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Abstract

Fully constrained features and sound associativity are prerequisites for robustness and alterability of
parametric feature-based CAD models. However, errors in associativity are very difficult to detect with
traditional static analysis approaches, due to effects that remain hidden until parameter changes and model
re-creation take place. Currently, studies on associativity-related CAD model deficiency have not advanced
to the point of being a part of model analysis. In this paper, the novel concept of dormant deficiency,
together with a three-level classification, a graph-based knowledge network, a human readable
visualization of cause and effect relationships, and a software tool are presented in a newly developed
approach to dynamic CAD model analysis. Within this approach, dormant deficiencies are triggered to
facilitate a methodic knowledge-driven method of detecting errors in associativity. This is achieved through
systematic analysis of deficiency generating effects and their related symptoms, followed by systematic
backtracking to their root causes. A selection of representative examples used for testing and evaluation of
the approach is included within the empirical results from practice.
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1. Introduction

Developments in digital transformation (cf. Stark (2020), Moon and Park (2021)) are progressing rapidly
worldwide. Integrated, information-driven approaches, such as product lifecycle management (PLM), aim
to take into account all aspects of a product’s life and its environment, from design through manufacture to
final disposal (cf. Grieves (2006), Stark (2015), Elangovan (2020)). Within comprehensive approaches
such as PLM, the feedback loop is of central interest. Within such product and process information
feedback loops, output is examined in respect to a desired goal. Then inputs, models, and procedures are
modified to regenerate output until the gap between what is desired and the respective output generated
becomes acceptably small. As PLM is made up of various components including computer-aided design
and computer-integrated manufacturing, three-dimensional spatial models are at the center of design,
simulation, and evaluation.

The spatial product data and models allow for all this to be carried out in an entirely virtual digitized
computer-based space where the so-called information mirroring model, also known as the digital twin (cf.
Grieves (2006), Cerrone et al. (2014)) models all the characteristics and behaviors of a physical product.
Creation of a digital twin starts before the physical product exists, and the digital twin can remain long after
the final disposal of its physical counterpart. Within such 215 century concepts and developments, CAD
models are becoming an indispensable pre-requisite, which requires them to be sound, flexible, and robust,
so that they can be altered and regenerated without failure, while being further processed by various
applications pertaining to individual product life cycle stages. This requires, among other factors, some
means of reducing errors in associativity. These errors are usually introduced during modeling in the form
of mistakes in the dependencies among geometric entities, features, and their respective parameters. They
cause deficiencies and failures during CAD model regeneration. In general, it is quite challenging to
specify sound modeling strategies which implement the correct feature-creation sequences and parameter
settings that are required for robust parametric feature-based CAD models. Being able to design those
sound modeling strategies is inherently difficult and represents a vast and complex problem space for
creating robust CAD models. In order to make significant improvements, integrated solutions are required
relating to the development of competency, skills, and software tools. However, the current state of
development consists of rather isolated heuristics and approaches that can either reduce the problem space
through methodology-based improvements to modeling strategies or help in detecting very limited sets of
CAD model deficiencies after model creation has been finalized.

Recent work in this direction, such as the resilient modeling strategy (Gebhard (2017)), the explicit
reference modeling methodology (Bodein et al. (2014)), and the robust sketch principles (Nerenst et al.
(2023)), are promising approaches toward that goal. However, due to their limitations (see also discussions
in Camba et al. (2016)), translation of those approaches into practice is still impeded and not widely
pursued. In general, research and development for achieving sound, flexible, and robust CAD models are
still in their infancy, and thus unable to provide systematic approaches and methods that can actually
prevent errors in associativity. Thus, currently, in industrial and commercial settings, the creation of robust
CAD models is mostly dependent on the skills and expertise of CAD users per se. In this context, it seems
promising to aim first at supporting the efforts of CAD users — especially novices in educational settings —
in the development of the skills and competencies required to create alterable CAD models. This can best
be achieved by providing a framework and a software tool that can describe, help detect and trace the root
causes of errors in associativity. In this manner, the aforementioned skill and competency development is
supported through learning from errors by reflecting on mistakes in order to further insight and
understanding.

The objective of the work presented in this paper is to provide a framework to support the dynamic
analysis of altered parametric feature-based CAD models that fail during model regeneration due to errors
in associativity. In particular, the aim is to support the user in the recognition and identification of CAD
model deficiencies and in the provision of formative feedback aimed at supporting efforts to determine the
causes of those deficiencies. The framework is based on the newly developed concept of dormant
deficiency in its efforts to represent the phenomenon of errors in associativity. Those errors become evident
in the form of deficiency generating effects and their related symptoms only through alteration and
subsequent regeneration of inflexible and unrobust CAD models. The framework also utilizes systematic
knowledge-driven means of using a network of linked graphs in combination with cause and effect
diagrams to trace these effects back to their respective root causes. The concept of dormant deficiency was
developed for and tested in the educational context to improve the learning experience. It provides, among



other learning experience improving factors, a metric for students that facilitates a determination of the
quality of a CAD model in respect to model robustness. Dormant deficiency represents a concept that
comes to life for any user testing a parametric feature-based CAD model for errors in associativity. The
framework also provides a classification of the type of dormant deficiency present, and determines its
means of operationalization through a software-based feedback agent. However, the framework and
approach are not limited to the educational context per se.

This paper is structured as follows. First, in section 2, an overview is provided of current
developments in CAD model analysis and assessment, along with some background and discussion of
current problems regarding robustness and alterability of parametric feature-based CAD models. Next, in
section 3, an overview of the approach is given, along with details of the framework. The novel concept of
dormant deficiency is outlined, and an explanation is given of how knowledge organization, encoding, and
representation pertaining to root causes and effects associated with geometric entity and feature
dependency are executed within the system architecture using the prototype software tool that has been
developed and implemented. This is followed in section 4 by examples of analysis, backtracking, and
subsequent knowledge formation and abstraction, showing the framework in action. In particular, this
section focuses on how to use the software tool, and discusses cause and effect diagrams, as well as path
graphs, to activate dormant deficiencies and correctly recognize and relate symptoms to the effects of
particular dormant deficiency types. It then becomes possible to backtrack those symptoms to discover their
actual root causes, which are, in fact, errors in feature associativity. Lastly, a brief summary is provided of
outcomes achieved so far and an overview is given of work currently in progress. Some conclusions are
drawn in the final section.

2. Background, scope, and objectives
2.1. Developments in CAD model analysis

Influence from global labor markets, together with educational reforms, has pushed CAD education further
into the mainstream of higher education recently. This has resulted in a rapidly increasing number of
students, with a wider than ever variety in educational backgrounds, enrolling in introductory level CAD
courses and producing a flood of digital assignment submissions that need to be assessed and graded in a
timely manner. In response to this overwhelming situation, work on software tools for autonomous grading,
and also for quality and integrity checks, has been accelerated considerably in academia, and, to some
extent, also in commercial sectors (cf. Bryan (2020), Garland and Grigg (2019), Johnson (2018), Joo
(2018)). However, the frameworks and tools available for CAD model analysis and evaluation, and
deployed within commercial and industrial settings, cannot be used directly in educational settings, due to
differences in assessment criteria and evaluation goal settings. These differences focus mostly on issues
related to application context, quality, and interoperability of CAD systems (see discussions and tool
reviews in Gonzales-Lluch et al. (2017), Gu et al. (2001)).

