geometry
text4 = g(i).Value 'Tool

step_time = e(i).Value

Repeat = d(i).Value

If textl = "ZeroZ" Or textl = "ZeroY" Or textl = "ZeroX" Then

count =count+1

Fileout2.Write count & " " &" Probe " & text2 & " points on " & text3 & " with " & text4 & ". Set as " &
textl & vbCrLf

Elself textl = "Datum" Then
count =count+1
If Repeat =0 Then
Fileout2.Write count & " " &" Probe " & text2 & " points on " & text3 & " with " & text4 & ". Set as " &
textl & vbCrLf
Elself Repeat = 1 Then
Fileout2.Write count & " " &" Reuse " & text3 & ". Set as " & text1 & vbCrLf
End If
Elself text1 = "Inspection" Then

count =count+1
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If Repeat = 0 Then

Fileout2.Write count & " " & " Probe " & text2 & " points on " & text3 & " with " & text4 & ". Check " &
tol & " of " & text3 & vbCrLf

Elself Repeat = 1 Then

Fileout2.Write count & " " &" Reuse " & text3 & " for " & textl & ". Check " & tol & " of " & text3 & vbCrLf

End If

Elself textl = "Tolerance" Then

count=count+1

Fileout2.Write count & " " &" Inspection of " & text3 & " tolerance" & vbCrLf

tol = text3

End If
Next i
End Sub

Appendix A.7 Example of Annotated Video-clip - pilot study
Example of Annotated video clip format in the pilot study stage can be found in the link:

https://youtu.be/DOMS8DxrQZrk

Alternatively, can it be found on Youtube.com under the title:

‘Pilot study - annotated video clip format’

Appendix A.8 Final IPaCK - demo video
Demonstration video of the final prototype IPaCK can be found in the link:

https://youtu.be/nYeYIIOTSTI

Alternatively, can it be found on Youtube.com under the title:

‘Final IPaCK functionality demo’

Appendix A.9 Example of Annotated Video-clip - main

experimental study

Example of Annotated video clip format in the final experimental study can be found in the

link: https://youtu.be/g WEHi9c7b0

Alternatively, it can be found on Youtube.com under the title:

‘Annotated Video-clip sample’
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Appendix B

Appendix B.1 Knowledge representations evaluation - Pilot

study questionnaire

The questionnaire employed in the pilot study for evaluating the designed knowledge formats

and outputs.

Pilot study - Knowledge formats evaluation

The aim of this survey is to evaluate different forms for representing a CMM inspection planning
strategy and associated knowledge.

In your answers, please bear in mind that the following formats were developed so they can
potentially be used for understanding the planned strateqy, for training purposes and as using as
guides for future reference.

A measurement strategy has been planned for inspecting a true positicn tolerance of a work-piece.
Below you can see the production design of the test component.

*Required

1. How many years of CMM programming experience do you have? *
Mark only one oval.

0 -2 years
2 -5Syears
5 - 10 years

over 10 years

Production design of component

N

] ]
e o
R Ry ]
r > .'f Y
| '| ™
e ! I|I II' " | A
", /
: ™
] ~L
If'_-'\ I/'"'\I L]
L N
1) L
v
N 1 - ® 41
|0

Inspection plan

In this format the followed strategy is displayed as a list of steps (inspection plan) in a chronological
arder with details on how the part is aligned on the CMM, how the tolerances are inspected, what
geometrical features are used and the number of points with XYZ coordinates.
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Instruction Time [sec)  XYZ coordinates (] ool  Points
part alignment feature 714 451 -24395 092 planel  tooll 3
touch 2T.13 10,005 | 23.658 18.3 o]
touch 28.35 35.0% 66286 185 1
touch 29.37 65,06 32837 1B.3 F
part alignment feature 3117 6.52 -87.32 1.07 linel tocll 2
touch 33,53 9.96 0 10 3
towch 35.13 64,74 0 10 4
part alignment featurs 37.06 10 -86.65 0.87 touch | tooll 1
touch 38,92 0 34,907 8.3 3
true position 42.00 92.55 -164.78 0.92 tolerance tooll
datum feature 43.71 7.08 -104.59 0.97 plane2 tooll B
touch 4647 10,003 | 23.658 185 &
touch 47,58 10,005 51,245 18.5 7
towch 42.38 20,015 | 61.603 18.3 3
touch 49.62 55.05 65774 185 3
touch 5110 B60.O55 | 49.867 18.35 1
touch 52.45 65.06 29.613 135 11
touch 53,590 500045 B.3A5T 185 12
touch 55.05 200015 8.3319 185 13
datum feature a7.30 514 -106.27 105  plspe3s  tooll 2
touch 59.62 9,26 o 15 14
touch 61.47 64,74 o 10 15
touch 62,88 63.72 ] 5 16
touch 64.47 10.005 0 5 17
datum feature 66,03 742 1044 103 planed  tooll 4
touch T0.43 o 63,813 133 13
touch 72,18 0 9.59733 135 19
towch T4.61 o 9.9733 &3 20
touch 76.28 0 64,827 A5 pal
Inspection feature 79.42 28.5 -104.75 0.93 cylinderl tooll B
towch 83.26 39.246 | 57.912 13.5 22
touch B4.99 579 3743 135 23
touch 26.76 39.246 16988 13.5 24
touch a8.41 18188 4487 135 5
touch 90.08 39.246 57912 &3 26
touch 91.49 57.55 33.674 &S5 7
touch 93.068 42574 17.685 8.3 28
touch 94,49 16.8 3743 83 23

2. 0n a scale from 1{lowest) - 5 (highest), please rate the format for each of the following

aspects. *
Mark only one oval per row.

Ease of understanding |
Usefulness :
Overall score

Tactical planning trajectory

This trajectory graph presents the specific tactical planning activity consisting of- a large green ball
showing the beginning point for each segment, a set of smaller green balls indicating the approaching

path and direction and a red ball for the recorded point of contact.

If the video display is too small, please follow the link: https:ifwww youtube com/wateh?

=\ rsoNMLNYA

180




3. On a scale from 1(lowest) - 5 (highest), please rate the format for each of the following
aspects. ”
Mark only one oval per row.

Ease of understanding
Usefulness

Overall score

Groups of planning activity trajectory

This graph shows the groups of planning activity highlighting the different sub-actions with different
colors: green segments relate to the part alignment features, yellow segments concemn the probing of
datum features and the white segment shows the strategy for a feature under test.

If the video display is too small, please follow the link: https/www voutube comfwatch?
y=knLozgl¥yEQ
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Ditpdily: 2y=knl.ozol\VyEQ

4. On a scale from 1({lowest) - 5 (highest), please rate the format for each of the following
aspects.

Mark only one oval per row.

Ease of understanding
Usefulness

Overall score

Strategic planning sequence
This output presents the strategic planning activity as a sequence of features to probe, numbered and

labelled with the following 1Ds: PAF for part alignment features, DF for datum features and IF for
inspection features.

If the video display is too small, please follow the link: hitps./fwww youtube com/watch?
¥=hV3NJC2agoc
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hitp:/lyoutube.comiwatch?v=hV3NJC2gcoc

5. On a scale from 1{lowest) - 5 (highest), please rate the format for each of the following

aspects. *
Mark only one oval per row.

Ease of understanding
Usefulness
Overall score

Inspection path
This output shows the inspection path as designed during the planning task.

If the video display is too small, please follow the link: hitps./fwww youtube comiwatch?v=DiH-j1ANV-
N
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&. On a scale from 1(lowest) - § (highest), please rate the format for each of the following
aspects. *

Mark only one oval per row.
1 2 3 4 5
Ease of understanding ) X

Usefulness

Overall score (

LN

IDEFO diagram
In the following format, the followed sirategy is displayed in a procedural manner. Each main step is
shown in a separate set of diagrams.

planel l inel ok
. . .
o partaligemant | part alignmis part et | =
datum datum datum
3 touchis I 2 tauchis i 1 st i

tooll toall boail

Ivl!ranc!l plane? paned plared ofipder]

[ [ ti inspecti |
o) LS DAY datum faature = datum feature datum faature ) AT wred of sassion
| inspaction feature

I Gtouches | aructes | atouches Broumes |
Tl 100l ol 1oall ool

7.0n a scale from 1({lowest) - § (highest), please rate the format for each of the following
aspects. ”
Mark only one oval per row.

Ease of understanding
Usefulness
Overall score

Plain text instructions
This format presents the strategy in a textual description using plain English syntax.

Time (sec) Description

221417 The user is prabing planel as part alignment feature using toall with 3 paints
.15 The user is probing line1 as part alignment feature using tocll with 2 points
37.0583 The user is probing a teuch as part alignment feature using tool 1 with 1 point
42 The user is gaing to test a true position tolerance

43,7083 The user is probing plane? as datum feature using tool1 with 8 points
57207 The user is probing planed as datum feature using tool1 with 4 points
66.825 The user iz probing planed as datum festure using toall with 4 paints
794167 The user is probing cylinder1 as inspection feature using tooll with & paints
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8. On a scale from 1{lowest) - 5 (highest), please rate the format for each of the following
aspects. *

Mark only one oval per row.
1 2 3 4 5
Ease of understanding(  )(_ ) ) )(

Usefulness . i . y
Overall score E 96 XK K-

Annotated video clip
Annotated video clip presents the intended strategy as recorded during the planning task.

If the video display is too small, please follow the link: hitps.eww voutube comiwatch?
¥=_Gt4bcY2f4M

hite:/voutube comiwatch?y=6t4bCY 2t

9. On a scale from 1({lowest) - 5 (highest), please rate the format for each of the following
aspects. *
Mark only one oval per row.

1 2 3 - 5
Ease of understanding_ ) ) ) )} )
Usefulness (& 06 =X 6 20
Overall score Gk O K oK)

9. Storyboard

In the storyboard, a combination of representation formats is employed, formulating a step by step
guide for the specific inspection planning task.
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tsuch, 27575501, 33674, BAPS, 0961425, 0272664, 0, 914617
Jeudh, I8, A2 9038 10 B34S, B 495, 0 351281 0932472,0, 950583
cach, 39 LEA, AT A%, RS, 099573, 0.092168,0, 344817

Time (sec) IDEF Inspection plan Text
par wigamert beatore planel 4 5004 250 92,32 14173 10001 2
» Yewh. 0, 10 005, 236543, 165, 0.0, 1. 22,1333 Pcad coveiodt
teuch, 1, 3500, (2862, 19.5,0,0, 1, 2025 ‘“";"‘m”m““‘
Teuch, 2, 65 09, ST ESTL 1835,0,0, 1, 29.5587
art igrraert buatiam 201, 857,493, 07,32 1667,2 soit Frate lieed ac part
31 fouch, 5,996, 0, 10,005, 0, 1.0, 335333 ol grevet feeture uieg
et 4 6A T4 0 1000501 0 a0 ol with  paees
” , | Bart shgrmers tnatiamsoecs 10,86.65,0 57.27 053, 3 mall :"’"";"::::’:;‘
feuek. 5 0 349067 K 495,00, 0 58 916) v
tocid with 3 e
1497300
e pasto > 7 - A os pestion tekeanos b
a2 TS Py 11 posticn, Sokacnce 83 55,164 TR 03743 00l 4 leal s
sl
daturm Seare 5 el 7 00 -104 720 97,43 7083 toall
sl teuch, 6, 10,003, 238533, 183, 0, 0, 1. 34,9987
ek, 7, 10,005, 513639, 185, 0,0, . 475033
Jeuch, B 0015, 61801, 13.5,.0, 0, 1, 33 5933 Proke chese? o datirs
a3 m Teuch, 9,55 05, 66,7739, 18.5,0,0, 1L 43 5167 Toatine uikng tosL with
 touchen| seuch, 10,00.09%, 338647, 1R%,0,0, 1, 51.8 Pty
teuh, 11,6506, 23 6125, 365, 0, 0,1, 5285
untl| ek, 12.56.065, 85657, 185,00, 1,519
toaxch, 13, 20015 AB319,389,0,0,1,550%
o3 |
| daturn Seanure Slaned 5 14106 271 06,57 3 4 resil
Jeuch, 14,99, 0,15 01, 0, -1.0, 39,6167 Proe clesed m detirs
57 dntumtenire | | Tewh, 15,6474, 0. 10,0058, 1. 0L 61 4657 Tearuee wing roRt with &
4tocches o0k, 16,65.72,0,50, t28m1 parts
| Teuh, 17.18.005, 0.5.0,1,0, 64 8567
el |
et
datuen feotuve ploned 7 421033100, 66 9333 & 10w )
Teuch, 13,0, 60 1132, 13 5,-1,0, 0, 70 432 Frake shaed 2 datine
66 —— fourh, 19,0,9. 97333, 13.5.-3,0, 0, T2 1833 Fratire uing tockl with 4
ghiege ek, 20,09 973323 895, -1, 01 0. 74 5083 oot
feuch, 21,0, 84.0367,1.205, -1, 0,0, 78273
irneecton Sestyrecybeder 2 5104750 9379 41674 roott
feuc, 22, 192451, 579823, 11.5,0, 3,0, 85,2533
teuch, 23,579, 1745, 135, 0. 9955, 009225, 001137, 84 4327
1600k, 24, 9246, 16,9977, 13 5, 01537, 0 2028,0 01732, 967563 | Prove oinder) st npection
7 teueh, I3 L.LETT, 345735, 133, 0 BI91E3, -0.443758, 0, 334063 feature uang sl with 8
8 1ouches] Teuch, 26, 39464, 57 9103, & 495, 0 143740, 0 QA6 0.93095 | pairme

10. On a scale from 1(lowest) - 5 (highest), please rate the format for each of the following

aspects. *
Mark only one oval per row.

Usefulness
Overall score

Combination of formats

Please select just two of the following formats that you believe they could be combined together to

provide the best representation of the planning strategy.
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i Tick all that apply.
|:| Inspection plan
|:| Tactical planning activity trajectory
|:| Groups of planning activity trajectory
|:| Strategic planning sequence
|:| Inspection path
[ ] IDEFO diagrams
[ ] Textinstructions
|:| Annotated video clip
[ ] storybaard

Feedback

Please provide your feedback and comments about the presented inspection planning strategy and
knowledge formats.

Thank you for your participation.

12

Powered by
h Google Farms
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Appendix B.2 Inspection planning strategies questionnaire

CMM inspection planning survey

This survey constitutes part of a research project about CMM inspection planning and investigation of
different formats to represent a strategy for analysis and comparison, future reuse as well as training of
novice CMM planners.

In this survey, you will have to suggest two measurement strategies (inspection plans) for two
components as if it would be to measure these on a computer controlled CMM. Major aim of this part is
to identify and compare the different considerations and strategies followed by CMM programmers for
inspecting a component.

*Required

1. How many years of CMM programming experience do you have? *
Mark only one oval.

0-2 years
2-5 years
5-10 years

over 10 years

1) Measurement strategy for component 1

Please describe shortly the steps you would follow in order to measure the following part with a
CMM/touch trigger probing system, by stating the datums and features you would probe and in what
order:

Please add also some reasoning for the strategy followed, for example (shortest measurement time,
shortest probe travel distance, tightness of tolerances, etc.).