Within educational settings, recent approaches dedicated to the automation of CAD model analysis,
assessment, and grading are obviously capable of considerably reducing the time required for analyzing and
assessing CAD models created by students. However, the type and complexity of CAD model that can be
analyzed, as well as the quality of the feedback that is generated (cf. Irons (2008), Hattie and Timperley
(2007)), are still quite limited. This is apparent, for example, in approaches for technical drawings and 2D
CAD files that can be found in Bryan (2020), Hekman and Gordon (2014), Ingale et al. (2017), Khaleel et
al. (2020), and Younes and Bairaktarova (2022). Examples of recent approaches for 3D CAD models and
related empirical studies are reported in Ault and Fraser (2013), Gonzales-Lluch et al. (2019) and Kirstukas
(2016). An interesting approach to providing visual feedback for automated CAD model grading using heat
maps is reported in Jaakma and Kiviluoma (2019). Further discussions on the subject of automated CAD
model grading, including a summary of the literature and pointers to gaps in research, can be found in
Garland and Grigg (2019). Another major limitation of those approaches to the automation of CAD model
analysis and grading is the inherent functional structure of having scripts and other pre-defined
computerized means that are only capable of comparing submitted student work with a reference solution
and determining what is correct or not in an inventory-checking-like manner. Hereby, the data space of
errors, mistakes, and deficiencies — that were introduced into the CAD models by students during model
creation — remains largely ignored. However, that is precisely the area where potentially valuable



knowledge can be extracted to gain insight into the shortcomings and difficulties with which students may
have struggled.

In regard to the computer-aided analysis of the alterability of CAD models — which represents a
central part of CAD model quality — it seems that dedicated frameworks and software tools in both
industrial/commercial settings and educational settings are not yet available. Perhaps this strongly reflects
on the central shortcoming of most approaches, previous and current, which is their inherently static
approach, namely focusing during CAD model analysis on only one version and one status of a model.
Approaching a problem related to a dynamic issue such as analysis of the alterability of CAD models
requires a newly envisioned approach characterized by adequate identification and formulation of the
problem, so that an appropriate solution can be found.

2.2. Motivation, scope and objectives

With increasing digitalization and the proliferation of PLM, the flexibility and robustness of parametric
feature-based CAD maodels are becoming issues of increasing relevance for research and practice in both
academic/educational and industrial/commercial environments. These issues can be approached from
various viewpoints. The two most prominent being pursued are aimed at determining ways to reduce or
even prevent alterability-related issues and developing means to circumvent them. For example, in practice,
alterability issues have been approached by commercial parametric CAD system developers through
enrichment of the functionality of CAD modeling systems. This was achieved by allowing local
modifications of the CAD model by means of a push/pull approach. This extended functionality of CAD
modeling systems is now widely known as explicit and direct modeling. Although those modeling
techniques do have features and feature-related parameters, they are defined on the fly during modeling.
Therefore, those CAD modeling approaches are not able to fully take into account the same set of
functionalities and operationalization techniques in regard to parametric feature-based modeling that
asynchronous approaches do. Hence, those modeling techniques are missing out on some benefits of
parametric feature-based modeling. This is especially relevant in regard to the creation of robust alterable
feature-based CAD models, which are usually centered around a history-based sound modeling strategy
appropriate to the design intent (see also discussions in Aranburu et al. (2022), Zou et al. (2023)). One
needs to view these asynchronous and synchronous approaches from two different perspectives: CAD
model creation from scratch and modification of CAD models. Further, one needs to take into account the
complexity of the model and whether it is parts, part families, or assemblies that are being modeled.
Approaches aimed at considerably reducing alterability-related issues include efforts to develop modeling
guidelines and best practices, and new modeling methodologies that are based on robust modeling
strategies and robust sketching principles. However, at the current stage of development, all these
approaches still have considerable limitations impeding their full application in CAD practice. Moreover,
despite their benefits for improving the robustness of parametric CAD models, it is by no means guaranteed
that they will prevent the occurrence of errors in associativity. As these approaches are all developed from
the perspective of prevention, they are not able to cope adequately with failures during model regeneration
due to errors in associativity. Hence, they lack any means of providing effective feedback to the user, who
otherwise has limited support from the CAD system for determining the cause of such model failures when
they happen.

In regard to the matters of course mentioned above, the authors propose an approach based on a
framework newly developed to tackle issues of CAD model alterability in a human-user and knowledge-
centered manner. In particular, a systematic application of the new approach aims at the following. Firstly,
formative feedback and learning from errors should be supported through affording the identification and
better understanding of the causes that are behind the creation of inflexible and unrobust CAD models.
Secondly, the expansion of knowledge pertaining to errors in associativity and CAD model robustness
should be facilitated, and this will translate into support for a more detailed, insight- and knowledge-driven
definition of modeling guidelines and best practices. Thirdly, hopefully the way will be paved for a more
sophisticated and adequate definition of next-generation methods and software tools for CAD model
analysis. The framework proposed is based on — among other components — the novel concept of dormant
deficiency newly introduced to the CAD field, and on systematic cause and effect backtracking analysis
that permits the identification and subsequent removal of the root causes that are the very essence of
inflexible and unrobust parametric CAD models. Thus, this approach allows for a systematic and dynamic



CAD model analysis supported by a software tool that facilitates backtracking along a structured reasoning
chain proceeding from symptom to effect, and ultimately to cause.

Traditional CAD model analysis is focused on the static properties of the models, that is, topological
and geometric characteristics. Those characteristics are always analyzed within a particular model
configuration, which, in most cases, is the configuration that is reached at the end of the modeling process.
Finally, to assess the quality of the CAD model, those static properties are usually compared to their
counterparts in a reference CAD model or reference solution. The inherent limitation of this approach is
that there is no chance to capture and analyze the dynamic nature of a parametric CAD model. This is
because a CAD model that appears to be sound and free of errors within a particular configuration can still
become inconsistent and deficient within another configuration, due to model alteration. To tackle this
issue, the authors propose a dynamic analysis approach and the novel concept of dormant deficiency. These
provide a means to describe, identify, and analyze CAD model deficiencies caused by errors in
associativity that become evident — through model deficiency generating effects and their related symptoms
— only after a model alteration takes place.

Although a long road still lies ahead before reaching the goal of considerably reducing or even
preventing alterability-related issues in the creation of parametric CAD models, the contribution made by
the development of modeling guidelines and best practices cannot be denied. However, the rationale behind
a certain modeling strategy suggestion within an application context is not always clear to the end user.
This can result in modeling situations where the user is uncertain whether a particular guideline and best
practice can really yield a benefit over another method. Moreover, if the method adopted fails to produce
the result expected, there is usually no way for the user to know the cause of the failure. In such situations,
the backtrack analysis that is part of the novel approach developed can be integrated with best practices and
guidelines to help in amending some of these issues, as it supports the user and enables him or her to get to
the bottom of the CAD model regeneration failure, that is to discover the root cause of the deficiency
generating effects and their related symptoms.

3. Approach, framework, and development
3.1. Outline and approach

Modern parametric feature-based CAD systems provide various mechanisms to help a user to define and
create the parameterization of a CAD model. Most of these mechanisms are applied at the two-dimensional
feature profile level and they can be sub-divided into two groups, namely geometric constraints and
dimensional constraints. Geometric constraints are used to define relationships among geometric entities.
They can be applied by selecting the type of constraint and the entities to which the constraint must be
applied. The order of selection may vary depending on the CAD system being used. When the constraint
needs to be applied to special vertices linked to spatial locations, such as the center of an arc, or the
midpoint of a segment, snap points can be used. The entities that can be selected for the constraint
definition are the elements of the profile and elements of the model geometry that are projected in the
profile plane. Geometric constraints constrain the morphology/topology of a CAD model as they preserve
geometric properties. Dimensions are used to set the size and/or position of the geometric entities. A
dimension can be active or passive, and these are referred to as driving dimension and driven dimension,
respectively. Usually, a change in the value of a driving dimension activates the regeneration of a CAD
model. The user can add driving dimensions until a profile becomes fully constrained. The value of a
driving dimension can be either a fixed numerical value or a formula. Here the latter is used in its broader
sense that includes algebraic equations, sets of predefined values, links to external data, etc. Driving
dimensions constrain the size of the model as they provide dimensional variability. Further mechanisms
used to define and create the parameterization of a CAD model are available at the three-dimensional level.
Means for selection of the plane in which to locate feature profiles and definition of the extent of the
extrusions of a feature are such examples. Critical modeling situations within which mistakes may result in
errors in associativity can occur during the creation of both the feature tree and the parameterization.

Now, in order to analyze CAD models in regard to flexibility and robustness, the six general steps of
the proposed approach can be outlined in a simplified manner as follows: (1) take a parametric feature-
based CAD model, (2) make changes to the CAD model, (3) detect dormant deficiencies, (4) analyze



dormant deficiencies, (5) find root causes, (6) document knowledge obtained through analysis, such as root
causes.

Here, within the framework presented in this paper, dormant deficiencies are activated in a CAD model to
determine whether the model actually contains any dormant deficiencies, and, if so, to find the type of
deficiency and the root cause. This is performed through a CAD model alteration simulator that consists of
a module integrated with an implemented software tool that is referred to as a dormant deficiency detection
tool (DDD tool) as described in Mandorli and Otto (2022) (cf. step 2). The role of the DDD tool is to
support the analysis process by systematically changing various CAD model parameters one at a time and
providing means for the identification of various types of activated dormant deficiency (cf. step 3). The
presence of any dormant deficiency becomes evident through model deficiency generating effects and their
related symptoms. The nature of the symptoms, which come in the form of feature failures, error messages,
and shape defects, helps to determine the type of dormant deficiency and the effect with which a symptom
is associated (cf. step 4). Once the effect of a particular dormant deficiency has been determined through its
symptom, the framework provides further support through its knowledge network, where knowledge on
cause and effect relationships is stored for each type of dormant deficiency. This knowledge network can
be traversed to backtrack from an effect to its probable root cause (cf. step 5). As the knowledge is encoded
through sets of attributed graphs which can be mapped to a veridical graphical representation in the form of
cause and effect diagrams, and vice versa, information required during cause and effect analysis is available
in both a graphical representation for the human user and an encoded internal representation for
computerized processing (cf. step 6). Backtracking to the root cause allows for shedding some light on and
finally determining the inter-/intra-feature associativity issue, which was the cause of the dormant
deficiency subject to analysis.

3.2. The concept of dormant deficiency

3.2.1. Overview and description of types

Dormant deficiencies can be conceptualized as errors in associativity, which were introduced during the
modeling process due to mistakes in the specification of dependencies between geometric entities and

features. However, the effect and impact of those mistakes on the CAD model remain dormant until an
actual CAD model regeneration is triggered and executed through an alteration (cf. Figure 1).
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Fig. 1. Structured overview of the approach and the role of dormant deficiencies.
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In this context, the outcome in regard to deficiencies is related to which of three different error situations
occurs. Those are, in turn, related to features and their status, shape (topology/geometry), and design
rationale. Accordingly, dormant deficiencies are classified as type I, type Il, or type I, as follows.

Note that in the descriptions below the term ‘feature’ refers to the result of the application and execution of
a modeling command from within a parametric feature-based CAD system, resulting in an entry in the
feature history tree, and to all the topological/geometric entities generated and associated with such a
feature history tree entry.

Type | dormant deficiencies: Faults in status

The effect of this type of deficiency is that a model change leads to features being either regenerated with
unpredictable results or not regenerated at all.

The main symptom of a type | dormant deficiency which has been activated is a change in the feature status.
The regenerated CAD model contains deficient features, which are labeled with a warning or failed status
in the feature history tree.

The DDD tool provides fully autonomous detection of type | dormant deficiencies.

Type Il dormant deficiencies: Faults in shape

The effect of this type of deficiency is that a regenerated CAD model does not contain any features labeled
with a warning or failed status, but the shape of features is incoherent or even destroyed, such as in cases
where a blind hole has become a through hole or an open slot has become closed.

The main symptom of a type Il dormant deficiency that has been activated is a change in the number of
geometric entities of the features, such as the number of side faces of a slot.

The DDD tool provides semi-automatic detection of type Il dormant deficiencies.

Type 111 dormant deficiencies: Faults in design rationale

The effect of this type of deficiency is that the regenerated CAD model does not contain any features
labeled with a warning or failed status, nor any features with a shape that is incoherent or destroyed.
However, the shape does not meet the design requirements due to a loss of elementary function. The main
symptom of a type Il dormant deficiency which has been activated is a change in geometric properties
such as lost symmetry conditions.

The DDD tool provides visual support for the detection of type Il dormant deficiencies.

Note that in comparison to earlier descriptions in work by the authors (cf. Mandorli and Otto (2022))
referring to dormant deficiencies, those given above reflect a stronger and more explicit viewpoint in
regard to both the effects and the symptoms. Integration and explicit use of the concept of symptoms along
with the concept of effects right from the beginning, at the description level of dormant deficiencies, not
only allows for more precise distinction and improved handling of them, but also supports efforts dedicated
to their detection. Accurate detection is a crucial and necessary precondition for correctly understanding
effects, and this understanding is, in turn, required to facilitate an adequate backtracking to discover the
cause factors through which dormant deficiencies were introduced in the first place.

At this point, it should be made explicit that the type 111 dormant deficiency is the least specific type, while
the type | is the most specific type, with the type Il in an intermediate position. Therefore, the type Il
dormant deficiency, being the most general type of dormant deficiency, subsumes type Il, which, in turn,
subsumes type I. For example, if, after a CAD model regeneration, a previously sound feature emerges with
a failure or warning status, those symptoms imply that a feature has not been regenerated properly, and thus
a type | dormant deficiency has been activated. Additionally, if a feature has not been properly regenerated,
or has not been regenerated at all, resulting in a fault in the shape, this is also consistent with a type Il
dormant deficiency. These effects in turn provide strong evidence that the functionality related to this
feature has been lost, thus causing faults in the design rationale, which is also consistent with a type 1lI
dormant deficiency. However, if, for example, after a CAD model regeneration, a previously correctly
positioned feature emerges in a different location or spatial position or orientation that violates its previous
geometric property — in regard to actual design requirements of the CAD model — without any further faults
in either status or shape, this indicates only the presence of a triggered type 111 dormant deficiency, because
the symptom and effect do not relate to those of the more specific type Il and type | dormant deficiencies.



3.2.2. Structuring of symptoms, effects, and causes
Symptoms and effects

In the case of type | dormant deficiencies, symptoms appear in the form of a change represented by labels
indicating a warning or failure in the status of features, due to errors and deficiencies encountered during
feature regeneration after a CAD model has been altered. As these symptoms are reported by the CAD
system in relation to individual effects that were encountered during CAD model regeneration — usually as
a result through the geometric modeling kernel — information on both the symptom and the related effect
can be obtained from the CAD modeling environment. Within the framework and current implementation,
as presented in this paper, symptoms and effects related to seven feature warnings and eleven feature
failures (see also Verma and Weber (2021)) are encoded and integrated. Some representative examples are
as follows.

e The input profile does not generate a valid part, resulting in no material being removed.

e  Zero thickness (non-manifold body), resulting in an unsuccessful execution of operation.

e Sick parent in reference element (plane), resulting in a recompute warning.

e The parent or keypoint end of the cylinder selected is missing, resulting in a recompute warning.

This change in the manner of intersecting feature shapes is due, in turn, to a change in the dimension or
position of those features. Dimensions and positions of features depend on the reference plane where the
feature profile is located, the extrusion options, and the way the profile has been dimensioned and
constrained. Therefore, in general, individual symptoms regarding a change in the number of geometric
entities of a feature can be associated with specific cause and effect relationships, which facilitate the
analysis and backtracking to causal factors and the root cause of a type | dormant deficiency. This can be
approached by systematically examining the topology of features and their shapes — based on various types
of entities such as faces, loops, and edges — that are subject to analysis. In cases where a change has been
detected, the nature of the change is evaluated and related to an effect that is considered to be consistent
with a type 1l dormant deficiency.