For image in larger size please follow the link: hitp://imageupload.co.uk/image/4vuh
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face A
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2. Inspection plan *

2) Measurement strategy for component 2

Please describe shortly the steps you would follow in order to measure the following part with a

CMM/touch trigger probing system, by stating the datums and features you would probe and in what
order:

Please add also some reasoning for the strategy followed, for example (shortest measurement time,
shortest probe travel distance, tightness of tolerances, etc ).

For image in larger size please follow the link: fttp//imageunload co uk/image/dvuh
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3. Inspection plan *

‘hole Bidatum F

face Bidatum D

left face/datum C

“front face/datum B

|
face Aidatum A
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Appendix B.3 Pattern Detection Tool (PADET) algorithm

function varargout = code (isRandomM, N, ignoreOrder, minAppear)
$% Handling inputs:
if nargin < 1
% Should we generate a random matrix, or use a hardcoded default?
isRandomM = false;
end
if isRandomM && nargin < 2
% Number of columns.
N = 9;
end
if nargin < 3
% When this flag is true, [1 2 3] is considered the same as [3 1 2] etc.
ignoreOrder = true;
end
if nargin < 4
$ The minimal frequancy needed to be plotted in the histogram.
minAppear = 4;

end

%% Definitions:
R = 9;

MIN LEN = 4;

%% Setup:

if isRandomM
M = zeros(R,N) ;
for indl = 1:R
M(indl,:) = randperm(N,N);
end
else % the example from the question:

o

¢ Below strategies for component 1 - simple / experts

% M = uint8 (/[
1423658729
$12385¢6947
$1234975¢68
$123496587
$123495¢678
$1234956287
$178569432
$12749385¢6
$1276853429
$132495¢678
$12375¢68429
$1 32495687
$123496587
s 1)

% Below strategies for component 2 - complex / experts
M = uint8([
1234586729
123679854
1234568729
123498657
1234567829
142356897
1234569738
123478¢69°5
1245768329
158679234
123895764
123456897
1234567829
1)
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[R,N] = size (M),
end
%% Populate the "row-chopping" indices:
allldx = cell (N-MIN LEN+1,1);
for indl = MIN LEN:N
allldx{indl-1} = (l:indl) + (0:N-indl).';
end
%% Extract sequences from every row according to the indices:
S = cell((N-1)*R,1);
if ignoreOrder
for indl = 1:R
idx = (1:N-1) + (N-1)*(indl1-1);
S(idx) = cellfun(@(x){sort(reshape (M(indl,x."'), size(x,2),[])."',2)}, allldx);
end
else
for indl = 1:R
idx = (1:N-1) + (N-1)*(ind1-1);
S(idx) = cellfun(@(x){reshape(M(indl,x."'), size(x,2),[])."}, allldx);,
end
end
S = cellfun(@(x)numZcell (x,2), S, 'UniformOutput', false); S = vertcat(S{:});

%% Analyze the output:
md5 = string(cellfun(@GetMD5, S, 'UniformOutput', false));
[~,ia,ic] = unique(md5, 'stable'); uS = S(ia);
N = histcounts(ic, 'BinMethod','integers');
%% Show chart:
f = find (N >= minAppear); % ignore combinations that appear less than a threshold
figure(); hB = bar(N(f)); hB.Parent.XTickLabelRotation = 45;
hB. Parent.XTickLabel = string(cellfun(@matZstr, uS(f), 'UniformOutput', false));,
hB.Parent.XTickLabel
xticks([1 2 3 4 5 6]); 57 8 9 10
title('Part 2 - Experienced patterns (4 app/4 length)');
saveas (gcf, 'exp partl new 4 app 4 len.png')
%% Assign outputs:
if nargout > 0

varargout{l} = M;
varargout{2} = S;
varargout{3} = ic;

end
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Appendix B.4 Strategies comparison algorithm

function [V,v] = EditDistance(stringl,string2)

% Edit Distance is a standard Dynamic Programming problem. Given two strings sl and s2,
the edit distance between sl and s2 is the minimum number of operations required to
convert string sl to s2. The following operations are typically used:

Replacing one character of string by another character.

Deleting a character from string

Adding a character to string

Example:

sl='article'

s2="ardipo'

EditDistance (sl1,s2)

> 4

you need to do 4 actions to convert sl to s2

replace(t,d) , replace(c,p) , replace(l,o) , delete/(e)

using the other output, you can see the matrix solution to this problem

do do oo oo oo do oo do oo oo do oo

m=length (stringl);

n=length (string2) ;

v=zeros (m+1,n+1);

for i=1:1:m
v(i+l,1)=1i,;

end

for j=I1:1:n
V(l/j+l)=j/'

end
for i=I1:m
for j=I:n
if (stringl (i) == string2(j))
v(i+l,j+1)=v(i,7) 7
else
v(i+l,j+1)=1+min (min(v(i+1,7),v(i,3+1)),v(i,F));
end
end
end
V=v (m+1,n+1);
end
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Appendix C

Appendix C.1 Knowledge representations Pilot study results - Raw data

1. Inspection plan 2. Tactical activity graph 3. Groups planning activity 4. Strategic sequence of features
Ease of Ease of
years of CMM Ease of Ease of understan Usefulnes Owerall understan Usefulnes
programming experience understanding Usefulness Owerall score understanding Usefulness  Overall score ding s score ding s Owerall score
5-10 years 3 3 3 3 3 3
5-10 years

N

ower 10 years
ower 10 years
over 10 years
2 -5years
over 10 years
over 10 years
ower 10 years
ower 10 years
over 10 years
ower 10 years
ower 10 years
ower 10 years
over 10 years
5-10 years
ower 10 years
0 - 2 years
ower 10 years
ower 10 years 2 1 1 1 1 3
average 2.6 2.2 2.25 2.45 2.15 2.3 2.25 2.05 2.1 3.05 2.6 2.7
standard deviation 1.187655807 1.0052494 1.01954582  1.35627198 1.26802789 1.21828179 1.208522 1.190975 1.165287 0.998683 0.820783 0.92338052

N P WERE AMDBMNREOWDMDIDWWRERNONNPR
N P W EFE, ADNMNNEDNMNDNDWODNMWW™APEP®WEREPRP
P W EFE A ONEPEDNDMNNDNWWWWDPRPDNPRP P
N W EFE D WOWNWDDAPRPWER®WNOORERERERO
P WkFRr AP ®WWDRARPRNEREONOGRPRRPRN
P N WERE BNWWREPRPNEONOORPRPRP®W
W W EFEr ADNNMNPMMNOEREPAMPNPEPE MNP PP O®W
N WERE MR WNWERNRWRDMRPRRRPRPRPROW®
P NDNWEREr MNP WO WORLPNEPED™MPRPRPEPDND®
N W N BAEDNWSMBENDOOWRD WD OWERENWDS
NN WNBEDNDNWOWNDMNWWRAEWWWNEDNDS
NN WNDBENOWEDNMNNWWRAEWW®WPRP P W
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5. Inspection path 6. IDEFO 7. Text instructions 8. Annotated video clip 9. Storyboard

Ease of Ease of Ease of Ease of Ease of
years of CMM understan Usefulnes Overall understan Usefulnes Overall understan Usefulnes Overall understan Usefulnes Overall understan Usefulnes Overall
programming experience ding S score ding S score ding S score ding S score ding S score
5-10 years 3 3 3 4 2 3 4 3 3 4 4 4 3 3 3
5-10 years 2 2 1 1 1 1 4 3 3 3 2 2 2 2 2
ower 10 years 1 1 1 1 1 1 2 1 1 3 3 3 1 1 1
ower 10 years 1 1 1 1 1 1 3 2 2 1 1 1 1 1 1
ower 10 years 2 2 2 1 1 1 1 1 1 1 1 1 3 3 3
2 - 5years 5 5 5 3 3 3 5 5 5 5 5 5 3 4 4
over 10 years 2 2 2 4 4 4 4 4 4 4 2 3 4 4 4
over 10 years 3 4 3 2 3 3 3 2 3 3 2 3 3 4 4
ower 10 years 3 1 2 1 1 1 4 4 4 3 3 3 2 2 2
ower 10 years 5 4 4 3 2 2 3 1 1 2 1 1 4 2 3
ower 10 years 1 2 1 2 1 1 5 4 4 5 5 5 5 4 4
ower 10 years 3 3 3 4 3 3 3 2 2 4 3 3 4 4 4
ower 10 years 5 4 4 1 2 1 1 4 3 4 1 2 4 4 4
ower 10 years 4 3 3 3 3 3 4 4 4 3 2 2 4 3 4
ower 10 years 2 2 2 4 2 2 4 1 2 3 1 1 3 1 1
5-10 years 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
ower 10 years 1 1 1 1 1 1 3 3 3 2 2 2 2 2 2
0-2years 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
ower 10 years 2 3 2 2 2 2 2 2 2 2 2 2 2 2 2
ower 10 years 1 1 1 1 1 1 2 2 2 2 2 2 3 3 3
average 2.65 2.55 2.4 2.3 2.05 2.05 3.2 2.75 2.8 3.05 2.45 2.6 3 2.8 2.9
standard deviation 1.386969 1.234376 1.231174 1.260743 1.050063 1.099043 1.151658 1.251315 1.151658 1.145931 1.276302 1.231174 1.076055 1.105013 1.11921
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Appendix C.2 Usability study and SUS Ratings average and

standard deviation

Table C 1 Average and Standard Deviation values — SUS Ratings, Sub-groups (Set 1)

Groups (Set 1) N | Average SD
Trial Novice 10 75 10.7819
Online Experienced | 74 69 11.5411
All participants 84 70 11.6016

Table C 2 Average and Standard Deviation values — SUS Ratings, Sub-groups (Set 2)

Sub-groups (Set2) [ N | Average SD
Trial Nov. 10 75 10.7819
OnlineJun. 11 73 10.7949
OnlineInt. 20 66 11.0286
Online Sen. 18 65 11.3923
Online Exp. 25 73 11.6255
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Appendix C.3

Part 1 - Plan 7 part programs:
IPaCK output

. IPaCK_Plan7_Part_1_CMM_program.txt - Notepad

Eile Edit Format YView Help
WMODE/PROG MAN

$$<MEAS_PLANE name = "Plane1">
MODE/PROG MAN
F(Planet)=FEAT/PLANE,CART,53.052,50.2274,30,0,0,1
MEAS/PLANE,F(Planet),4
PTMEAS/CART,62.061,12.5,0
PTMEAS/CART,14.013,53.4382,0
PTMEAS/CART.49.048,89 42310
PTMEAS/CART,S7.086,45.5483,0]

ENDMES

$$<MEAS_PLANE = Planei>

GOTOICART,87.086,45.5483,2
GOTO/CART.49.5055,-4,0.0189991

$5<MEAS_PLANE name = "Plane2">
MODE/PROG,MAN
F(Plane2)=FEAT/PLANE,CART,48.5165,0,14.3467,0,-1.0
MEAS/PLANE F(Plane?),3
PTMEAS/CART,49.5055,0,-9.981
PTMEAS/CART,84.1209,0 -17 989
PTMEAS/CART,11.9231,0,-18.99

ENDMES

$S<MEAS_PLANE = Plane2>

GOTO/CART,11.9231,-2,1.01
GOTO/CART.-4,78.1868,2.01

$$<MEAS_PLANE name = "Plane3">
MODE/PROG MAN
F(Plane3)=FEAT/PLANE,CART,0,49.5055,12.011,-1,0,0
MEAS/PLANE F(Plane3),3
PTMEAS/CART,0,78.1868,-17.989
PTMEAS/CART,0,48.5165,-9.981
PTMEAS/CART,0,21.8132 -25.997

ENDMES

$$<MEAS_PLANE = Plane3>

GOTO/CART-2,21.8132 -25 997
GOTO/CART,15.738,20.9616,-25.997

$$<MEAS_CYLNDR name = "Cylinder1">
WMODE/PROG, MAN

F(Cylinder!)=FEAT/CYLNDR INNER CART,15.6842,16.2445,14.1798,0,0,1 20

MEAS/CYLNDR F(Cylinder1) &
PTMEAS/CART 15.9227 24 9573 25 997
PTMEAS/CART.24.3247,11 3876,-22.994
PTMEAS/CARTE 17027, 13.1625.-21 903
PTMEAS/CART.Y.73668 23.5022,-8.98
PTMEAS/CART 23 9516 19 4574..7.979
PTMEAS/CART 15 5,6 978

ENDMES

$$<MEAS_CYLNDR = Cylinder1>

GOTO/CART,15.0924,6.99787 3.022
GOTO/CART.83.7151,20.8681,2.001

Part 1 - Part programs (Plan 7)

CE Johansson CMM - Modus 1.1

File Edit Format View Help

$$<MEAS_PLANE name = "PLN001">
MODE/AUTO,PROG MAN

F(PLNOO1)=FEAT/PLANE CART,30.62,53.973 -0.004,0,0,1
MEAS/PLANE, F(PLNOO1),4
PTMEAS/CART,59.722,13.28,-0.006 -0.0476,-0.0487,0.9977
PTMEAS/CART,12.196,57.331,0.006 -0,0.00086, 1
PTMEAS/CART,46.992.91.356 -0.01,-0.0004,0.0008,1
PTMEAS/CART,85.884,51.953,0.009,0.0006,0.0002,1
ENDMES

$8<\MEAS_PLANE = PLNO01>

GOTO/CART,52.678,-18.158,23.268

$8<MEAS_PLANE name = "PLN002">
MODE/AUTO,PROG MAN
F(PLNO02)=FEAT/PLANE CART,52 632,-0.006 -17.081,0 -1 -0
MEAS/PLANE, F(PLN002),3

PTMEAS/CART 51.176,-0.014 -5 254 0.0977 -0.9952,0.0005
PTMEAS/CART,S7.366,0.004,-22.984,-0.019,-0 9998,0.0005
PTMEAS/CART,19.178.-0.018,-23.003,0.0996 -0.995.0.0008
ENDMES

$8<IMEAS_PLANE = PLN00Z>

GOTO/CART,22. 187 -16.471,18.453
GOTO/CART-18.461,19.948,16 427

$$<MEAS_PLANE name = "PLN003">
MODE/AUTO,PROG MAN

F(PLN003)=FEAT/PLANE, CART,0.002,47.214 -16.719,-1,-0,0.001
MEAS/PLANE, F(PLN003).3

PTMEAS/CART,0.002,12.935,-21 715,-0.9998.0.0187,-0.0003
PTMEAS/CART,0.014 47 11,-6.185 -0.9998,0.0184,0
PTMEAS/CART,.-0.011,81.542,-22 255 -0.9998,0.0187,0.0003
ENDMES

§3<IMEAS_PLANE = PLN003>

GOTOICART.-15.845,9.349,26 058

DATDEF/FA(PLN002), DAT(A)
DATDEF/FA(PLN003), DAT(B)
DATDEF/FA(PLNO04), DAT(C)
D(PartAlign)=DATSET/DAT(A) ZDIR ZORIG, DAT(B),-YDIR YORIG,DAT(C) XORIG