Note that, where symptoms and effects of a triggered type | dormant deficiency are detected and

reported in one form or another by commercially available parametric feature-based CAD systems, most, if
not all, of those detections can be considered sound and consistent, as they are principally based on the
fundamentals of Brep-based solid modeling theory. However, suggestions for a possible root cause are
seldom communicated by those systems, and, if they are, the suggestions are usually misguided. Moreover,
corrective actions that are sometimes proposed by those systems are not necessarily always correct and
consistent in regard to the actual effects as reported, and thus remain less helpful to the user.
In the case of type Il dormant deficiencies, symptoms appear in the form of a change in the number of
geometric entities of a feature, due to a change in the manner a feature shape intersects with other feature
shapes. This change in the manner of intersecting feature shapes, in turn, is due to a change in the
dimensions or positions of those features. Dimensions and positions of features depend on the reference
plane where the feature profile is located, the extrusion options, and the way the profile has been
dimensioned and constrained. Therefore, in general, individual symptoms regarding a change in the number
of geometric entities of a feature can be associated with specific cause and effect relationships, which
facilitate the analysis and backtracking to causal factors and to the root cause of the type Il dormant
deficiency. This can be approached by systematically examining the topology of features and their shapes —
based on various types of entities such as faces, loops, and edges — that are subject to analysis. In cases
where a change is detected, the nature of the change is evaluated and related to an effect that is considered
to be consistent with a type 1l dormant deficiency. Some representative examples from the framework, as
presented in this paper, are as follows.

e The total number of faces of a feature changes to zero, resulting in a feature being deleted.

e The number of bottom faces of a volume-removing feature changes to zero, resulting in a blind
cutout becoming a through cutout.

e The number of loops in a top face is decreased, resulting in an internal loop (cutout or a
protrusion) intersecting the side of the feature.



e The number of side faces increases, resulting in a feature that contains a split side.

Note that most, if not all, of these symptoms and effects that are caused by a triggered type Il dormant
deficiency, and are frequently encountered during CAD model analysis, remain undetected by all
commercially available parametric feature-based CAD systems.

In the case of type Il dormant deficiencies, the overall effect is a loss of design rationale. This loss of
design rationale involves a portion of the overall shape of the component, which can no longer provide the
function for which it has been designed. Functions that need to be preserved can be related, for example, to
assembly conditions, precise positioning, motion guidance, friction conditions, and strength distribution. In
such cases, symptoms appear in the form of a change in the geometric and topological relationships that are
defined through geometric entities of a single feature (intra-feature context) and/or a set of related features
(inter-feature context). Changes can also occur in the feature geometry, resulting in a shape that is neither
incoherent with the feature nor destroyed (see also work on functional dimensioning in Otto and Mandorli
(2015)). In general, such changes become visible after a CAD model regeneration in the form of a change
in the dimension, position, and/or shape of those features. Dimensions and the positions of features depend
on the reference plane where the feature profile is located, the extrusion options, and the way the profile
has been dimensioned and constrained. In principle, those individual symptoms can be associated with
specific cause and effect relationships, which facilitate the analysis and backtracking to causal factors and
to the root cause of the type 111 dormant deficiency. However, to formulate and correctly apply those cause
and effect relationships, the design requirements and constraints, that is the design rationale and
engineering context of the CAD model subject to analysis, need to be known. In cases where such changes
can be detected, the nature of the change can be evaluated and related to an effect that is consistent with a
type 111 dormant deficiency. Some representative examples from the framework, as presented in this paper,
are as follows.

e The coaxial center axes of a boss feature and its related threaded hole feature change to non-
coaxial center axes, due to a change in the spatial location of those two features, caused by an
incorrect selection of the keypoint to constrain the position of the hole center. Within a particular
design context where protruding mounting features and fixture screws are used, this causes the
loss of an important axis symmetry, resulting in unbalanced mechanical strength distribution.

e The distance between two mechanical fixing holes modeled with hole features changes, due to a
change in the spatial location of those two features, which, in turn, is caused by incorrect
constraining of the reciprocal positioning of the holes. A change in the spatial location of the
fixing holes will have an adverse effect on the assembly, resulting in an assembly problem.

e The location of a keyway housing changes, due to a change in its spatial location, which is caused
by an incorrect definition of the dimensioning of the keyway position. Such a change in the
keyway position will result in an assembly problem and probably in erroneous torque transmission.

Note that all of those symptoms and effects that are caused by a triggered type Il dormant deficiency are
beyond what current commercially available parametric feature-based CAD systems are capable of
handling. Hence, they remain undetected in CAD models in both educational settings and
commercial/industrial settings.

Root causes and associativity

The nature and category of dependencies between geometric entities and features are determined by their
range in regard to features, among other characteristics, and by the class of features with which they are
associated, that is to say profile-based features or non-profile-based features, as listed in Table 1. This
results in intra-feature dependencies and inter-feature dependencies. The former represent dependencies
between geometric entities within one and the same feature, while the latter refer to dependencies between
geometric entities of more than one feature. From this viewpoint, particular modeling situations can be
grouped as listed in Table 2, where dormant deficiencies have been introduced, most likely by novices, and
thus turn into critical situations (cf. Otto and Mandorli (2018)).
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Profile-Based Extruded cutout, Extruded protrusion
Revolved cutout, Revolved protrusion
Sweep, Loft, Helix

Hole, Slot, Rib, Pattern
Non-Profile-Based | Round, Chamfer, Draft

Mirror copy, Shelling

Table 1. Structured overview of feature types used within the framework, which are classified as either
profile-based or non-profile-based.

Intra-Feature Inter-Feature

Profile-Based profile creation reference plane selection
profile creation
extrusion definition

Non-Profile-Based N/A entity selection

Table 2. Modeling situations in respect to feature class and range, that become critical if dormant
deficiencies are introduced.

Note that, in the case of profile-based features, deficiencies within intra-feature dependencies are most
likely to be introduced during profile creation, when associativity is created between the 2D geometric
entities of the profile. Here, in cases where the profile is comprised of a basic non-complex outline, the
CAD system usually creates rudimentary geometric constraints automatically. However, in the case of
complex profiles, the user is required to explicitly define all the constraints required. Currently, most
commercially available CAD systems provide functionality for testing the condition of those profiles, that
is, whether they are fully constrained or not.

Dormant deficiency Symptom Effect
type

Type | change in feature status features are not regenerated or
indicated through warning and | regenerated with unpredictable
failure labels results

Type Il change in topology indicated feature shape is incoherent or even
through the number of destroyed
geometric entities of a feature

Type 1l change in geometric properties | loss in (mechanical engineering)

functionality

Table 3. Overview of symptoms and effects in regard to dormant deficiency type.
3.2.3. Knowledge organization and representation

To support CAD model analysis and the determination of cause factors and root causes of dormant
deficiencies, knowledge — on cause and effect relationships in regard to dormant deficiencies as presented
elsewhere in this paper — has been structured and encoded into a network of linked attributed r-partite
graphs as follows.

Preliminaries and terminology

First, some preliminaries on the basic structural concepts and terminology of graphs used in this paper,
which are mostly oriented on the basics as presented in Beineke (2014), Diestel (2017) and Gross et al.
(2019). Given a vertex set denoted by V and an edge set denoted by E, a heterogeneous relation defined as
R: V — E, can be characterized by a graph that is a pair G = (V, E) of sets such that E < V x V, with
elements of E being 2-element subsets of V and V n E = &. The vertex set of a graph G is referred to as
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V(G) and its edge set as E(G). The set of all the edges in E at a vertex v is denoted by E(v). An edge
denoted by {Vm, Vn}, is also written as (Vm,Vn), or simply vm,va. However, if v, € A and vy, € B, then v, Vs
represents an A-B edge. A graph G with vertex set V is also said to be a graph on V. To reduce the
complexity of notation, we may replace the notation v € V(G) and e € E(G) with the shorter versions v e
G and e e G, respectively, thus being less strict about a graph G and its vertex or edge set in cases where
this less strict viewpoint is applicable. The number of vertices of a graph G is its order and is denoted by
|V(G) | . The number of edges of a graph G is denoted by | E(G) |. A vertex v is incident with an edge e, if
v € e that is e is an edge at v. Moreover, two vertices are endvertices or simply ends, if they are incident
with an edge. The two vertices v and v, with vy € G and v, € G are adjacent, if {vm, va} € G. Two edges
with en € G and e, € G and en # ey are adjacent if they have an end (vertex) in common. A set 2= {Aq,...,
An} of disjoint subsets of a set A is called a partition of A if the union U1 of all the sets Ai € 4 is A and Vi
with i = 1..n A;j #O. Another partition {B,..., Bn} of A is called a refinement of partition 2, if each B; is
contained in some A;. If the context permits, those refinements of a partition 2 are simply referred to as
refining sets. The sets and subsets with n elements are called n-sets and n-subsets, respectively. The set of
all n-element subsets of A is denoted by [A]". We may speak of an r-partitioned graph denoted by G, also
referred to as an r-partite graph, if V(G) admits a partitioning into r subset classes with E(G) as a set of
edges such that every edge has its ends in a different set (cf. Beineke (2014)). A walk in a graph G denoted
by W(G) represents an alternating sequence of vertices and edges defined as W(G) = vo,e1,V1,€1, . . . €n,Vn
with the vertices vj1 and v; being the endpoints of the edge ej, vo being the initial vertex, v, being the
terminal vertex, and vi, . . ., Va1 being the inner vertices. This representation can be simplified by
considering only sequences of adjacent vertices defined as W(G) = vo,v1, . . . ,Vn. A trail in a graph G
denoted by T(G) is a walk in which no edge occurs more than once. A path in a graph G denoted by P(G) —
or simply denoted by P if the context permits — is a trail in which no inner vertex is repeated (cf. Gross et al.
(2019)). The number of edges of a path is its length, written as |E(P(G)) | A path with \V(P(G))| =
! E(P(G)) | +1isalso called a path graph. A path P(G) = vo,v1, . . . ,Va is called a path from v to vy. If V(P)
N A ={vo}and V(P) n B = {v,} it is also an A-B path. If the union P(G)v LU vQ(G) of two paths is again a
path, this is denoted simply through path concatenation by PvQ. The inner path of P(G) within a graph G,
that is the sub-path denoted by "P(G) is defined such that "P(G) = vy, ..., Va1 Where vo , Vo € V(P(G)) and
Vo, Vn & V(°P(G)).