GOTOICART,15.465,14.888,13.298

$$<MEAS_CYLNDR name = "CYLO01">
MODE/AUTO,PROG MAN
F(CYLOO1)=FEAT/CYLNDR INNER CART, 14 997,15.009 -14.061 -0.001 -0.001 -1,20.003
MEAS/CYLNDR F(CYL001),6
PTMEAS/CART, 15.672,24 976 -23 513.-0.0189,-0.9998 -0.0005
PTMEAS/CART 21.017,7.147 -23 508 -0.2339,0.9722.-0.0009
PTMEAS/CART,7.114,8.835,-23.513,0.7866,0.6174,0.0011
PTMEAS/CART, 11.276 24 296 -4 621,0.3846 -0.9231,0.0019
PTMEAS/CART,23.724,10.648 -4 602,-0.3898,0.9209,0.0007
PTMEAS/CART6.184,10.31 -4.61,0.9158,0.4015,0.0025
ENDMES

$$<WEAS_CYLNDR = CYLOO1>

T(CYLOO1 TruePos)=TOLIPOS 2D,0.15 RFS DAT(B) RFS, DAT(C) RFS
OUTPUTIFA(GYLO01), TA(CYLOO1 TruePos)

GOTOICART,13.008,14.494 18 657
GOTOICART,87.15,13.262,18 683
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$$<MEAS_CYLNDR name = "Cylinder2">
MODE/PROG MAN
F(Cylinder2)=FEAT/CYLNDR INNER CART,84.9262,14 5241,14 299 0,0,1,20
MEASICYLNDR,F(Cylinder2).7
PTMEAS/CART,83.1625,24.8297 -27.999
PTMEAS/CART,77.6099,8.26304,-19.991
PTMEAS/CART,91.0263,7.01983,-18.99
PTMEAS/CART,91.0263,22.9802,-13.985
PTMEAS/CART, 76.4978,20.2643 -11.983
PTMEAS/CART,80.5426,6.04837,-10.982
PTMEAS/CART,94.6183,12.2634,-5.977
ENDMES

$$<MEAS_CYLNDR = Cylinder2>

GOTO/CART92.6714,12.7213 -0.976999
GOTOICART,35.8537,29,3.002

$$<MEAS_PLANE name = "Plane4">
MODE/PROG,MAN
F(Plane4)=FEAT/PLANE,CART,53.4147,25,19.003,0,1,0
MEAS/PLANE, F(Planed) 3
PTMEAS/CART,35.8537,25,-11.998
PTMEAS/CART,58.2927,25.-14
PTMEAS/CART,66.0976,25,-6.993

ENDMES

$§<MEAS_PLANE = Plane4>

GOTOICART,66.0976,27,3.007
GOTOICART,29,63.1707,2.001

$$<MEAS_PLANE name = "Plane5">
MODE/PROG,MAN
F(Plane5)=FEAT/PLANE,CART,25,50.813,18.3357.1,0,0
MEAS/PLANE, F(Planes),3
PTMEAS/CART,25,63.1707,-12.999
PTMEAS/CART,.25,54.3902.-7.994
PTMEAS/CART, 25,34 878 -14

ENDMES

$§<MEAS_PLANE = Plane5>

GOTO/CART,27,34 878,14
GOTO/CART,31.9512,71,-7.994

$$<MEAS_PLANE name = "Plane6">

MODE/PROG,MAN
F(Plane6)=FEAT/PLANE CART 46 5854 75 21 6723,0.-1,0
MEAS/PLANE F(Planef)3

PTMEAS/CART 31951275 .7.994
PTMEAS/CART,45.6098.75,-11.998
PTMEAS/CART62.1951,75,-4.991

ENDMES

$$<MEAS_PLANE = Plane6>

GOTO/CART,62.1951,73,0.00900078
GOTO/CART50.3701,55.9957 1

$$<MEAS_CYLNDR name = "Cylinder3">

MODE/PROG,MAN
F(Cylinder3)=FEAT/CYLNDR INNER, CART, 49 905 50 4307,13.558,0,0,1,19.9999
MEAS/CYLNDR, F(Cylinder3), 11

PTMEAS/CART,50.9227 59 9573 -26.998

PTMEAS/CART,40.1703,51.8375,-27 999

PTMEAS/CART 54 4574,41.0484 -29
PTMEAS/CART,59.9573,50.9227 -24 996
PTMEAS/CART,50,60,-17.989
PTMEAS/CART,40,50.-15.987
PTMEAS/CART,52.7366,40.3817,-13.985
PTMEAS/CART,59.6183,52.7366,-6.978
PTMEAS/CART, 43 9737 57.9802,-6 978
PTMEAS/CART 40.3817 47 2634, -4 976
PTMEAS/CART,56.737,42.6008,-4.976
ENDMES

$8<MEAS_CYLNDR = Cylinder3>

Figure C2. 1 Part programs — Part 1, Plan 7

$§<MEAS_CYLNDR name = "GYL002">
MODE/AUTO PROG MAN
F(CYLOO2)=FEAT/CYLNDR INNER, CART 85,15 011 -14 345 0.002 -0 001 -1,19 983
MEASICYLNDR F(CYL002), 7

PTMEAS/CART 85 993 24 938 -22 08 -0 0189 -0 9998 0 0008
PTMEAS/CART,77.461,8.528,-22.08,0.9054,0.4246,0.0015
PTMEASI/CART,93 82,10 509 22 076,-0 9994,0.034 0 002
PTMEAS/GART,91.42,22 67,-5.613,-0 6413, -0.7673,-0.0004
PTMEAS/CART, 77 27921 035 -6 62,0 9998 -0 0187,0 002
PTMEAS/GART,81.078,5.904,-6.616,0.0199,0.9998 0.0025
PTMEAS/CART 89 917 6 283 -4 763 -0 4556 0 8302 -0 0003
ENDMES

$$<WIEAS_CYLNOR = CYL002>

T(CYL00ZTruePos)=TOL/IPOS 2D, 0 15 RFS FA(CYLO01) RFS
QUTPUT/FA(CYL002) TA(CYLO0ZTruePos)

GOTOICART,87 266,11 593,22 404
GOTO/CART,54.675,30.543,13.095

$$<MEAS_PLANE name = "PLNO04">

MODE/AUTO PROG, MAN
F(PLNOD4)=FEAT/PLANE,CART,51.777,24.982,-8.75,0,1,-0.001
MEAS/PLANE F(PLNO04),3
PTMEAS/CART,38.201,24.981,-10.132,0.0199,0.9998 0.0008
PTMEAS/CART 53 092,24 987 -5 206,0 0199 0 9998 00009
PTMEAS/CART,63 851,24 98 -10 917 -0 0408,0.9992 0 0005
ENDMES

$5<IMEAS_PLANE = PLN0O4>

GOTOICART63 675,29 049,18 333
GOTOI/CART,28.884,53.018,18.314

$$<MEAS_PLANE name = "PLNO0S">
MODE/AUTO PROG MAN
F(PLNODS)=FEAT/PLANE,CART,24.981,48.379,-8.954,1,-0,-0
MEAS/PLANE F(PLNO0S),3
PTMEAS/CART,24.967,62.224,-11.436,0.9998 -0.0187,0.0003
PTMEAS/CART, 24 981 48 4 -5 395 09998 -0 018 0 0016
PTMEAS/CART, 24 975 34 569 -10.034,0 9998 -0.019,0 001
ENDMES

$5<IMEAS_PLANE = PLNO05>

(PLN00SPerpend)=TOL/PERP,0 15 RFS FA(PLNO04) RFS
OUTPUT/FA(PLNO0S), TA(PLNOOSPerpend)

GOTOJ/CART,29.026,34.499,25.918
GOTO/CART,49.685,73.314,17.369

$$<MEAS_PLANE name = "PLN00G">

MODE/AUTO PROG, MAN

F(PLNOOB)=F EAT/PLANE CART,48 857,75 003 -5 956,0,-1,0.001
MEAS/PLANE, F(PLNOOB),3

PTMEAS/CART,33 287,75 002 -3 366 -0.0196,-0 9998 0.0001
PTMEAS/CART,50 846,74 96 -10.762,0.0701,-0.9624,0 2623
PTMEAS/CART,62 409.75.01,-3 995 -0.0189,-0.9998,0.0001
ENDMES

$$<\MEAS_PLANE = PLN0O6>

T(PLNO0BParallel)=TOL/PARLEL 0 2 RFS FA(PLN004), RFS
OUTPUT/FA(PLN006), TA(PLNOOBParallel)

GOTOICART,62.322,70.961,21.144
GOTO/CART,46.29,49.153,21.143

$$<MEAS_GYLNDR name = "CYL003">

MODE/AUTO PROG, MAN
F(CYLO03)=FEAT/CYLNDR INNER CART,49 979,50 011 -20.056,0.001,0,-1,19.988
MEAS/CYLNDR F(CYL003),11

PTMEAS/CART,50 423,59 99 -23 107 -0.0189,-0 9898,0.0015
PTMEAS/CART,39 991,50 47 -23.108,0.9998 -0.0187,0.0016
PTMEAS/CART,48.905,40.094,-23.102,-0.0304,0.9995,-0.0005
PTMEAS/CART,59.958,49.35,-23.101,-0.9998,0.0193,0.001
PTMEAS/CART,52 789,59 53 -13 961,0.0632,-0.998,0 0015
PTMEAS/CART,40 367 52 637 -13. 962,0.9998 -0 0187,0.001
PTMEAS/CART,50.142,40.01,-13 958 0.0192,0 9998,0 0012
PTMEAS/CART,50 277,46 451 -13 344 -0 9998 0 0193 0.001
PTMEAS/CART,45 777,59 074 -6.021,0 4447 -0.8957,0.0016
PTMEAS/CART,43 915,42 116,-5.016,0.3741,0 9274,-0 0004
PTMEAS/CART,59.968,50.791,-5.013,-0.9998,0.019,-0.0003
ENDMES

$$<IMEAS_CYLNDR = CYL003>

T(CYL003TruePos)=TOL/POS 2D 0.15 RFS, FA(PLNO04) RFS FA(PLNOO5) RFS
OUTPUT/FA(CYL003), TA(CYLO03TruePos)

GOTOICART,53.929,50.91,21.688
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Appendix C.4

Part 2 — Plan 8 part programs:

Part 2 - Part programs (Plan 8)

IPaCK output CE Johansson CMM — Modus 1.1

File Edit Format View Help
MODE/PROG,MAN

$$<MEAS_PLANE name = "Plane1">
MODE/PROG,MAN
F(Plane1)=FEAT/PLANE,CART,59.2052,0,16.6823,0,-1,0
MEAS/PLANE F(Plane1),3
PTMEAS/CART,116.225,0,-17.979
PTMEAS/CART,25.8278,0,-13.975
PTMEAS/CART,65.5629,0,-37.999

ENDMES

$$<MEAS_PLANE = Plane1>

GOTO/CART 65.5629,-2,17.001
GOTO/CART.-4,31.8408,15.029

$$<MEAS_PLANE name = "Plane2">
MODE/PROG,MAN
F(Plane2)=FEAT/PLANE, CART,0,88 2256,12 3447 -1,0.0
MEAS/PLANE,F(Plane2),3
PTMEAS/CART,0,31.8408,-9.971
PTMEAS/CART,0,188.06,-35.997
PTMEAS/CART,0,44.7761,-36.998

ENDMES

$§<MEAS_PLANE = Plane2>

GOTO/CART,-2,44.7761,3.002
GOTO/CART,8.007,13.9303 4

$$<MEAS_PLANE name = "Plane3">
MODE/PROG,MAN
F(Plane3)=FEAT/PLANE,CART,32.3647,101.37,40,0,0,1
MEAS/PLANE F(Plane3) 3
PTMEAS/CART,8.007,13.9303,0
PTMEAS/CART,80.079,100.13,0
PTMEAS/CART,9.008,190.05,0

ENDMES

$$<MEAS_PLANE = Plane3>

GOTO/CART,9.008,190.05,27
GOTO/CART,50.7839,39.0433,27.016

$$<MEAS_CYLNDR name = "Cylinder1">
MODE/PROG,MAN

F(Cylinder1)=FEAT/CYLNDR INNER CART,49 7295 45 4182 34 008,0,0,1,20

MEASICYLNDR, F(Cylinder1),8
PTMEAS/CART 50 9802 35.0482,2 016
PTMEAS/CART,55 5557 53 3147 -1.988
PTMEAS/CART 40 430642 0972,-0.987
PTMEAS/CART,50.9802 54 9518 -12.999
PTMEAS/CART,G0,45,-12.999
PTMEAS/CART 40 4306 42 0972,-8.995
ENDMES

$$<MEAS_CYLNDR = Cylinder1>

GOTO/CART 42.3707,42.5831,16.005
GOTO/CART,81.5781,106,16.005

File Edit Format View Help

$3<MEAS_PLANE name = "PLN001">

MODE/AUTO PROG, MAN
F(PLNO01)=FEAT/PLANE, CART,5 99,0 004,-15 592, -0 -1 -0
MEAS/PLANE, F(PLNO01) 3
PTMEAS/CART, 115 964 -0.001,-15 153 -0.0075 -1,0.0005
PTMEAS/CART 20 758,0 003 -6 992 -0 0078,-1,0.0015
PTMEAS/CART 59 498.0 008 -24 636,-0.0071 1,0 0015
ENDMES

$$<\WEAS_PLANE = PLN0O1>

GOTO/CART,59.432,-4.054,42.026]
GOTO/CART,-20.273,21.902 41.986

$S<MEAS_PLANE name = "PLN00Z">

MODE/AUTO PROG,MAN
F(PLN002)=FEAT/PLANE, CART0.006 67 671,-21.069,-1 0,0
MEAS/PLANE, F(PLND02) 3
PTMEASICART,0.017,44 659 10.683 -1,0.0075,0.0009
PTMEASICART.-0.015,138.826,26.308,1,0.0075,-0.0004
PTMEASICART.-0.003 19,322, 26 214, 0 9809,0.1844,0.0002
ENDMES

$3<WIEAS_PLANE = PLN002>

GOTO/CART -4.01,20.111,15.235
GOTO/CARTE.101,9.692,15.239

$$<MEAS_PLANE name = "PLN003">

MODE/AUTO PROG,MAN
F(PLNO03)=FEAT/PLANE,CART,20.831,121.998,-0.001,0,-0,1
MEAS/PLANE, F(PLN003),4

PTMEAS/CART,6.963,5.849 -0.004,-0.0005,-0.0003, 1
PTMEAS/CART,2.72,194.21,0.004,-0.0002,-0, 1
PTMEAS/CART,82.813,195.937,-0.003 -0.0005,-0,1
PTMEAS/CART,73.765,6.152,0.005,0.0002,0.0003,1
ENDMES

$8<WWEAS_PLANE = PLN003>

DATDEF/FA(PLNOD3), DAT(A)
DATDEF/FA(PLNOO1), DAT(B)
DATDEF/FA(PLN00Z2), DAT(C)
D(2)=DATSET/DAT(A) ZDIR ZORIG, DAT(B) -YDIR YORIG, DAT(C) XORIG

GOTO/CART,73.748,6.151,34.904
GOTO/CART,49.226,47 83,34 893

$$<MEAS_CYLNDR name = "CYL001">

MODE/AUTO PROG,MAN
F(CYL001)=FEAT/CYLNDR,INNER, CART,50.084,44.958 -4.35,0.001,0,1,19.945
MEAS/CYLNDR,F(CYL001),6
PTMEAS/CART,49.146,35.039,1.076,0.0084,1,0.0014
PTMEAS/CART,59.427,48.355,1.081 -0.8297,-0.5582,0.0012
PTMEAS/CART,43.143,51.995,1.074,0.9234,-0.3839,0.001
PTMEAS/CART,49.366,54.902,-9.78,-0.0075,-1,0.0015
PTMEAS/CART,58.148,39.129 -0 774 -0.6702,0.7422,-0.0005
PTMEAS/CART,41.33,40.237 -9.783,0.9701,0.2428,0.0008
ENDMES

$3<WEAS_CYLNDR = CYL001>

T(CYLO01TruePos)=TOL/POS 2D,0 1, RFS, DAT(B),RFS, DAT(C),RFS
OUTPUT/FA(CYLOD1), TA(CYLOD1 TruePos)
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GOTOICART 42.3707 42.5831,16.005
GOTOICART,81.5781,106,16.005

$8<MEAS_PLANE name = "Plane4"=

MODE/PROG,MAN

F(Plane4)=FEAT/PLANE ,CART65.812,110,49.3417 0,-1,0
MEAS/PLANE F(Plane4),3
PTMEAS/CART,81.6781,110,6.005

PTMEAS/CART 56.4516,110,20.019
PTMEAS/CART,29.4062,110,2.001

ENDMES

$8<MEAS_PLANE = Plane4>

GOTOICART,29.4063,108,17.001
GOTOICART,16,133.846,20.019

$$<MEAS_PLANE name = "Plane5">

MODE/PROG,MAN
F(Plane5)=FEAT/PLANE, CART,20,143 615,48 3407 -1,0,0
MEAS/PLANE F(Plane5) 3
PTMEASICART,20,133.846,20.019
PTMEASICART,20,122.373,3.002
PTMEASICART,20,174.627 2.001

ENDMES

$3<MEAS_PLANE = Plane5>

GOTOICART,18,174.627,27 001
GOTOICART,56.9071,117 662,30.017

$$<MEAS_CYLNDR name = "Cylinder2"=
MODE/PROG,MAN

F(Cylinder2)=FEAT/CYLNDR INNER,CART,54.4598,119.861,52.8432,0,0,1,14.000

MEAS/CYLNDR, F(Cylinder2),6
PTMEAS/CART,58.9765,114.239,20.017
PTMEAS/CART,55.8438,126.949,18.015
PTMEAS/CART,48.2034,118.325 21.018
PTMEASICART,57.4822,113.455,5.002
PTMEASICART,58.2531,126.198 5.002
PTMEASICART 48,120,8 005

ENDMES

$$<MEAS_CYLNDR = Cylinder2>

GOTOICART 49.9964,120.121,28 005
GOTOICART,79.6094 191,28.012

$$<MEAS_PLANE name = "Plane6">
MODE/PROG,MAN
F(Plane6)=FEAT/PLANE, CART 55 3282,187 48 3407,0,1,0
MEAS/PLANE, F(Plane6) 3

PTMEAS/CART, 79.6094,187,13.012
PTMEAS/CART,29.4062,187,10.009
PTMEASICART,56.9688,187,2.001

ENDMES

$$<MEAS_PLANE = Plane6>

GOTOICART,56.9688,189,27.001
GOTOICART,55.6022,179.956,30.017

$3<MEAS_CYLNDR name = "Cylinder3">
MODE/PROG,MAN
F(Cylinder3)=FEAT/CYLNDR,INNER,CART,54.1885,176.25,51.3417,0,0,1,14.000
MEAS/CYLNDR F(Cylinder3).6
PTWEAS/CART,55.8438,183.949 20.017
PTMEAS/CART,48.051,176.156,21.018
PTMEAS/CART,59.6419,171.76,17.014
PTWEAS/CART,61.7966,178.675,4.001
PTMEAS/CART,48.051,176.156,3
PTMEAS/CART,51.7469,170.802,3
ENDMES

$3<MEAS_CYLNDR = Cylinder3=

Figure C2. 2 Part programs — Part 2, Plan 8

GOTO/CART 45 251,41 327 47 199
GOTO/CART,57.179,99.598,47.208

$$<MEAS_PLANE name = "PLN004">
MODE/AUTO, PROG MAN

F(PLNO04)=FEAT/PLANE, CART,56.362,109.966,13.66,-0,-1,0.001
MEAS/PLANE F(PLN004) 3

PTMEAS/CART,79 087,109 96,7 65,-0.0071 -1,0 0012
PTMEAS/CART,55.253,109.976,23.167,-0.0071 -1,0.0009
PTMEAS/CART,21.768,109.964,10.163,-0.0068 -1,0.0005
ENDMES

$3<\MEAS_PLANE = PLN0D4>

GOTQICART 31.714,105 883,55 59
GOTO/CART, 3 26,149,735 55 576

$$<MEAS_PLANE name = "PLN005">
MODE/AUTO, PROG MAN
F(PLNOO5)=FEAT/PLANE CART20 094,144 79,11 376,-1.-0.-0
MEAS/PLANE F(PLN00S),3
PTMEAS/GART,20 095,134 26,18 839 -1,0 0082,0 0002
PTMEAS/CART,20 097,118 121 7.903 -1,0 0079,0 0009
PTMEAS/CART,20.083, 180.865,6.386,-0.9938,0.111,-0.0011
ENDMES

$S<WMEAS_PLANE = PLN005>

T(PLNOOSPerpend)=TOL/PERF,0.15,RFS, FA(PLNO04) RFS
OUTPUT/FA(PLNOOS), TA(PLNOOSPerpend)

GOTOI/CART, 16.023 181 319,40 355
GOTO/CART,57.15,120.254,39.447

$3<MEAS_CYLNDR name = "CYL002">
MODE/AUTO,PROG,MAN
F(CYLO002)=FEAT/CYLNDR INNER, CART,56 062,119 929 15 924 -0,0,1,13 926
MEAS/CYLNDR, F(CYL002) 6

PTMEAS/CART,B0 343, 115 502 22 448 -0 3889,0 917,0 0009
PTMEAS/CART,58.2,125.835,22.446,0.2116,-0.9774,0.0013
PTMEAS/CART,49 595, 115 641 22 442,0.7227,0.6911,0 0014
PTMEAS/CART,56 014,113 027 9 402,-0.0373,0 9993,-0 0002
PTMEAS/CART,59.459,125.332,8.404 -0.575,-0.8181,-0.001
PTMEAS/GART,48 49,122 072,9 397,1,-0.0072,0 0017

ENDMES

$3<WEAS_CYLNDR = CYL002>

T(CYLO02TruePos)=TOL/POS 2D,0.15 RFS, FA(PLN004), RFS, FA(PLNO0S), RFS
OUTPUT/FA(CYL002), TA(CYLO02TruePos)

GOTOICART, 52 641,122 039,45 752
GOTOICART 54 244,203 421, 45755

$$<MEAS_PLANE name = "PLN00&">

MODE/AUTO,PROG MAN
F(PLNOOG)=FEAT/PLANE, CART 56.587,186.902,13.269,-0,1,0.001
MEAS/PLANE, F(PLMO0B),3
PTMEAS/CART,83.642,186.909,9.681,-0.0087,1,0.0008
PTMEAS/CART,26.013,186.899,9.102,0.0084,1,0.0001
PTMEAS/CART,60.098,186.898,21.026,0.0081,1,-0.0005
ENDMES

$8<\MEAS_PLANE = PLN00G>

T(PLNOOGParallel)=TOL/PARLEL 0.15 RFS FA(PLNOO4) RFS
OQUTPUT/FA(PLNOOG), TA(PLNOOGParallel)

GOTO/CART60.12,190.963,41 057
GOTO/CART,55.505,176.27,41.055

$$<MEAS_GYLNDR name = "CYL003">

MODE/AUTO, PROG, MAN
F(CYLO03)=FEAT/GYLNDR INNER CART55 062,176.933,16 57,-0,0 001 1,13 911
MEAS/CYLNDR F(CYL003) 6
PTMEAS/CART 55 674,183 874,24 319 -0.0078 -1,-0.0004
PTMEAS/CART,49.213,173.018,24.314,0.848,0 5301,0.0004
PTMEAS/CART,60 787,173 298,24 319 -1.0.0079,0.0009
PTMEAS/CART,60.707,180.985,8.824,-0.7852,-0.6192,0.0006
PTMEAS/CART 49 361,172 959.8 818,0 764,0 6452,0 0014
PTMEAS/CART,58.976,171.215,8.822,-0.7297,0.6729,0.0011
ENDMES

$$<IMEAS_CYLNDR = CYL003>

T(CYLOD3TruePos)=TOL/POS, 2D,0.15, RFS,FA(PLNO03),RFS FA(CYL002) RFS
OQUTPUT/FA(CYLO03) TA(CYLO03TruePos)

GOTO/CART,55.916,173.945,62.045
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Appendix D Knowledge representations and questionnaire - Main study

Appendix D.1 Knowledge representations - Part 1

1. Inspection Plan + Tactical Planning Trajectory

Time Activity Geo/ID X Y z Tool otalpeint | J K
37 ZeroZ Plane1 Stylus1 4

44 Point 1 46.05 4808 30 0 0 1
47 Point 2 6308 4556 30 0 0 1
50 Point 3 8.007 4502 30 0 0 1
53 Point 4 47.05 9038 30 0 0 1
58 ZeroY Plana2 Stylus1 4

62 Point 5 1489 0 2002 0 40
66 Point 6 8511 0 25.02 0 1 0
69 Point 7 91.04 0 4003 0 1 0
" Point 8 1588 0 1 0 40
78 ZeroX Plane3 Stylus1 4

81 Point 9 0 9.945 26.03 10 0
85 Point 10 0 8412 24.02 A0 0
87 Point " 0 8412 6.005 10 0
£l Point 12 0 16.87  4.003 10 0
103 Tolerance Paosition

103 Datum Plane2 Stylus1 4

108  Datum Plane3 Stylus1 4

119 Inspection  Cylindert Stylus1 6

124 Point 13 9736 235 2402 06 1 0
126 Point 14 6.048 1054 24.02 09 05 0
128 Point 15 2496 14.08 26.03 1010
131 Point 16 1054 6048 2001 05 09 0
133 Point 17 2432 1861 2.001 08 0 0
135 Point 18 1054 2395 2.001 05 4 0
162 Tolerance Paosition

162  Datum Cylinder1 Stylus1 6

175 Inspection  Cylinder2 Stylus1 6

179 Point 19 85 25 2202 0 1 0
181 Point 20 7568 1139 2202 09 04 0
183 Point pal 93.95 1054 23.02 0904 0
186 Point 22 7761 8263 7.006 08 06 0
189  Point 23 6226 2462 5.004 03 1 0
192 Point 24 9462 1226 4.003 1020
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209 Tolerance Perpendicularity

227 Datum Planed Stylus1 6

241 Paint 25 4756 25  21.1 010
243 Point 26 88 25 27.1 0 10
245 Paint 27 6317 25 28.1 010
253 Point 28 70.52 2503 1899 011 0
256 Point 29 4561 25 19 0 10
253 Point 30 3585 25 18 0 10
297 Inspection Planes Stylus1 &

3 Point Ky 25 339 2501 1 00
303 Point 32 25 66.1 24.01 1 00
305 Point 33 25 4854 28.01 1 00
307 Point 34 25 3878 19 1 00
309 Paint 35 25 5244 18 1 00
n Point 36 25 61.22 19 1 00
358 Tolerance  Parallelism

358 Datum Plane4 Stylus1 5

367 Inspection Planeg Stylus1 5

3imn Point 3v 358 TH 2501 0o 10
373 Point 38 6415 75 27.01 0o 10
378 Point 39 63.17 75 17 0o 10
378 Point 40 3976 75 18 0o 10
380 Point 41 5341 75 20 0o 10
381 Point 42 5244 75 26.01 0o 10
416 Tolerance Position

416 Datum Plane5 Stylus1 6

424 Datum Planed Stylus1 6

437 Inspection  Cylinder3 Stylus1 6

441 Point 43 50 60 2502 0 10
443 Point 44 40.38 47.26 26.03 09 03 0
445 Point 45 59.83 51.84 26.03 1000
447 Point 46 53.61 5932 6.005 03 1 0
443 Point 47 4017 4816 5004 102 0
451 Point 48 59.83 5184 2001 1000
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2. Inspection Plan + Strategic Planning Trajectory

Time Activity GeofID X Y Z Tool otalpoint | J K L) Sy

37 ZeroZ Plane1 Stylus1 4 1. Alignment ZeroZ Plane

44 Point 1 4605 4808 30 0 0 A § Al ment ZaroX e
47 Point 2 83.08 4556 30 0 0 A & Posfon DatumPianea

50 Point 3 8007 4602 30 0 0 A % Podton Do yine
§3  Point 4 47.05 9038 30 0 0 1 5 P Btlm Baned
53 ZeoY  Plane2 Stylust 4 10 Eerpendcuaty nspecton ianes
62 Point 5 1489 0 2002 0 10 12 Paralialim.nspoction Planet
6  Pont 6 811 0 2502 RER 1t pestenbetimpioned,
69  Point 7 9104 0 4003 0 10

71 Point 8 1588 0 1 0 10

78 ZeroX Plane3 Stylus1 4

81 Point g 0 9945 2603 4 0 0

85  Point 10 0 8412 2402 14 0 0

87  Point 1 0 8412 6005 4 0 0

91 Point 12 0 1687 4003 1 0 0

103 Tolerance Position

103 Datum Plane2 Stylus1 4

108  Datum Plane3 Stylus1 4

119 Inspection  Cylinder! Stylus 6

124 Point 13 9.736 235 2402 06 1 0

126 Point 14 6.048 1054 2402 09 05 0

128 Point 15 2496 14.08 26.03 1 010

131 Point 16 1054 6.048 2001 0509 0

133 Point 17 2432 18.61 2.001 09 0 0

135 Point 18 1054 2395 2001 05 1 0

162 Tolerance Paosition

162  Datum Cylinder1 Stylus 6

175 Inspection  Cylinder2 Stylus1 6

179 Point 19 85 25 2202 0 10

181 Point 20 7568 1139 2202 09 04 0

183 Point 21 9395 1054 2302 0904 0

186 Point 22 7761 8263 7006 08 06 O

189 Point 23 8226 2462 5004 03 1 0

192 Point 24 9462 1226 4003 1 020

203



209 Tolerance Perpendicularity [N Strategic Activity

227  Datum Planed Stylus 6
241 Point 25 4756 25 27.01 01 0| Ament ey e
243 Point 26 3488 25 27.01 0 1 0 | 3plgnment/eroXPanss
245 Point 27 6317 25 28.01 0 1 0 g EOSiTYOnDGTU”‘-F‘G”ea.
. Position.Inspection.Cylinder1