Partitions and refinements

Now, in regard to a knowledge network denoted by KN concerning effects, causes, and root causes — that
are defined through their respective main categories denoted by EC, CC, and RC — of dormant deficiencies
denoted by ECR, a dormant deficiency analysis partition of ECR denoted by DDA can be defined as DDA =
{EC'EC" EC"' ECB,CC',CC",CC"',CCBRC}. Here the partition {EC'!,..., EC'"™} refines the set of EC',
which encodes all effect categories that are specific to type | dormant deficiencies. Similarly, the partitions
{EC"1,..., EC"""} and {EC""L,..., EC""*} refine the sets EC" and EC"', which encode all effect categories
that are specific in respect to type Il and type Il dormant deficiency. In a similar manner the sets
CcC',cc",cc, which encode all cause categories that are specific to each respective dormant deficiency
type, are refined by the cause (factor) partitions defined as {CC'.,..., CC'"}, {CC",..., CC""}, and
{CccC"1, .., CC"¥}, Finally, the sets ECB and CCB, which encode the cause and effect categories that are
considered basic to dormant deficiencies, are refined by the partitions {ECB!,...,ECBS} and {CCB!,...,
CCB". Note that in the case of ECP the refining partition consists only of five subsets, because those basic
effects are linked to the basic modeling situations — which can become critical if a dormant deficiency is
introduced — regarding feature class and range, as described elsewhere in this paper (see also again Table 2
and Table 3).

Cause and effect relations

Based on the refined partitioning of ECR as described above, knowledge on individual cause and effect
relationships within KN can be encoded by attributed r-partite graphs as follows. First, to obtain an
unambiguous set of cause and effect relations, the subsets within each refining partition of EC', EC", EC",
and EC® need to be structured as one-element subsets. Next, relationships between an individual effect and
associated cause factors within a cause category in regard to a type | dormant deficiency are encoded as 2-
element subsets E(G"') represented by sets of edges such that every edge has its ends in a different set
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within an attributed r-partite graph G''. In particular, all edges E(G"") for i = 1...n must have one of their
ends in a refining set of CC'. The partitions of G typically consist of the refining subsets associated with
EC', ECB, and CC'. Similarly, relationships between an individual effect and associated cause factors of a
cause category in regard to type Il and type Il dormant deficiencies are encoded through sets of attributed
r-partite graphs that are structured in a manner like their counterparts for the type | — of course considering
then the refining subsets associated with EC", EC", etc. — and are denoted by G'*, ..., G"™, and G"'*, ...,
G"'k. In the case of encoding relationships between an individual basic effect and associated cause factors
of a basic cause category, edges of any associated attributed r-partite graph G®™ that have one end in a
refining set of CCB and the other end not in a refining set of ECB, always have ends in RC. This is
consistent with the fact that a basic effect can usually be related to basic cause factors, which, in turn, can
be traced back to the root cause of a dormant deficiency that is encoded as part of the subset RC of the
dormant deficiency analysis partition DDA as defined earlier.

Vertex attributes

Attributes of the knowledge network KN are realized through vertex labeling of graphs G = (V, E) that is
based on a map va: G x DDA x V(G) x Name — Label x Color, where the elements of the set DDA
represent the categories that are available within the framework in regard to effect, cause, and root cause of
the dormant deficiency. V(G) is a vertex subject to ascription, that is to attribute application. Name is the
name of the attribute. Label represents the attribute label with a value that is defined as a string of
characters. The elements of Color represent the colors that are available within the framework and that
were used along with set partitioning. Note that adjacent vertices, that is, pairs of vertices joined by an edge,
must not have the same color. This condition is consistent with the approach taken to organize knowledge
on cause and effect relationships as described elsewhere in this paper.

Analysis path structuring

Based on the above-described knowledge network KN concerning effects, cause factors, and root causes
and the DDA — a dormant deficiency analysis partition of ECR — knowledge about the CAD model analysis
process and its outcome can be structured and encoded as follows. Relationships between individual effects
related to particular symptoms of an individual dormant deficiency type and either a final cause factor or a
root cause that has been determined as a result of during analysis, are defined as sets of edges, that is, two-
element subsets of V(KN) that have their ends in RC, and one of the refining partitions of EC and CC
respectively. Those pairs of effects and cause factors/root causes, in turn, can be further linked among each
other to obtain sets of sequences that organize and encode entire effect/cause chains. For example, in the
case of a type | dormant deficiency, results of a CAD model analysis where a root cause was determined to
be linked to an effect that is based on a detected symptom, are encoded in general by an EC'-RC path
denoted by P'. In particular, a path that links an effect represented by xo to a root cause represented by Xy is
encoded by an {xo}-{xn} path such that V(P') n EC' = {xo} and V(P') » RC = {x,}. Similarly, analysis
results for cases where a cause factor is linked to an effect are encoded generally by an EC'-CC® path.
However, in those cases the particular path encoding of a {xo}-{xn} path needs to be structured such that
V(P") n EC' = {xo} and V(P") n CCB = {x,}. Note that taking into account paths from effects to cause
factors is required, because during cause and effect analysis of CAD models in practice one may encounter
cases — especially in regard to type Il and type 111 dormant deficiencies — where determination of a specific
root cause is not possible with the information available from both the CAD model and the design
requirements to which the CAD model is subjected. The j-th path of a set of paths that encode and
document analysis results of type | dormant deficiencies that were detected in the k-th CAD model is
denoted by P'X, Similarly, paths that encode analysis results in regard to type Il and type Il dormant
deficiencies are structured in a manner like their counterparts for the type I, but taking into account the sets
associated with EC", EC", etc. Those paths are denoted in a similar manner to their type | dormant
deficiency related counterparts, that is, for example, P", Pk P! and so forth.

3.2.4. Knowledge encoding and visualization

A human-centric graphical manner of presentation is a necessary precondition to make use of and benefit
from, and thus enable as well as support, the powerful human visual and cognitive capabilities during the
computer-aided processes of analyzing, making sense of, and conveying information and knowledge that is
externalized and usually encoded in a digital, non-visual form. However, visually representing knowledge



13

and information encoded by mathematical structures and abstract data objects such as graphs and networks,
which is commonly referred to as graph drawing and node-link diagram visualization (cf. Huang et al.
(2009), Purchase (2002)), represents a challenging task. This is, among other issues, due to the fact that
just providing any kind of information visualization does not in general translate automatically into
effective and efficient communication and visual analysis. One major reason for that is related to the
ambiguous and non-unique mapping between a graph as an abstract mathematical structure and its
graphical representation in the form of a node-link diagram implementing a designed layout. Here, earlier
and recent theoretical and empirical work on the quality of node-link diagram visualization, which, as a
multi-dimensional construct, is related to various factors, provides some valuable pointers. First and
foremost, issues of perceptual and cognitive factors and costs need to be considered. Here factors that relate
to the number of connecting nodes, path crossings, and bendiness of paths, as reported, for example, in
Ware et al. (2002), Zheng et al. (2005), and Papadopoulos and Voglis (2013), are important measures to
reduce what is known as visual clutter, and this in turn helps to ease visual perception and cognitive efforts.
Results of empirical work related to the aesthetics of such node-link diagram visualizations, as detailed in
Purchase et al. (2002), were recently reported, for example, in Baum (2020) and De Luca et al. (2018).
They are also partly interrelated with those factors just outlined, and further take into account criteria
referring to visual mapping and the composition of visualization elements such as color mapping,
alignment, symmetry, and visual density. Work is reported in Misue (2006), and Misue and Zhou (2011) on
efforts to generate node-link diagram layouts that are easy to perceive and comprehend visually by using
anchored maps instead of simple connecting edges between node sets, which are usually represented as
overlapping lines. Another important aspect of the quality of node-link diagram visualization is the specific
purpose of the visualization and the potential for supporting the provision of insight in regard to this
context (see also discussions in Huang (2014), and Saraiya et al. (2006)).

For the purpose of the visualization — that is, the organization and graphical representation of knowledge
related to the analysis of the cause and effect relationships of dormant deficiencies during CAD model
analysis — a particular diagram with a stable visual pattern and a layout that is readable, useful, and easily
understandable has been chosen. This diagram is referred to in the literature as an Ishikawa diagram or a
fishbone diagram, but sometimes it is called a herringbone diagram or a Fishikawa (cf. Ishikawa (1991),
Tague (2005), Bradley (2017)). The various names for this diagram are all based on the fact that the visual
appearance of the central layout shape is akin to the side view of a fish skeleton. The Ishikawa diagram and
its layout are specifically structured to display visually the possible causes of a specific problem, which can
then be traced back to the individual factors and root causes that prompted that effect. Within the diagram
layout — the spatially organized two-dimensional fishbone structure — the causes are usually grouped into
main categories, which in turn are refined by adding cause factors. Then the latter can be further refined to
identify potential root causes.

In order to achieve a high level of familiarity for the end user of the diagram visualization as implemented,
the effects, cause categories, cause factors, and root causes contain only technical terms and descriptions
that are specific to and meaningful within the domain knowledge and context of parametric feature-based
CAD modeling. Note that within the work reported in this paper, all cause and effect relationships and root
causes that were identified, structured, and graphically represented using the Ishikawa diagrams as shown
and discussed, have been double-checked and confirmed through empirical analysis of all the CAD models
used during development, implementation, and verification of the framework, the software tool, and the
overall integrated visualization and simulation environment. The mapping of knowledge and information
between the encoded digitized form and the visualization is realized through correspondence relationships.
Those relationships are based on characteristics shared between the elements of graphs of the knowledge
network and their counterparts in the Ishikawa diagram and can be described as follows.

The correspondence relationships between the various classes of partitions and refinements used in the
r-partite graphs of the knowledge network and the type of elements employed in the Ishikawa diagrams are
structured in a straightforward manner. The EC', CC!, ..., EC", CC"| RC, and their refining partitions — as
already described in detail elsewhere in this subsection — correspond to the effects, cause categories, and
root causes represented in the diagrams.

For example, in the case of type | dormant deficiencies, the number of refining sets that form the part
of r partitions in regard to CC' within G' corresponds to the number of cause categories in an Ishikawa
diagram. Here the number of vertices of each refining partition of CC' within G' corresponds to the number
of cause factors within each respective cause category in an Ishikawa diagram. The number of vertices that
form the part of r partitions in regard to RC within G' corresponds to the number of root causes within each
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respective cause factor in an Ishikawa diagram. Note that in the case of EC' — due to its n-subsets
[{EC", ..., EC'™}]™ with n = 1 for those refining partitions — we have an explicit correspondence between
the number of the set elements of the refining partitions of EC' within each G' and the effect in the Ishikawa
diagrams. In the case of type Il and type IlIl dormant deficiencies, the correspondence relationships in
regard to the number of elements between graphs and Ishikawa diagrams are formed in a similar manner by
taking into account respective partitions and their refinements.

Correspondence between cause and effect relationships that are encoded within attributed r-partite
graphs and their counterparts in the fishbone structure of the Ishikawa diagrams is based on edge sets,
which — in the case of type | dormant deficiencies — are defined as E(G') = {(vi,v;) | Vi= l..mVj=1...n

(vi € EC') A (vj € CC")}. Note that each vi is the endpoint that makes those edges adjacent in regard to the

effect linked to EC'. As outlined above for other characteristics of elements, in the case of type Il and type
Il dormant deficiencies, the correspondence between cause and effect relationships in attributed r-
partitioned graphs and their counterparts in the fishbone structure of the Ishikawa diagrams is formed in a
similar manner by taking into account respective partitions and their refinements.

Color correspondence between elements of the knowledge network graphs and the Ishikawa diagrams
is realized through vertex attributes and the coloring of diagram element details. The latter is related to the
description of an effect and its related cause categories, their individual factors, and root causes, and is
visually represented as boxed text with a frame and a white background. Those diagram element details and
the color in which they are visually presented correspond to the image of the vertex attributes as computed
by the map va, which was described earlier. Currently, a dark blue color is used for cause categories and a
light blue for cause factors, while dark red and black are used for effects and root causes, respectively.
Taking into account color vision impairment, the color scheme has been designed to ensure that the color
combinations used in the graphical representations are universally legible. With such a barrier-free design,
the graphical representation is clear and accessible to both the color impaired and the viewer with full color
vision. The current design is based on a customized color scheme, which employs differences in hue to
represent differences between effect, cause category, and root cause. This color scheme design encapsulates
a color sub-category, which presents a lightness pair for the blue hue. The legibility of the current
customized color scheme design has been verified with a complementary software tool, namely
ColorOracle (cf. Jenny and Kelso (2007)), an open-source simulator of color-impaired vision.

3.3. Framework and system structures

The approach and concept as introduced and presented earlier have been translated into a framework design
and system architecture by considering a simulation-based CAD model analysis and assessment in regard
to dormant deficiencies with a real-time oriented graphical user interface and a cross-linked view between
the CAD modeling environment and the simulation environment that supports dedicated user interactions
such as brushing (cf. Heer and Shneiderman (2012), Munzner (2014), Ware (2020)).

Simulation of the CAD model alteration process and assessment of the CAD model in regard to dormant
deficiencies are approached in a straightforward manner by linking the simulation module and assessment
algorithms to the CAD system. Various scenarios are then executed by the CAD system regarding test and
breakpoint settings that are specified through the user interface and controlled by the software tool. These
include CAD model regenerations in regard to parameters that were altered. As both the CAD modeling
environment and the simulation-based analysis and assessment environment are cross-linked, the user can
see and experience in real-time the symptoms and effects that dormant deficiencies, if present, can have on
CAD model regeneration after model alterations have taken place.

Within this framework, dormant deficiencies are not only activated and detected, but also recorded and
analyzed. This is done in regard to the critical alteration situation and the dependencies context in which
the deficiencies appeared and the number and kind of deficiencies. This structured feedback, together with
the user interactions and cross-linked view provided, offers basic information and functionality to assist in
locating and analyzing mistakes committed earlier during the modeling process, which introduced the
dormant deficiencies. A schematic overview on how this approach is translated into the framework design
is given in Figure 2. First, symptoms are analyzed to determine the related effect in regard to a dormant
deficiency type. Here information is provided by various system components as shown in Figure 2. Next,
the root cause of the effect subject to analysis is determined.
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Fig. 2. Schematic overview of framework components and the flow of information across cause and effect
relationships as well as effect and symptom relationships.