253 Point 28 7052 2503 1899 01 1 0 7. Posttion.Datum.Cylinder

. 8. Posifion.Inspection.Cylinder2
256 Paint 29 4561 25 19 0 10 9. Perpendicularify Datum.Planed
259 Point 30 3685 25 18 0 1 0 |17 Paroieimbatm tonadane?
297 Inspection Planeb Stylus 6 }% Eg;ﬂ!ﬁl‘%#ﬂiﬁ%ﬂ'ﬁ&”m%
301 Point H 25 339 2501 10 0 |15 poen et inders
303 Paint 32 25 66.1  24.01 1 0 0
304 Paint 33 25 4854 28.01 1 0 0
307 Paint 34 25 3878 19 1 0 0
309 Paint 35 25 5244 18 1 0 0
N Paint 36 25 6122 19 1 0 0
3558 Tolerance  Parallelism
358  Datum Planed Stylus1 6
367 Inspection Planeg Stylus1 6
37 Paint 37 3/85 75 2501 0 10
373 Paint 38 6415 75  27.01 0 10
374 Paint 39 6317 75 17 0 10
378 Paint 40 3976 75 18 0 10
380 Paint 41 5341 75 20 0 10
381 Paint 42 5244 75 26.01 0 10
416 Tolerance Position
416 Datum Plane5 Stylus1 6
424 Datum Planed Stylus 6
437 Inspection  Cylinder3 Stylus1 6
441 Paint 43 50 60 2502 00 -1 0
443 Paint 44 4038 4726 26.03 09 03 0
445 Paint 45 5983 5184 2603 -1 -0 0
447 Paint 46 5361 5932 6005 03 -1 0
449 Paint 47 4017 48.16 5004 1 02 0
451 Paint 48 5983 5184 2001 -1 -0 0
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3. Inspection Plan + IDEFO diagram

Time Activity

37
44
47
50
53
58
62
66
69
m
78
1
85
87
N
103
103
108
119
124
126
128
131
133
135
162
162
175
179
181
183
186
189
192

ZeroZ
Paint
Paint
Point
Paint
ZeroY
Paint
Point
Paint
Paint
ZeroX
Point
Paint
Paint
Paint
Taolerance
Datum
Datum
Inspection
Point
Paint
Paint
Point
Point
Paint
Tolerance
Datum
Inspection
Paint
Paint
Point
Paint
Paint
Paint

Geo/ID
Plane1
1
2
3
4
Plane2
5
6
7
8
Plane3
9
10
1
12
Position
Plane2
Plane3
Cylinder1
13
14
15
16
17
18
Paosition
Cylinder1
Cylinder2
19
20
21
22
23
24

X

46.05
83.08
8.007
47.05

14.89
8511
91.04
15.88

o o o o

9.736
6.048
2496
10.54
24.32
10.54

85
75.68
93.95
77.61
82.26
94.62

4.808
4556
46.02
90.38

o o oo

9.945
84.12
84.12
16.87

235
10.54
14.08
6.048
18.61
2395

25
11.39
10.54
8.263
24 62
12.26

F4

30
30
30
30

20.02
25.02
4.003

26.03
24.02
6.005
4.003

24.02
24.02
26.03
2.001
2.00
2.001

22.02
22.02
23.02
7.006
5.004
4.003

Tool otal point

Stylus1

Stylus1

Stylus1

Stylus1
Stylus1
Stylus

Stylus
Stylus1

4

6
6

o o o o o o o o

R =Y

0.6
0.9

0.5

0.9

0.5

0.9

0.9

0.8
03

JLEY PP L L (=T == =]

o o o o

0.5
01
0.9

04
04
0.6

0.2

o o o o o o oo [T N

o o o o oo

o o oo o o

Planel

Plane2

Partalignment

Plane3

Partalignment

Partalignment

»
L L ——
ZeroZ 4 pts ZeroY a pts ZeroX
Stylusi Stylusl Stylus1
Position Plane2 Flane3 Cylinderl
k. y k. y
Tolerance inspection > Datum L Datum |  Inspection feature
4 pts 4 pts 6 pts
[ 3 [ 3
Stylus1 Stylusl Stylus1 Stylusl
Position Cylinderl Cylinder2
Tolerance inspection L Datum | Inspectionfeature |——»
& pts & pts
Stylus1 Stylusl Stylusl
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209 Tolerance Perpendicularity Perpendigularity Planes Plane5
227 Datum Planed Stylus 6
211 Paint 25 4756 25  21.N 0 1 0 v v v
243 Paint 26 488 25 211 0 1 0
245 Puoint 27 B3AT 25 28.01 0 1 0 ———»{ Toleranceinspection » Datum » Inspectionfeature |——
253 Point 28 70.52 25.03 18.99 01 1 0 B pts spts
256 Paint 29 4561 25 19 0 1 0 + + +
259 Paint 30 3585 25 18 0 1 0
297 Inspection Planes Stylus 6 Stylus1 Stylus1 Stylus1
301 Paint Khl 25 339 2501 1 0 0
303 Point 32 25 66.1  24.01 1 0 0 Parallelisin Planed Plane6
304 Paint 33 25 4854 28.01 1 0 0
307 Paint 34 25 3878 19 1 0 0
303 Point 35 25 5244 18 1.0 0 ¥ ¥ ¥
N Paint 36 25 6122 19 1 0 0
. —— | Toleranceinspection La Datum | Inspectionfeature |——»
355 Tolerance  Parallelism 6 pts 6 pts
358  Datum Planed Stylus1 6
367 Inspection Plane6 Stylus1 6 4 4 4
37 Paint 37 3/85 75 2501 0 10
373 Paint 38 6415 75  27.01 0 10 Stylus1 Stylus1 Stylus1
374 Paint 39 6317 75 17 0 10
378 Paint 40 3976 75 18 0 10
380 Paint 41 5341 75 20 0 10
381 Paint 42 5244 75 26.01 0 10
416 Tolerance Position
416 Datum P|EI"II35 StyIUS1 G Position Planes Planed Cylinder3|
424 Datum Planed Stylus 6
437 Inspection  Cylinder3 Stylus1 6
441 F'Dim 43 50 EU 2502 'U '1 U ——»{ Toleranceinspection Datum > Datum |  Inspection feature end of session
443 Paint 44 4038 4726 26.03 09 03 0 6pts 6pts & pts
445 Paint 45 5983 5184 2603 -1 -0 0
447 Paint 46 5361 5932 6005 03 1 0
449 Paint 47 4017 4816 5.004 102 0 st st soiust st
451 Paint 48 5983 5184 2001 -1 -0 0
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4. Annotated Video-clip

The full video can be found in the link https://youtu.be/4J8dEZUW6f8

Alternatively, it can be found on Youtube.com searching for the video: ‘Knowledge format

Annotated Video-clip Part 1'.

5. Storyboard

Time (Sec) IDEFO Text Screenshot

Planel

Probe 4 points on Planel with
Stylusl. Set as ZeroZ

37

saylusl

Probe 4 points on Plane2 with
Stylusl. Set as ZeroY

Planes
78 Probe 4 points on Plane3 with
Stylusl, Set as ZeroX
Zarax
Stylusl

58

Pasition

103 Inspection of Position tolerance

Saylusl

Planed

103

Reuse Plane2. Set as Datum

108

Reuse Plane3. Set as Datum

Probe & points on Cylinderl with
Stylusl. Check Position of
Cylinderl

119

207


https://youtu.be/4J8dEZUW6f8

Time (Sec) IDEFO Text Screenshot

Position

162 Inspection of Position tolerance

————#{ Tolerance inspectian —

Stylusl
Cylinderl
— Datum —
162 Spts Reuse Cylinderl. Set as Datum
Stylusl
Cylinderz|
) Probe & points on Cylinder2 with
175 Spts Stylus1. Check Position of
Cylinder2
Stylusl
Perpendigulariy
209 Inspection of Perpendicularity
———#{ Tolerance Inspection f— tolera nee
Stybusl
Planed
227 Datum — Probe & points on Planed with
e Stylus1. Set as Datum
Stylusl
Planes
) Probe & points on Plane5 with
297 T 7] TR R Ghlist, Check Perpendicularity of
Planes
Stylusl
Paraliel=n
358 o] Toleranceingpection |— Inspection of Parallelism
tolerance
Stylusl
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Time (Sec)

358

367

416

416

424

437

IDEFO Text
Flared

Py Dalum — Reuse Planed. Set as Datum
Stylusi
Planes

e INERRCtion feature i Probe & points on Plane6 with
Stylus1. Check Parallelism of
Plane6
Stylusl
Position
—of Tolerance inspection — Inspection of Position tolerance
Stylusl
Planes
atum - Reuse Plane5. Set as Datum
6pts
Stylusd
Planes
— Datum —
Gt Reuse Planed. Set as Datum

Stylusl
Cylinderd
Probe 6 points on Cylinder3 with
———#|  Irspection feature Stylus1. Check Position of
B Cylinder3
Stylusl

209

Screenshot




Appendix D.2

1. Inspection Plan + Tactical Planning Trajectory

Time Activity
35 ZeroZ
40 Paoint
44 Paoint
47 Paoint
51 Paoint
69 ZeroY
76 Paoint
80 Paoint
88 Paoint
94 Paoint
97 Paoint
112 Paoint
M7 ZeroX
120 Paoint
123 Paoint
127 Paoint
130 Paint
132 Paint
134 Paint
168 Tolerance
168  Datum
172 Datum
177 Inspection
183 Paint
186 Paint
188 Paint
194 Paint
199 Paint

201 Paint

Geo/fID
Plane1
1
2
3
4
Plane2

10
Plane3
1"
12
13
14
15
16
Position
Plane2
Plane3
Cylinder1
17
18
19
20
|
22

11.01
78.08
7.006
74.07

13.82
63.09
1381
11.92
745

o o oo oo

50.98
50.98
4019
4293
50.98
60

Knowledge representations - Part 2

12.94
103
166.2
1981

oo oo oo

11.94
93.53
1841
1871
1154
21.89

54.95
35.05
43.05
37.93
54.95
45

40
40
40
40

31.03
34.03
2502
3.002
4.003

36.04
37.04
33.03
5.004
3.002
5.004

39.01

42.02

43.02
27
26
27

Tool otal point

Stylus1

Stylus1

Stylus1

Stylus1
Stylus1
Stylus1

1

6

6

6
6
6

o o oo

o o oo oo

o o oo

o o oo oo

o o oo oo JECRR R

o o oo oo

o o oo

W Tactical Activity
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229 Tolerance Perpendicularity W Tactical Activi

265  Datum Plane4 Stylus1 6

270 Point 23 2547 110 49.01 0 10
273 Point 24 5258 110 53.02 0 1 0
275 Point 25 8355 110 51.01 0 10
278 Puoint 26 2304 10 41 01 1 -0
280 Point 27 53.03 110 41 0 10
282 Point 28 8355 110 41 0 10
292 Inspection Planes Stylus1 6

297 Point 29 20 1184 50.01 100

302 Point 30 20 1358 61.02 100

305 Point k)| 20 1623 63.02 -1 00
314 Point 32 20 1805 M1 -1 00
37 Point 33 20 149 41 -1 00
319 Point 34 20 1283 M1 -1 00
347 Tolerance  Parallelism

347 Datum Planed Stylus1 6

353 Inspection Plane6 Stylus1 6

359 Point 35 2744 187 5101 0 10
362 Point 36 5548 187 64.02 0 10
364  Point T 8355 187 5101 0 10
366 Point 38 80.59 187 41 0 10
368 Point 39 56.97 187 41 0 10
373 Puoint 40 2448 187 41 0 10
408 Tolerance Position

408  Datum Planed Stylus1 6

434 Datum Planes Stylus1 6

467 Inspection  Cylinder2 Stylus1 6

472 Point 4 58.98 1258 6202 06 -1 0
474 Puoint 42 5584 1131 63.02 01 1 0
476 Point 43 48.05 1182 63.02 1 01 0
478 Point 44 5416 1131 43 01 1 0
480 Point 45 5252 1265 45 04 1 10
482 Point 46 62 120 43 1000
516 Tolerance Paosition

516 Datum Plane1 Stylus1 4

523 Datum Cylinder2 Stylus1 6

531 Inspection  Cylinder3 Stylus1 6

535 Point 47 53.32 1838 63.02 03 1 0
537 Point 48 60.24 1724 64.02 08 06 0
538 Point 49 48 177 63.02 1 01 0
542 Puint 50 55 184 43 01 1 0
545 Point =l 58.98 1712 43 06 08 0
547 Puoint 52 482 1753 43 1 .02 -0
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2. Inspection Plan + Strategic Planning Trajectory

[ Strategic Activity

Time Activity Geo/ID X Y z Tool otalpoint 1| 1 K

35 ZeroZ Plane1 Stylus1 4

40 Point 1 11.01 1294 40 0 01

44 Point 2 78.08 103 40 0 01

47 Point 3 7.006 166.2 40 0 01

51 Point 4 74.07 1981 40 0 01

69 ZeroY Plane2 Stylus1 6

76 Point 5 1382 0  31.03 0 10

80 Paint 6 68.09 0 3403 0 10

88 Point 7 13810 2502 0 1 0 }iemengerctpone

94 Point 8 1192 0 3002 0 1 0 %gé?ﬂg"ﬁeghéﬁfé}é%?

97_| Point 9 45| 0 |4003 0 1 0 &hconimecincinel .,

12 Pont 10 w4 0 0 10 & reme oo

117 ZeroX Plane3 Stylus1 6 19-Parglelisminspeciion Planes

120 Point 11 0 1194 36.04 40 0 5 RN heecin Sinder2
14. Position.Dafum Plane

123 Point 12 0 9353 3704 A0 0 Bremmbmmoiees

127 Point 13 0 1841 33.03 10 0

130 Point 14 0 1871 5004 10 0

132 Point 15 0 1164 3.002 10 0

134 Point 16 0 2189 5.004 10 0

168 Tolerance Position

168  Datum Plane2 Stylus1 6

172 Datum Plane3 Stylus1 6

177 Inspection  Cylinder1 Stylus1 6

183 Paint 17 50.98 54.95 39.01 0 10

186  Point 18 50.98 3505 42.02 0 1 0

188 Paint 19 4019 43.05 43.02 1 020

194 Point 20 4293 3793 27 07 07 0

199 Point 21 50.98 5495 26 01 -1 -0

201 Paint 22 60 45 27 1 000
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229 Tolerance Perpendicularity LS atcqcbciiviy

265  Datum Planed Stylus1 6

270 Point 23 2547 110 49.01 0 10

273 Point 24 5258 110 53.02 0 1 0

275 Point 25 8355 110 51.01 0 10

278 Puoint 26 2304 10 41 01 1 -0

280 Point 27 53.03 110 41 0 10

282 Point 28 8355 110 41 0 10

292 Inspection Planes Stylus1 6

297 Point 29 20 1184 50.01 100

302 Point 30 20 1358 61.02 -1 0 0 1. Alignment ZeroZ Plane

305 Point 31 20 1623 63.02 4 0 0 3 A et Doy Hanes

314 Point 32 20 1805 41 40 0 SEienBamAee

17T Point 33 20 149 41 1 0 0 S B banare ey Bt Bamed

319 Point M 20 1283 41 4 0 0 8 BT Bt Sana e

. 10. Parallelism.Inspection.Planes

347 Tolerance  Parallelism 11. Position.Datum.Planed

47 Datum Plane4 Stylus1 6 18 o o e tion S inder2
n 14. Position.Datum.Plane

3583 Inspection Plane6 Stylus1 6 }g Egimgﬂ'R?;“e"gﬁgx”é‘y’[%%era

359 Point 35 2744 187 5101 0 10 ' ’ '

362 Point 36 5548 187 64.02 0 10

364  Point T 8355 187 5101 0 10

366 Point 38 8059 187 M 0 10

368 Point 39 56.97 187 M 0 10

373 Puoint 40 2448 187 N 0 10

408 Tolerance Position

408  Datum Planed Stylus1 6

434 Datum Planes Stylus1 6

467 Inspection  Cylinder2 Stylus1 6

472 Point 4 58.98 1258 6202 06 -1 0

474 Puoint 42 5584 1131 63.02 01 1 0

476 Point 43 48.05 1182 63.02 1 01 0

478 Point 44 5416 1131 43 01 1 0

480 Point 45 5252 1265 45 04 1 10

482 Point 46 62 120 43 1000

516 Tolerance Paosition

516 Datum Plane1 Stylus1 4

523 Datum Cylinder2 Stylus1 6

531 Inspection  Cylinder3 Stylus1 6

535 Point 47 53.32 1838 63.02 03 1 0

537 Point 48 60.24 1724 64.02 08 06 0

538 Point 49 48 177 63.02 1 01 0

542 Puint 50 55 184 43 01 1 0

545 Point =l 58.98 1712 43 06 08 0

547 Puoint 52 482 1753 43 1 .02 -0
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3. Inspection Plan + IDEFO diagram

Time Activity

35
40
44
47
51
69
76
80
88
94
97
112
"7
120
123
127
130
132
134
168
168
172
w7
183
186
188
194
199
201

ZeroZ
Puoint
Puoint
Puoint
Puoint
ZeroY
Puoint
Puoint
Point
Point
Point
Point
ZeroX
Point
Point
Point
Point
Point
Point
Tolerance
Datum
Datum
Inspection
Paint
Paint
Paint
Paint
Paint
Paint

Geo/ID
Plane1

10
Plane3
1
12
13
14
15
16
Position
Plane2
Plane3
Cylinder1
17
18
19
20
|
22

X

11.01
78.08
7.006
74.07

13.82
68.09
138.1
11.92
745
144

o o oo oo

50.98
50.98
40.19
4293
50.98
60

12.94
103
166.2
198.1

oo o o oo

11.94
93.53
184.1
1871
1154
21.89

54.95
35.05
43.05
37.93
54.95
45

Z

40
40
40
40

31.03
34.03
25.02
3.002
4.003

36.04
37.04
33.03
5.004
3.002
5.004

39.01

42.02

43.02
27
26
27

Tool otal point

Stylus1

Stylus1

Stylus1

Stylus1
Stylus1
Stylus1

1

6

6

6
6
6

[

o o oo
o o oo

o o oo oo

LTR LR JLUR JLUR JETR TN
o o oo oo

0.7 07

(=R =N =R =R =]

o o oo oo JECRR R

o o oo oo

Planel

¥

Partalignment

Plane2

¥

Partalignment

Plane3

¥

Partalignment

— L L EEE—
4 pts ZeroZ 6 pts ZeroY 6 pts ZeroX
-~ -~ -~
Stylus1 Stylusl Stylus1
Position Plane2 Plane3 Cylinderl
—— | Toleranceinspection Datum L Datum Inspection feature
6 pts B pts B pts
Stylus1 Stylus1 Stylus1 Stylusi
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229 Tolerance Perpendicularity

265
270
273
275
278
280
282
292
297
302
305
314
n7
319
347
M7
353
359
j62
364
366
368
373
408
408
434
467
472
474
476
478
480
482
516
516
523
531
535
837
538
042
545
47

Datum
Paint
Paint
Paint
Paint
Paint
Paint

Inspection
Paint
Paint
Paint
Paint
Paint
Paint

Tolerance

Datum

Inspection
Paint
Paint
Paint
Paint
Paint
Paint

Tolerance

Datum

Datum

Inspection
Paint
Paint
Paint
Paint
Paint
Paint

Tolerance

Datum

Datum

Inspection
Paint
Paint
Paint
Paint
Paint
Paint

Plane4
23
24
25
26
27
28

Planes
29
30
3
32
33
34

Parallelism

Planed

Plane6
35

Position
Planed
Planes

Cylinder2

Paosition
Plane1
Cylinder2
Cylinder3

2547
52.58
83.55
23.04
53.03
83.55

20
20
20
20
20
20

2744
5548
83.55
80.59
56.97
24.48

58.98
55.84
48.05
54.16
52.52
62

110
110
110
110
110
110
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4. Annotated Video-clip

The full video can be found in the link https://youtu.be/eTFzNIb7NEg

Alternatively, it can be found on Youtube.com searching for the video: Knowledge format

‘Annotated Video-clip Part 2’.

5. Storyboard

Time (Sec) IDEFO Text Screenshot

Planet

Probe 4 points on Planel with

35 Stylusl. Set as ZeroZ
Stylusi
Planez
40 Probe 6 points on Plane2 with
Stylusl. Set as ZeroY
byluisd
planes
a4 Probe 6 points on Plane3 with
Stylusl, Set as ZeroX
stybusy
posion
168 Inspection of Position tolerance
styuz1
Plane2
168 Reuse Plane2. Set as Datum
Stylusl
Plane
172 Reuse Plane3, Set as Datum
Stylusi
Cylinderl|
Probe & points on Cylinderl with
177 Stylus1. Check Position of

Cylinder1

stylust
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https://youtu.be/eTFzNlb7NEg

Time (Sec)

229

265

292

347

347

353

408

IDEFO

Perpendifularity

—————»{ Toleranceinspection |—

Stylusl
Planed
e Datum -
6pts
Stylusi
Planes
Gpts
Stylusi
Pacalielish

! Tolerance inspection

stylusy

Planed

— Datum
Gpts

Stylus1

Planes

Text

Inspection of Perpendicularity
tolerance

Probe 6 points on Plane4 with
Stylus1. Set as Datum

Probe 6 points on Plane5 with
Stylus1. Check Perpendicularity of
Plane5

Inspection of Parallelism
tolerance

Reuse Planed. Set as Datum

Probe 6 points on Plane6 with

“Z ¥ mpectionfestire. [-———# Stylus1. Check Parallelism of

Stylusi

Position

——{ Tolerance inspection —

Stylusi

Plane6

Inspection of Position tolerance
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Time (Sec) IDEFO Text Screenshot

Planed
408 — Catum — Reuse Flaned. Set as Datum
o
Stylus1
Plane5
— Datum —
434 6pes Reuse PlaneS. Set as Datum
Stylusl
Cylinderz|

——# inspectionfease  ——  Probe & points on Cylinder2 with

467 ot Stylus1. Check Position of
Cylinder2
Stylusi
Pasition
516 Telernesinspessen [~ Inspection of Position tolerance
Stylusl
Planel
516 e | patum — Reuse Planel. Set as Datum
Stylusl
Cylinder2f
— Datur —
Epts
523 Reuse Cylinder2. Set as Datum
Stybusi
Cylinger3|
Probe 6 points on Cylinder3 with
531 ———+ inspectionfeature  [—— Stylus1. Check Position of
Gpts
Cylinder3
Stylusl
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Appendix D.3 Knowledge representations - Main experimental

study questionnaire

The questionnaire employed in the final experimental study for evaluating the designed

knowledge formats and outputs is presented below.

CMM inspection planning knowledge representation
survey

This survey constitutes part of a rezearch project about CMM inspection planning and investigation of
different formats to represent a strategy for analysis and comparison, future reuse as well as training of
novice CMM planners.

In this survey, five different representation formats of a strategy for measuring a component are shown.
You will have to score each format in terms of. ease of understanding, usefulness and overall
performance. The goal is to evaluate if the formats are readable and interpretable so that the strategy is
understood in a way that you could use it either as a guide for measuring the same component, or for
generating a measurement plan for a similar component.

*Required

1. How many years of CMM programming experience do you have? *
Mark only one oval.

() D-2years
() 2-5years
() 5-1Dyears

() over10 years

1. Inspection plan - tactical planning trajectory

In this format the followed strategy is displayed as a list of steps (inspection plan) in a chronoclogical order
with details on how each tolerance is checked, what geometrical features are used and the numkber of
points with XYZ coordinates and associated normal vectors. The graph on the right shows the points
(numbered as in the plan) along with the normal vectors, indicating the distribution of points over each
feature.

To see the image in a larger size, please follow the link: bins VimaurcomfkeGHul
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hitp:ifyoutube comiwatch ?v=WXEd\/vEgvSc

In thig video, the above digital model is shown in different angles, allowing the participant to have a better
view of what is displayed. To watch the video in a larger window please follow the link:
hitps:/feww youtube compwatch Pv=WxEd\VvBgvSc

2. 0On a zcale from 1 (lowest) to 5 (highest), please rate the format for each of the following
aspects. *

Mark only one oval per row.

Easze of understanding
Usefulness
Cwverall

3. Please leave your comments for this format. *

2. Inspection plan - strategic planning trajectory

In the next format, the followed strategy is displayed as a list of steps (inspection plan) in a chronological
order as previously. The graph on the right shows the strategy planned in steps, numbered as a list
(shown on the top left comer) along with the related features of the component.

To see the image in a larger size, please follow the link: https:Vimgur. com/LkSwjto
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http://youtube.com/watch?v=AcJT97r9e8Y

In this video the above digital format is shown in different angles, allowing the participant to have a better

view of what is displayed. To watch the video in a larger window please follow the link:
https:/iwww.youtube.com/watch?v=AcJT97r9e8Y

4. On a scale from 1 (lowest) to 5 (highest), please rate the format for each of the following

aspects. ’
Mark only one oval per row.

5. Please leave your comments for this format. *

3. Inspection plan - IDEF0 diagram

In the following format, the followed strategy is displayed as a list of steps (inspection plan) in a
chronological order as before. The graphs on the right represent the steps followed, showing the strategy

in a procedural manner. Each tolerance is shown in a separate diagram.
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To see the image in larger size, please follow the link: httpsyfimgur.comvDSLM 1h
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6. On a scale from 1 (lowest) to 5 (highest), please rate the format for each of the following
aspects, *

Mark only one oval per row.
1 2 3 4 5
Eas&nfundenﬂanmng{ )( ]( j{ )( j

Usefulness <__)<__j<__j(__}(__j
Cwverall (___j(___](___](___)(___)
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7. Please leave your comments for this format. *

4. Annotated video clip

In the next format, the video shows the whole strategy followed for measuring the component's
tolerances. At each step, captions-annotations along with related details are displayed.

To watch the video in a larger window please follow the link: hitps://www youtube.com/watch?v=0A-
12M8mddg,

http:/iyoutube. comiwatch?v=0A-12M8mddg

8. On a scale from 1 (lowest) to 5 (highest), please rate the format for each of the following
aspects. *

Mark only one oval per row.

Ease of understanding (.
Usefulness 4
Overall
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10. On a =cale from 1 (lowest) to 5 (highest), please rate the format for each of the following

aspects. *
Mark only one oval per row.

1 2 3 4 5

Ease of und&rstandlng W :"\_)'\,_J
Usefulness b :I\ :J )\ )\

Overall ':_\":-_\J'f_\":_»"f_

11. Please leave your comments for this format. *

12. Below you can leave your comments for any aspect of this survey.
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9. Please leave your comments for this format. *

5. Storyboard

The last format shows the measurement strategy in a chronological order as a combination of: IDEFD
diagrams, plain text description and screenshots of the associated features with the numbered points on
it.

To see the image in a large size, please follow the link: hitps:fimgur.con/hoMT7ES
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Appendix E Raw data

All data related to this research and thesis can be found in the link:

https://heriotwatt-

my.sharepoint.com/:x:/g/personal/dal78 hw ac uk/EVFhN6a29axLpeD5cmdLSzkBHOx4XW

IThzZAHrVCejl1PEmg?e=m7T9kc

Below relevant tables referenced within the thesis are following.

Table E. 1 Raw data for SUS questionnaire — usability study (Trial Novice planners - Set 1)

Experience Participant gl 2 g3 g4 g5 g6 g7 98 g9 q10 SUS Score
Trial Nov. pl 4 2 4 3 5 1 4 4 3 2 70
Trial Nov. p2 2 2 4 2 41 3 2 4 3 67.5
Trial Nov. p3 4 2 51525 25 1 90
Trial Nov. p4 4 2 3 3 4 2 3 2 4 4 62.5
Trial Nov. p5 3 2 41 4 2 5 4 3 1 72.5
Trial Nov. p6 5 1535 25 15 2 90
Trial Nov. p7 3 331313331 65
Trial Nov. p8 5 1 41 4 15 15 2 92.5
Trial Nov. p9 4 3 3 2 4 2 41 4 2 72.5
Trial Nov. pl10 4 4 4 2 5 35 2 3 3 67.5

Average 75
SD 10.78
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https://heriotwatt-my.sharepoint.com/:x:/g/personal/da178_hw_ac_uk/EVFhN6a29axLpeD5cmdLSzkBHOx4XWIThzAHrVCej1PEmg?e=m7T9kc
https://heriotwatt-my.sharepoint.com/:x:/g/personal/da178_hw_ac_uk/EVFhN6a29axLpeD5cmdLSzkBHOx4XWIThzAHrVCej1PEmg?e=m7T9kc
https://heriotwatt-my.sharepoint.com/:x:/g/personal/da178_hw_ac_uk/EVFhN6a29axLpeD5cmdLSzkBHOx4XWIThzAHrVCej1PEmg?e=m7T9kc

Table E. 2 Raw data for SUS questionnaire — usability study (Online Experienced planners - Set 1)