This step is supported through the knowledge network, which contains cause and effect relationships. Here
information from the knowledge network that is encoded as linked attributed r-partite graphs is visualized
as Ishikawa diagrams to support visual navigation and integration within the graphical user interface of the
software tool and the CAD system. Eventually, triangulation of information from the data sources in regard
to cause and effect relationships, critical situations, deficiencies, and dependencies across the simulation
process and the modeling process is effected, and this is integrated with retrospective analysis. Then
possible locations of errors in dependencies can be determined in the form of features and their associated
geometry that was rendered invalid during CAD model regeneration. Note that with this simulation-based
and process-oriented approach, CAD model assessment requires neither a finished modeling outcome nor a
reference solution in the form of an ideal CAD model for comparison. Assessment can be performed with
the software tool at any stage during the modeling process, and thus it fully supports formative assessment
and feedback.

The software tool design is based on the approach of an alteration simulator operating on the
parametric structure of parametric feature-based solid models. The software tool design is conceptually
integrated with the current CAD course structure and resources in regard to CAD model analysis and
assessment (cf. Mandorli and Otto (2022), Otto and Mandorli (2021)). The user can control the simulation
process through an interactive graphical user interface. Once the user starts the simulation and analysis
process, the software tool automatically collects and changes, one-by-one, all the dimensions that are
related to sketches, profiles of features, and extensions of finite extrusions. Note that, due to the cross-
linked structure between the software tool and the CAD system, each dimensional change is immediately
reflected in the shape of the CAD model being regenerated. The user can define the proportions of the CAD
model alterations that are used during the simulation process. The current system default is 10%. After each
change in a dimension value, the number and type of features that have entered a failed or warning status
are recorded within the report-based feedback section of the user interface. The user can also set
breakpoints in order to pause the simulation and analysis process. Breakpoints can be set either after each
change of a single dimension value or after a dimension has been both increased and decreased. Following
the activation of breakpoints, the simulation and analysis process can be terminated, or it can be resumed
with either the current breakpoint settings or an uninterrupted execution until the end of the process is
reached. The graphical user interface has been developed and implemented within the Microsoft Excel
Visual Basic for Applications (VBA) framework and is provided through the dashboard of the software tool.
This interactive graphical user interface is a part of the cross-link structure and brushing supporting the
visual simulation display. The visual simulation display, and in particular the user interface within the
dashboard, have been designed not only to mediate communication and user interaction through computer
screens, but also to inform and to provide feedback in an effective and efficient manner.

The design is guided by functional and data requirements and is grounded in principles of visual
usability and the application of various insights and groundwork of cognitive and perceptual psychology. In
particular, the principles of familiarity and consistency strongly affected basic decisions regarding the
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interface design, and subsequently the system development, as outlined next. Reasons for that were related
to various factors. External consistency, and in particular familiarity, allows users to transfer expectations
and experiences they have acquired from systems and interfaces that were similar, thus facilitating an
almost immediate interaction without first having to overcome a tedious learning curve. The underlying
rationale for this is the tendency for users to draw on their cumulative experience from other digital systems
and experiences that support them in their understanding of how things work and what to expect when
encountering something new (see also Jacob’s Law and consistency in visual design and usability, for
example in Schlatter and Levinson (2013), and Yablonski (2020)). The visual hierarchy of the visual
simulation display has been structured based on a combination of position and contrast in size to relate the
relative importance of elements to their visual prominence based on contrast (cf. Ware (2008)). For the
cross-linked view pertaining to the CAD modeling environment, placement and proximity to frame (cf.
discussions on Gestalt psychology principles related to visual interface design in Johnson (2020), and Ware
(2020)) have been used to affect contrast and perception of hierarchy regarding the rendered CAD model
shape and its subsequent model re-creations during the simulation process. For the interface of the
dashboard, placement and proximity of elements and eye behavior have been used to improve perception of
hierarchy (see also discussions on F-shaped reading patterns and the inverted pyramid principle in Lidwell
et al. (2010), and Moyers (2017)). The design also includes a visual resting space, that is white space for
the eye to rest on in a screen (cf. Schlatter and Levinson (2013)). Note that this visual resting space can also
be used temporarily during assessment to literally park floating dialog windows, thus reducing visual
clutter.

Within the visual interface design presented, color has been used strategically to highlight and draw
attention. This policy is consistent throughout the CAD model assessment feedback in the data tables such
as the initial conditions and the test results, where color is used to indicate and draw attention to dormant
deficiencies detected and to features that were identified as not fully constrained, or otherwise found to be
defective. Color is also used during brushing within the cross-linked view to highlight a dimension within
the CAD modeling environment after its counterpart within the list-based data set in the dashboard has
been selected. The color scheme used for the visual interface design has been customized so that it can be
accessible to both the color impaired and the viewer with full color vision (cf. Harrower and Brewer (2003),
Munzner (2014)). Finally, some consideration has been given to the overall appeal of the visual interface
design as it affects perception of use due to the aesthetic-usability effect (cf. Kurosu and Kashimura (1995),
Tractinsky et al. (2000)). This is because users often perceive interfaces with aesthetically pleasing designs
to be more practical. Hence, an aesthetically and visually pleasing design can actually influence usability,
extend credibility, and get users to be more tolerant of minor usability issues (see again Yablonski (2020)).
In particular, the interface has been kept as a minimal design to allow students to focus on the task at hand
and the feedback generated in real-time during simulation-based CAD model assessment. For example, this
includes switching off the grid in the background and reducing the ribbon (menus and toolbars) to a
minimum as system default. In addition, the entire wording within the dashboard has been designed to
appeal to novice users by avoiding expert language and difficult domain-related terms and symbols. Instead
of referring to ‘brushing’ or ‘breakpoint scenario setting’, phrases in plain English are employed in the
interface, such as ‘show dimension’ and ‘pause when value changes’. These additional design efforts are
aimed at contributing to the overall appeal of the visual simulation display design by providing a
personality for the interface that fits best with the characteristics of the persona of novices and student users
and their expectations about what the software tool does and for whom it is meant.

The newly developed software tool features a technical architecture that leverages API-based
functionality provided by commercially available CAD systems to support a modular and highly cohesive
system architecture. At present, the simulator module kernel and knowledge related to the CAD model
deficiency analysis are implemented within the CAD modeling environment as procedures and functions
based on the VBA framework. Within the current implementation, the modeling environment deploys a
commercially available parametric feature-based solid modeling system, namely SolidEdge from Siemens
AG. Further details on the visual simulation display design and the software tool implementation can be
found in Otto and Mandorli (2021).
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4. Empirical results from practice
4.1. Overview

In order to test and evaluate both the approach and the prototype implementation, functionality,
performance, and reliability have been assessed using 230 parametric feature-based CAD models created
by students for CAD laboratory and course assignments in the previous and current academic year. To keep
the presentation and discussions concise and transparent, the sample CAD models used in this paper are
limited to a selection from a single exercise. This exercise is usually administered after the first quarter of
the course and requires the creation of a CAD model with a non-complex shape (see Figure 3) that can be
created by novices using a basic set of fewer than fifteen feature commands.
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Fig. 3. Outline and overall dimensions of the sample CAD model from an actual CAD course assignment.

The goal of this exercise is to train students toward some of the expected learning outcomes of the course.
These include an understanding of the importance of a well-designed modeling strategy with a focus on
CAD model quality rather than on model shape, and an awareness of, as well as adherence to, various basic
elements of CAD modeling guidelines and best practice. For this exercise those elements include the use of
non-complex profiles whenever possible, defining only fully constrained profiles, and being aware of
feature dependencies and critical modeling situations that can lead to dormant deficiencies in a CAD model.
In the following sub-sections, examples are presented and discussed of actual intra-feature and inter-feature
dormant deficiencies as encountered during analysis of student-created CAD models. Additionally, one
complete case study is provided in order to exemplify the process of analysis, progressing from the
identification of a symptom to discovery of the root cause for each type of dormant deficiency. This
demonstrates a practical application of the approach grounded in the novel concept and its associated
software tool. Note that during profile creation the definition of dimensions is strongly related to the
definition of constraints, and that both contribute to the definition of fully constrained profiles. Dormant
deficiencies are often introduced during profile creation due to a combination of wrong decisions related to
the selection of constraint and dimension types, and the selection of entities that are inadequate for
correctly setting those constraints and dimensions. Therefore, in the examples presented below, issues
related to the definition of either dimensions or constraints treated within one sub-section may cross over
into another sub-section.
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4.2. Dormant deficiencies caused by intra-feature dependency errors
4.2.1. Profile creation and definition of dimensions

In the following, constrained profiles shown in the figures contain various graphic symbols (icons) that
were used in the profile definitions to represent the various types of constraints. These are summarized in
Table 4. Note that in some cases more than one constraint may be required, and this may result in several
graphic symbols being displayed in the same location on the profile.