Experience Participant ql1 g2 g3 g4 q5 g6 g7 g8 q9 q10 SUS Score
Online Exp. pl 5 25141515 1 95.0
Online Exp. p2 5 231331325 1 67.5
Online Sen. p3 2 2212 2 3221 57.5
Online Exp. p4 3 15133512 1 775
Online Exp. p5 5 151515151 100.0
Online Exp. p6 3 43132 334 1 62.5
Online Exp. p7 3 2 4 2 4 3 4 2 4 2 70.0
Online Int. p8 3 2 4 2 42 415 3 75.0
Online Sen. p9 5 45 3515 35 4 75.0
Online Sen. p10 3 4 2 2 3 4 4 3 4 2 52.5
Online Exp. pll 2 3 42 33 433 2 57.5
Online Sen. p12 5 2 555 2555 5 65.0
Online Sen. p13 5 1 55 4 35 31 4 60.0
Online Exp. pl4 3 24142 4131 77.5
Online Int. p15 4 2 4 3 3 2 4 3 3 2 65.0
Online Exp. pl6 4 2 4 2 4 3 4 2 4 2 72.5
Online Int. p17 4 2 3 3 3 2 4 3 4 4 60.0
Online Sen. p18 1 1 4 2 3 3 3 2 3 3 57.5
Online Exp. p19 3 3 42 4 4 4 2 4 2 65.0
Online Exp. p20 4 2 4 25 2 41 4 1 82.5
Online Exp. p21 3 2 4 2 3 3 4 2 4 2 67.5
Online Int. p22 3 35 42 4313 4 50.0
Online Sen. p23 1 32 3 33 413 3 50.0
Online Int. p24 3 232233321 55.0
Online Int. p25 2 3 42 3 2 42 4 2 65.0
Online Int. p26 4 151535151 92.5
Online Exp. p27 1 2 4133 414 1 70.0
Online Sen. p28 3 2413 3 42 41 72.5
Online Jun. p29 4 2 51 3 3 42 4 2 75.0
Online Exp. p30 4 2 3 3 2 4 4 2 4 4 55.0
Online Exp. p31 3 24142 415 1 82.5
Online Int. p32 4 3 4 2 3 3 4 2 3 3 62.5
Online Int. p33 3 34133423 2 65.0
Online Exp. p34 2 13352413 2 70.0
Online Int. p35 3 232323232 62.5
Online Sen. p36 4 2 4 2 3 2 4 3 3 2 67.5
Online Int. p37 4 2 255 25 25 4 65.0
Online Jun. p38 5 15 3335 25 3 775
Online Int. p39 3 3 42 42 412 2 67.5
Online Int. p40 2 23 235415 3 60.0
Online Sen. p4l 3 342 33 413 2 65.0
Online Int. p42 2 4 3 332232 4 40.0
Online Jun. p43 3 242 41413 3 72.5
Online Jun. p44 3 2 42 4141 3 3 725
Online Jun. p45 3 15 2 42 41 4 2 80.0
Online Int. p46 5 2 4 2 3 2 3 3 4 2 70.0
Online Sen. pa7 4 1 4 2 2 2 4 2 4 2 725
Online Sen. p48 3 15142514 1 87.5
Online Sen. p49 3 431323131 65.0
Online Sen. p50 4 3 4 3 3 4 43 3 2 57.5
Online Int. p51 3 333433323 3 52.5
Online Jun. p52 3 23141415 1 82.5
Online Exp. p53 3 2 413 35 2 4 3 70.0
Online Exp. p54 3 2 43 33 42 4 3 62.5
Online Exp. p55 3 3425 2 414 2 75.0
Online Exp. p56 2 33223432 2 50.0
Online Int. p57 3 2 43 42 413 1 72.5
Online Jun. p58 3 35 433 433 3 55.0
Online Jun. p59 3 331433331 62.5
Online Exp. p60 3 15144413 1 775
Online Exp. p61 5 2 42 3 2514 2 80.0
Online Exp. p62 3 2 42 3 2 42 4 2 70.0
Online Int. p63 2 25153415 3 775
Online Exp. p64 5 15251515 2 95.0
Online Sen. p65 1 151325151 825
Online Int. p66 3 2 4 35 25 2 4 3 72.5
Online Int. p67 2 15 2 41514 1 85
Online Sen. p68 2 141333321 62.5
Online Sen. p69 3 24133 42 4 2 70
Online Sen. p70 3 343 2 3 43 3 3 52.5
Online Exp. p71 4 2 4 2 3 25 1 4 2 775
Online Jun. p72 2 2 41415 2 4 2 775
Online Jun. p73 2 242513231 72.5
Online Jun. p74 4 2 5 2 415 2 4 2 82.5
Average 69.0
SD 11.541
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Table E. 3 Raw data for SUS questionnaire — usability study (Online junior planners - Set 2)

Experience Participant g1 g2 q3 g4 g5 g6 g7 q8 g9 q10 SUS Score
Online Jun. p29 4 2 51 3 3 4 2 4 2 75.0
Online Jun. p38 5 153335 25 3 775
Online Jun. p43 3 2 4 2 41 4 1 3 3 72.5
Online Jun. p44 3 2 4 2 41 41 3 3 72.5
Online Jun. p45 3 152 42 41 4 2 80.0
Online Jun. p52 3 231 41415 1 82.5
Online Jun. p58 3 3 54 3 3 4 3 3 3 55.0
Online Jun. p59 3 331433331 62.5
Online Jun. p72 2 2 41 4 15 2 4 2 77.5
Online Jun. p73 2 2 4 2513231 72.5
Online Jun. p74 4 25 2 4 15 2 4 2 82.5
Average 73.6
SD 8.00

Table E. 4 Raw data for SUS questionnaire — usability study (Online Intermediate planners - Set 2)

Experience Participant gl g2 g3 g4 95 g6 g7 g8 q9 10 SUS Score
Online Int. p8 3 2 4 2 4 2 415 3 75.0
Online Int. p15 4 2 4 3 3 2 4 3 3 2 65.0
Online Int. pl7 4 2 3 3 3 2 4 3 4 4 60.0
Online Int. p22 3 354 2 4313 4 50.0
Online Int. p24 3 232 233321 55.0
Online Int. p25 2 3 4 2 3 2 4 2 4 2 65.0
Online Int. p26 4 1 515 35151 92.5
Online Int. p32 4 3 4 2 3 3 4 2 3 3 62.5
Online Int. p33 3 3413 3 42 3 2 65.0
Online Int. p35 3 23232323 2 62.5
Online Int. p37 4 2 2 5 5 2 5 2 5 4 65.0
Online Int. p39 3 342 42 412 2 67.5
Online Int. p40 2 23 2 35 415 3 60.0
Online Int. p42 2 4 3 332 2 32 4 40.0
Online Int. p46 5 2 4 2 3 2 3 3 4 2 70.0
Online Int. p51 3 333 43 3 3 3 3 52.5
Online Int. p57 3 2 4 3 4 2 413 1 72.5
Online Int. p63 2 25153415 3 77.5
Online Int. p66 3 2 4 35 252 4 3 72.5
Online Int. p67 2 152 415141 85

Average 65.8
SD 11.65
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Table E. 5 Raw data for SUS questionnaire — usability study (Online Senior planners - Set 2)

Experience Participant g1 g2 g3 g4 g5 g6 g7 98 g9 q10 SUS Score
Online Sen. p3 2 2 21 2 2 3 2 2 1 57.5
Online Sen. p9 5 45 3515 35 4 75.0
Online Sen. p10 3 4 2 2 3 4 4 3 4 2 52.5
Online Sen. pl2 5 2555 2555 5 65.0
Online Sen. pl3 5 1 55 4 35 31 4 60.0
Online Sen. p18 1 14 2 3 3 3 2 3 3 57.5
Online Sen. p23 1 3 2 3 3 3 4 1 3 3 50.0
Online Sen. p28 3 2 41 3 3 4 2 4 1 72.5
Online Sen. p36 4 2 4 2 3 2 4 3 3 2 67.5
Online Sen. p4l 3 342 33 413 2 65.0
Online Sen. p47 4 1 4 2 2 2 4 2 4 2 72.5
Online Sen. p48 3 151 4 2 5 1 4 1 87.5
Online Sen. p49 3 4 3 1 3 2 3 1 3 1 65.0
Online Sen. p50 4 3 4 3 3 4 4 3 3 2 57.5
Online Sen. p65 1 151325151 82.5
Online Sen. p68 2 1413 33321 62.5
Online Sen. p69 3 2 41 3 3 4 2 4 2 70
Online Sen. p70 3 343 2 3 4 3 3 3 52.5
Average 65.1
SD 9.98

Table E. 6 Raw data for SUS questionnaire — usability study (Online Expert planners - Set 2)

Experience Participant g1 g2 g3 g4 g5 g6 g7 98 g9 q10 SUS Score
Online Exp. pl 5 251 415151 95.0
Online Exp. p2 5 231331351 67.5
Online Exp. p4 3 151 335121 77.5
Online Exp. p5 5 15151515 1 100.0
Online Exp. p6 3 431323341 62.5
Online Exp. p7 3 2 4 2 4 3 4 2 4 2 70.0
Online Exp. pll 2 3 4 2 3 3 4 3 3 2 57.5
Online Exp. pl4 3 2414 2 413 1 77.5
Online Exp. pl6 4 2 4 2 4 3 4 2 4 2 72.5
Online Exp. pl9 3 3 4 2 4 4 4 2 4 2 65.0
Online Exp. p20 4 2 4 25 2 41 4 1 82.5
Online Exp. p21 3 2 4 2 3 3 4 2 4 2 67.5
Online Exp. p27 1 2 413 3 414 1 70.0
Online Exp. p30 4 2 3 3 2 4 4 2 4 4 55.0
Online Exp. p31 3 241 4 2 415 1 82.5
Online Exp. p34 2 13 352413 2 70.0
Online Exp. p53 3 2 41 3 35 2 4 3 70.0
Online Exp. p54 3 2 43 3 3 4 2 4 3 62.5
Online Exp. p55 3 3 4 25 2 414 2 75.0
Online Exp. p56 2 332 2 3 432 2 50.0
Online Exp. p60 3 151 4 4 4 13 1 77.5
Online Exp. p61 5 2 4 2 3 25 14 2 80.0
Online Exp. p62 3 2 4 2 3 2 4 2 4 2 70.0
Online Exp. p64 5 15251515 2 95.0
Online Exp. p71 4 2 4 2 3 2 5 1 4 2 77.5
Average 73.2
SD 11.82
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Table E. 7 Raw data for Knowledge representations evaluation — Trial Novice planners - Set 1

1. Inspection plan + tactical activity 2. Inspection plan + strategic activity 3. Inspection plan + IDEFO
participant Understanding Usefulness Overall score Understanding Usefulness Overall score Understanding Usefulness Overall score

1 4 5 4 4 4 4 5 5 5
2 2 2 2 5 4 4 5 5 5
3 5 5 5 5 5 5 5 5 5
4 5 5 5 5 5 5 5 2 4
5 4 4 4 4 5 4 4 4 4
6 5 5 5 5 5 5 4 4 4
7 4 2 3 5 4 3 5 4 3
8 2 5 4 5 5 5 3 5 5
9 4 4 4 5 4 4 5 4 3
10 4 3 4 3 4 4 4 4 4

Average 3.9 4 4 4.6 4.5 4.3 4.5 4.2 4.2
SD 1.044 1.183 0.894 0.663 0.500 0.640 0.671 0.872 0.748

4.Video - annotations 5. Storyboard
participant Understanding Usefulness Overall score Understanding Usefulness Overall score

1 5 5 5 5 5 5
2 4 5 5 5 5 5
3 5 3 3 5 2 3
4 5 4 4 4 5 4
5 5 5 4 5 5 5
6 5 5 5 5 5 5
7 4 2 3 5 5 5
8 5 5 5 5 5 5
9 5 5 4 4 4 5
10 5 5 5 5 5 5

Average 4.8 4.4 4.3 4.8 4.6 4.7
SD 0.400 1.020 0.781 0.400 0.917 0.640
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Table E. 8 Raw data for Knowledge representations evaluation — Online Experienced planners - Set 1

How many 1. Inspection plan +tactical 2. Inspection plan + strategic 3. Inspection plan +IDEFO 4. Video - annotations 5. Storyboard
years of CMM Underst. Useful. Overall Underst. Useful. Overall Underst. Useful. Overall Underst. Useful. Overall Underst. Useful. Overall

N
N
N
N
N
N
N
w
w
I
I

over 10years

2 2 3 4
over 10years 5 5 5 5 5 5 4 4 4 5 5 5 5 5 5
5-10years 2 4 3 4 4 4 2 3 2 5 5 5 2 2 2
2-5years 2 3 2 3 3 4 1 1 2 5 3 4 5 2 4
2-5years 3 3 3 3 3 3 1 1 1 4 4 4 5 5 5
2-5years 2 1 1 2 2 2 1 1 1 4 3 4 4 4 4
5-10years 2 2 2 2 2 2 3 3 3 3 3 3 2 2 2
over 10years 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
over 10years 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
2-5years 4 4 4 5 5 5 3 5 4 5 5 5 3 3 3
over 10years 2 2 2 3 3 3 2 2 2 4 4 4 5 5 5
over 10years 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
5-10years 2 2 2 3 3 3 3 3 3 3 2 2 3 3 3
over 10years 2 2 2 3 3 3 1 1 1 2 2 2 2 1 2
over 10years 4 4 4 4 4 4 4 3 4 4 3 3 4 2 2
2-5years 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
2-5years 5 4 4 2 2 3 1 1 1 5 5 5 5 5 5
2-5years 4 4 4 4 4 4 3 4 4 5 4 5 5 5 5
over 10years 2 4 3 3 3 3 4 3 3 4 3 3 3 4 3
5-10years 4 5 4 3 4 3 2 2 2 5 4 4 4 4 4
over 10years 4 3 3 4 4 4 4 3 3 5 2 3 5 4 4
over 10years 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
2-5years 2 4 3 2 3 3 2 2 1 5 2 3 4 4 4
over 10years 5 3 3 5 3 3 5 3 3 5 3 3 5 3 3
over 10years 1 1 1 2 2 2 1 1 1 1 1 1 4 4 4
0-2years 3 4 4 3 3 3 5 4 4 4 3 3 5 5 5
over 10years 4 5 5 4 4 4 3 3 4 5 5 5 5 5 5
2-5years 5 5 5 5 5 5 5 4 5 5 5 5 5 5 5
0-2years 5 3 4 5 5 5 3 3 3 5 4 5 5 4 5
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3
5

over 10 years
over 10 years

5-10years
over 10 years
over 10 years

3
4

5-10years
over 10years

5

2-5years
over 10years

5

5-10years

5-10years
over 10 years
over 10 years

3
5

5-10years
5-10years
5-10years
2-5years

2-5years

2-5years
over 10 years

5

5-10years
5-10years
over 10 years

4

5-10years
2-5years

2-5years

5-10vyears

5-10years

5-10years
over 10 years

4

0-2years

0-2years

0-2 years

3.7
1.183

3.3 3.1 2.8 2.9 4.1 3.5 3.7 3.5
1.246 1.260 1.292 1.132  1.065 1.227

1.133

3.3
1.133

3.4

1.144

3.3 3.3
1.207

3.5
1.240

Average

1.039

1.094

1.247

SD
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Table E. 9 Raw data for Knowledge representations evaluation — Online junior planners - Set 2

Years of CMM
programming experience (nderst.

0-2years
0-2years
0-2years
0-2years
0-2vyears
Average
SD

1. Inspection plan + tactical

3

A~ BN G

3.6
1.020

Useful.

4
3
4
3
2

3.2
0.748

Overall

4
4
3
4
2

3.4
0.800

2. Inspection plan + strategic 3. Inspection plan + IDEFO
Underst.

3
5
2
4
4

3.6
1.020

Useful.

3
5
4
3
3

3.6
0.800

Overall

3
5
3
3
3

3.4
0.800

Underst.

5
3
4
3
3

3.6
0.800

Useful. Overall

4
3
4
2
1

2.8

1166 1.

237

0

4

3
4
3
1
3

95

4. Video - annotations
Underst. Useful.

4

v 1o »nnow»

4.8
0.400

3

w w v b

3.6
0.800

Overall

3

5
5
4
3
4

0.894

5. Storyboard

Underst. Useful. Overall

5 5 5
5 4 5
5 5 5
4 3 4
5 4 4
4.8 4.2 4.6

0.400 0.748 = 0.490



Table E. 10 Raw data for Knowledge representations evaluation — Online intermediate planners - Set 2

Years of CMM 1. Inspection plan +tactical 2. Inspection plan + strategic 3. Inspection plan + IDEFO 4. Video - annotations 5. Storyboard
programming experience Underst. Useful.  Overall Underst. Useful. Overall Underst. Useful. Overall Underst. Useful. Overall Underst. Useful. Overall
2-5years 2 3 2 3 3 4 1 1 2 5 3 4 5 2 4
2-5years 3 3 3 3 3 3 1 1 1 4 4 4 5 5 5
2-5years 2 1 1 2 2 2 1 1 1 4 3 4 4 4 4
2-5years 4 4 4 5 5 5 3 5 4 5 5 5 3 3 3
2-5years 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
2-5years 5 4 4 2 2 3 1 1 1 5 5 5 5 5 5
2-5years 4 4 4 4 4 4 3 4 4 5 4 5 5 5 5
2-5years 2 4 3 2 3 3 2 2 1 5 2 3 4 4 4
2-5years 5 5 5 5 5 5 5 4 5 5 5 5 5 5 5
2-5years 4 5 4 4 5 4 3 4 3 4 5 4 5 5 5
2-5years 3 4 4 4 4 4 3 5 5 5 5 5 4 4 4
2-5years 1 2 2 1 2 2 2 2 2 2 3 3 1 1 2
2-5years 4 2 3 4 3 3 4 3 3 3 2 2 4 3 3
2-5years 4 3 4 3 2 3 2 2 2 4 4 4 3 3 3
2-5years 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
Average 3.5 3.5 3.5 3.4 3.5 3.6 2.7 2.9 2.9 4.3 3.9 4.1 4.1 3.9 4.1
SD 1.204 1.147 1.087 1.200 1.147 = 0.952 1.350 1.526 = 1.500 0.869 1.062 0.884 1.087 1.204  0.929
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Table E. 11 Raw data for Knowledge representations evaluation — Online senior planners - Set 2

Years of CMM 1. Inspection plan + tactical 2. Inspection plan + strategic 3. Inspection plan +IDEFO 4.Video - annotations 5. Storyboard

programming experience Underst. Useful. Overall Underst. Useful. Overall Underst. Useful. Overall Underst. Useful. Overall Underst. Useful. Overall

N
w
N
~
IS
N
w
N
w1
w1
wv
N
N
N

5-10years 2
5-10years 2
5-10years 2
5-10years 4
5-10years 1
5-10years 5
5-10years 4
5-10years 3
5-10years 2
5-10years 1
5-10vyears 4
5-10years 5
5-10years 3
5-10years 3
5-10years 5
5-10years 3

2

3

N W Rk, P WU WNWW OB, NN
N Wk, P WUt nNN W R, NN
N B W WU A P WWW U R, WW N
w A P W WU, WNWN R, W N
N D P WwWw R W W NN Rr W W N
w A W WD A UOONWWDN R, N W W
W P, N WU DN WNDNR,NWW
N B RPN WU R R, WNNN R N WW
w A b A 00 BT RP W WD ODRE, DWW
w A W W N R WWWN R, BN W
W A W W N U WW WU R, AN W
w Wk~ W A, A0 WW U R, A~ WN
N W P W NN U WWw W w u R, s, W N

5-10years
29 2.8 3.1 3.1 29 3.1 2.8 2.6 3.7 3.2 34 3.4 2.9
SD 1.283 1.323 1.307 1.131 1.162  1.305 1.056 1.059 1.234 1.273 1113 1141 1.088 1131 1372

Average
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Table E. 12 Raw data for Knowledge representations evaluation — Online expert planners - Set 2

Years of CMM 1. Inspection plan +tactical 2. Inspection plan + strategic 3. Inspection plan + IDEFO 4. Video - annotations 5. Storyboard

programming experience Underst. Useful. Overall Underst. Useful. Overall Underst. Useful. Overall Underst. Useful. Overall Underst. Useful. Overall

N
N
N
N
N
N
N
N
N
w
w
w
~
N
~

over 10years
over 10 years
over 10 years
over 10 years
over 10 years
over 10 years
over 10years
over 10 years
over 10 years
over 10years
over 10years
over 10 years
over 10 years
over 10 years
over 10 years
over 10 years
over 10 years
over 10 years
over 10 years
over 10 years
over 10years
over 10 years
over 10 years

over 10 years

A b0 WL LA WO W R ROV RN BN BEAE N WOV
A b A WO UW R, NN U R WO WD BN DN W A OGC
A b A WO LA N WDN U R WO W W SEDNDDNW R~ OC
A W o N R R W, WA N OB WA W R WW A OV
A D A 0NN R, B N NN BN WO PR WP WL WW POV
S B A NN R, N WN BN WO PR W DD W PP WW PG
w A N N DDA DWW R, W, 00U S DDA R, DN WA D
W B NN NN UODWON R R W R WO W WwWwwWw R, AN WD
w A N WN U UOWN R R R WO W W R PPN WD DS
S b 00 L LW OBTW LT, LR BN P D W PGV
A W U WA DWW R WU R, WO N W WN PP PG
A b0~ A A U0 WN WO R, WO W W WN P~ D WOV
A b0 A A WO W UL A UGBV WA NP UOW R O
A W Wb, WO N R, WD DN R, PO WOV
A b WA 0 DN BN O WU SR WNN DO WS~ OV

over 10years
Average 3.7 3.4 3.5 3.6 34 3.4 3.3 2.8 31 4.1 34 3.6 4.2 3.7 3.8
SD 1.184 1.265 1.170 1.095 1.127  1.095 1.287 1222 1.197 1.070 1.169 1.054 0.849 1191 1.020
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Table E. 13 Raw data for Inspection Plan + Tactical Planning Trajectory evaluation — All subgroups - Set 2

1. Inspection plan + tactical planning trajectory
Ease of understanding Usefulness Overall performance

Trial nov Online Jun Online int  Online Sen | Online Exp Trial nov Online Jun Online Int  Online Sen Online Exp Trialnov Cnline fun Online Int  Online Sen  Online Exp

4 3 2 2 2 4 4 2 4 2 4 4 2 3 2

2 5 3 2 5 2 3 3 2 5 2 4 3 2 5

5 2 2 2 4 5 4 2 2 4 5 3 1 2 4

5 4 4 4 3 5 3 4 5 3 5 4 4 4 3

4 4 4 1 2 4 2 4 1 2 4 2 4 1 2

3 3 3 4 3 5 3 4 5 4 5 4

4 4 4 2 4 4 3 2 3 4 3 2

2 2 3 4 2 2 3 4 4 3 3 4

4 5 2 2 4 5 2 4 4 5 2 3

4 4 1 4 4 4 3 3 4 4 2 3

3 4 5 3 4 5 4 5 5

1 5 5 1 5 3 2 5 3

4 3 1 4 3 1 3 3 1

4 3 4 4 1 5 4 1 3

3 3 3 5 1 2 3 1 2

3 5 3 2 3 3

2 3 2 1 2 2

4 3 4

5 5 5

5 5 3

3 3 3

5 5 3

5 4 4

4 4 4

4 4 4
Average 3.9 3.6 3.5 3 3.7 3.9 3.2 3.5 2.9 3.4 4 3.4 3.5 2.8 3.5

sSD 1.044 1.020 1.204 1.283 1.184 1.044 0.748 1.204 1.323 1.265 0.894 0.800 1.087 1.307 1.170

% 73 72 70 60 74 73 64 70 38 68 80 63 70 36 70
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Table E. 14 Raw data for Inspection Plan + Strategic Planning Trajectory evaluation — All subgroups - Set 2

2. Inspection plan + strategic planning trajectory
Ease of understanding Usefulness Overall performance

Trial nov Online Jun Online Int  Online Sen Online Exp Trial nov Online Jun Online Int | Online Sen Online Exp Trial nov Online Jun Online Int  Online Sen  Online Exp

4 3 3 4 2 4 3 3 4 2 4 3 4 4 2

5 5 3 2 5 4 5 3 2 5 4 5 3 2 5

5 2 2 3 4 5 4 2 3 4 5 3 2 3 4

5 4 5 3 3 5 3 5 4 3 5 3 5 3 3

4 4 4 1 3 3 3 4 1 3 4 3 4 1 3

3 2 5 4 3 2 3 4 5 3 3 4

3 4 3 3 4 4 2 3 3 4 2 3

3 2 3 4 3 3 3 4 5 3 3 4

3 5 3 3 4 5 2 3 4 5 3 3

3 4 1 4 4 5 3 4 4 4 1 4

4 4 5 4 4 5 4 5 5

1 5 5 2 5 3 2 5 3

4 3 2 3 3 2 3 3 2

3 4 4 2 3 4 3 3 4

5 3 3 5 1 2 5 1 2

4 4 4 2 4 3

2 3 3 2 2 2

4 4 4

1 1 1

5 5 5

2 2 2

3 3 5

3 4 4

3 4 4

4 4 4
Average 4.6 3.6 3.4 3.1 3.6 4.5 3.6 3.5 3.1 3.4 4.3 3.4 3.6 2.9 3.4

sSD 0.663 1.020 1.200 1.131 1.095 0.500 0.800 1.147 1.162 1.127 0.640 0.800 0.952 1.305 1.095

% 92 72 68 62 72 90 72 70 62 638 86 68 72 58 68
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Table E. 15 Raw data for Inspection Plan + IDEFO diagram evaluation — All subgroups - Set 2

3. Inspection plan + IDEFQ
Ease of understanding Usefulness Overall performance

Trial nov Online Jun Online Int  Online Sen Online Exp Trial nov Online Jun Online Int | Online Sen Online Exp Trial nov Online Jun Online Int  Online Sen  Online Exp

5 5 1 2 2 5 4 1 3 2 5 4 2 2 2

5 3 1 3 4 5 3 1 3 4 5 3 1 3 4

5 4 1 3 4 5 4 1 3 4 5 4 1 3 4

5 3 3 2 3 2 2 5 2 3 4 3 4 2 3

4 3 4 1 2 4 1 4 1 2 4 1 4 1 2

4 1 2 4 4 1 2 4 4 1 2 4

3 3 3 1 4 4 2 1 3 4 2 1

3 2 3 4 3 2 3 3 5 1 3 4

3 5 2 4 4 4 2 3 3 5 1 3

4 3 5 4 4 4 4 3 4 3 5 3

3 4 5 5 4 5 5 4 5

2 5 5 2 5 3 2 5 3

4 4 1 3 3 1 3 3 1

2 3 3 2 2 3 2 2 4

5 3 1 5 1 1 5 1 1

4 3 4 1 4 2

3 3 3 2 2 3

5 5 5

4 3 4

5 5 5

2 2 2

3 2 3

2 2 2

4 4 4

3 3 3
Average 4.5 3.6 2.7 3.1 3.3 4.2 2.8 2.9 2.8 2.8 4.2 3 2.9 2.6 3.1

sSD 0.671 0.800 1.350 1.056 1.287 0.872 1.166 1.526 1.059 1.222 0.748 1.095 1.500 1.234 1.197

% 90 72 54 62 66 84 56 58 56 56 84 60 58 52 62
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Table E. 16 Raw data Annotated Video-clip evaluation — All subgroups - Set 2

4. Anotated video clip

Ease of understanding Usefulness Overall performance
Trialnov  Online Jun | Online Int | Online Sen  Online Exp Trial nov Online Jun Online Int  Online Sen Online Exp | Trial nov Online Jun Online Int Onfine 5en Onlfine Exp
5 4 5 5 3 5 3 3 5 3 5 3 4 5 3
4 ] 4 3 5 3 4 4 3 3 3 ] 4 3 5
5 5 4 3 4 3 5 3 2 4 3 5 4 2 4
5 5 5 5 3 4 3 5 4 3 4 4 5 4 3
5 5 4 1 4 5 3 4 1 4 4 3 4 1 4
5 5 5 4 ] 5 2 4 5 5 5 4
4 5 4 2 2 4 3 2 3 5 3 2
5 5 3 4 5 2 3 3 5 3 3 3
5 5 3 4 5 5 3 3 4 5 3 3
5 4 1 5 5 5 4 2 5 4 4 3
5 5 5 3 5 3 5 3 5
2 5 5 3 5 3 3 ] 3
3 5 1 2 2 1 2 2 1
4 4 5 4 3 5 4 3 5
5 4 3 5 3 3 5 3 3
4 5 4 1 4 2
3 3 3 3 3 3
5 5 5
5 3 4
5 5 5
5 4 4
5 3 4
5 5 5
4 3 4
4 4 4
Average 4.8 4.8 4.3 3.7 4.1 4.4 3.6 3.9 3.2 3.4 4.3 4 4.1 3.4 3.6
sD 0.400 0.400 0.869 1.273 1.070 1.020 0.800 1.062 1.113 1.169 0.781 0.854 0.884 1141 1.054
% 96 96 86 74 82 88 72 78 64 68 86 80 82 68 72
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Table E. 17 Raw data Storyboard evaluation — All subgroups - Set 2

5. Storyboard

Ease of understanding Usefulness Overall performance
Trialnov  Online Jun | Online Int | Online Sen  Online Exp Trial nov Online Jun Online Int  Online Sen Online Exp | Trial nov Online Jun Online Int Onfine 5en Onlfine Exp
5 5 5 2 4 5 5 2 2 4 5 5 4 2 4
5 ] 5 2 5 3 4 3 2 3 3 ] 5 2 5
5 5 4 3 4 2 5 4 3 4 3 5 4 3 4
4 4 3 4 3 5 3 3 4 3 4 4 3 4 3
5 5 4 1 5 5 4 4 1 5 5 4 4 1 5
5 5 5 4 ] 5 5 4 5 5 5 4
5 5 3 2 3 3 3 1 3 5 3 2
5 4 3 4 5 4 3 2 5 4 3 2
4 5 5 3 4 5 3 4 5 5 3 3
5 5 4 5 5 5 3 4 5 5 5 4
4 4 5 4 4 3 4 3 5
1 5 5 1 5 3 2 ] 3
4 4 4 3 2 4 3 1 4
3 3 5 3 3 5 3 3 5
5 4 3 5 1 1 5 1 2
3 5 3 4 3 4
3 3 2 2 2 2
5 5 5
4 3 4
5 5 5
4 4 4
5 3 3
5 5 5
4 3 4
4 4 4
Average 4.8 4.8 4.1 3.4 4.2 4.6 4.2 3.9 2.9 3.7 4.7 4.6 4.1 3 3.8
sD 0.400 0.400 1.087 1.088 0.849 0.917 0.748 1.204 1.131 1.191 0.640 0.450 0.929 1.372 1.020
% 96 96 82 628 84 92 84 78 58 74 94 92 82 60 76
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