Description Symbol
Connect (1 degree of freedom) x
Connect (2 degrees of freedom)
Concentric

Equal

Horizontal/Vertical

Tangent

Symmetric

Parallel

Perpendicular

J=w (Ol n@E

Table 4. Graphic symbols representing geometric constraints used in the profile definition.

Errors in the dimensioning used to define the profile of a feature are a common source of dormant
deficiencies. For the sample CAD model in the intra-feature case the following situation has been
encountered. Efforts to adjust the position of the frontal boss required the profile shown in Figure 4(a) to be
vertically relocated by changing dimensions, which resulted in an inconsistent profile configuration as
shown in Figure 4(b). This in turn is the result of a type | dormant deficiency that was introduced with the
erroneous initial dimensioning (see again Figure 4(a)). After this feature parameter alteration, the re-
creation of the CAD model showed deficiencies in the feature history and the shape/geometry (see again
Figure 4(b)), which are symptoms typically indicating a type | dormant deficiency. To avoid the
introduction of such a dormant deficiency, the dimensioning used to define the profile of the frontal boss
should be specified, as shown in Figure 4(c).

[ % extra-esempi.par
[ 7 Base
[#=] Materiale (Nessuna)
# [ L Piani di riferimento di base
= [¥] 3 Corpi di progetto
[¥] @ Corpo di progetto_1
Ordinato
I Protrusione 1
&l Protrusione 2
< [ Protrusione 3
® [F Protiusione 5
® [HScavo 2
® [HScavo 3
® [EForo 1

(a) (b) (c)

Fig. 4. Example of a profile definition that contains dimension-related intra-feature dependency errors.
From left to right: (a) initial dimensioning used for the profile definition of the frontal boss, (b) altered
dimensioning with feature history and re-created CAD model shape exhibiting symptoms of a type |
dormant deficiency, (c) correct and alterable dimensioning that can be used for the profile definition of the
frontal boss.

Note that the dimensioning as shown in Figure 4(c) is not only alterable without causing any CAD model
deficiencies, and thus directly contributing to the creation of a robust CAD model, but also more efficient,
as vertical relocation of the profile requires alteration of the value of only one parameter, whereas the
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erroneous dimensioning shown in Figure 4(a) required a change in the values of three of the parameters
used for dimensioning the frontal boss profile.

4.2.2. Profile creation and definition of constraints

Another common source of dormant deficiencies is the definition of constraints. Taking up again the
previous example of the frontal boss of the sample CAD model, a fully constrained profile (see Figure 5(a)),
consisting of 6 geometric entities (3 arc segments and 3 straight segments), 14 constraints, and 5
dimensions has been encountered during the previous analysis. At this stage of the modeling process, the
fully constrained profile does not seem to contain any deficiencies. However, altering the values of some of
the parameters that define the profile reveals that there are, in fact, various deficiencies, including an
erroneous shape (cf. Figure 5(b)), an unresolved profile (cf. Figure 5(c)), and even a parameter/constraint
conflict error (cf. Figure 5(d)). All of these appeared after the re-creation of the altered CAD model. Again,
these deficiencies are symptoms which typically indicate dormant deficiencies introduced through mistakes
in the constraint definition used to create the profile.

The dimension could not be changed. The requested
] value conflicts with existing relationships.

(@) ) © ©)

Fig. 5. Example of a profile definition that contains constraint-related intra-feature dependency errors.
From left to right: (a) initial dimensioning used for the profile definition of the frontal boss, (b) alteration
resulting in an incorrect profile shape for the frontal boss, (c) alteration resulting in an unresolved profile
for the frontal boss, (d) alteration resulting in a parameter/constraint conflict error in the profile of the
frontal boss.

In this example, dormant deficiencies were introduced due to a missing constraint between the central
upper arc segment and the straight segment on left-hand side of the profile. Instead of such a constraint, an
ill-placed dimension has been used. Note that, to add such a constraint to the overall profile definition in a
consistent manner, one dimension first needs to be removed, as shown in Figure 6, in order to avoid yet
another parameter/constraint conflict error.

Fig. 6. Example of a robust and consistently alterable profile definition for the frontal boss consisting of a
corrected set of basic dimensions and constraints.

4.3 Dormant deficiencies caused by inter-feature dependency errors

4.3.1. Reference plane selection

Within the context of inter-feature dependency errors, various cases were found where dormant
deficiencies were introduced during reference plane selection, although this is a process that is usually
considered to be neither complex nor difficult in nature. In the case of the sample CAD model discussed in
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this paper, for example, the frontal boss plane was aligned to the planar front (entrance) face of the base
cylinder in a co-planar manner, as shown in Figure 7(a). Altering the length of the base cylinder then
results in a change in the frontal boss height. This is readily discernable in the shape and geometry of the
re-created CAD model shown in Figure 7(b). This represents a symptom typical of a type Il dormant
deficiency, as the volume of the frontal boss becomes either excessive or minute, in proportion to the
alteration of the base cylinder length. Note that other symptoms typical of type | and type Il dormant
deficiencies are notably absent, for example features being labeled with warning or failed status, or
incomplete shapes or incomplete geometry. Of course, if type | and/or type Il dormant deficiencies were
also present, those symptoms would be triggered and thus would also be readily discernable after the CAD
model regeneration had been executed. In this context, to avoid dependency errors resulting in the
introduction of dormant deficiencies, the reference plane selected for the frontal boss plane should lie
parallel to the XZ plane of the CAD system’s modeling space, taking into account that there should be a
certain distance between those planes, as shown in Figure 7(c). Then, by employing a “to-the-next”
extrusion option in the direction toward the vertical cylinder, the height and thus the volume of the frontal
boss can be correctly defined in a manner independent of the base cylinder length.

——

(b) (© (d)

Fig. 7. Example of reference plane selection containing related inter-feature dependency errors. From left
to right: (a) initial reference plane selection used for the frontal boss plane, (b) re-created CAD model
shape exhibiting symptoms of a type I1l dormant deficiency after the base cylinder length has been changed,
(c) correct reference plane selection for the frontal boss plane, (d) alternative correct reference plane
selection for the frontal boss plane.

Note that directly selecting the XZ plane of the vertical cylinder and extruding the profile of the frontal
boss in the outer direction, as shown in Figure 7(d), also produces a correct solution, avoiding the
introduction of the type Il dormant deficiency outlined above. However, taking into account this particular
modeling situation and the operational limits of this kind of extrusion option, other types of dormant
deficiencies may be introduced. This is because the profile of the frontal boss might become too large to be
correctly projected onto the outer surface of the vertical cylinder. This, in turn, after CAD model re-
creation, may result in a frontal boss with an incomplete or incoherent shape. For additional details related
to this issue, see also Figure 8(c) and its discussion in the next sub-section.

4.3.2. Profile creation and definition of dimensions

As outlined elsewhere in the paper, cases where a dimension is wrongly used instead of a constraint can be
treated as dependency errors in a profile definition pertaining to either a missing constraint or an error
related to the definition of a dimension that should have been defined as a constraint. In the inter-feature
example presented in this sub-section, the latter is the case.

Note that, within this context, adding a missing constraint without first removing the dimension parameter
that was wrongly used will result in an error due to an over-constrained profile. However, removing the
dimension parameter that was wrongly used while omitting to add the missing constraint will result in yet
another deficiency due to the profile becoming under-constrained.

Taking up again the creation of the frontal boss of the sample CAD model, modeling is based on an
extruded protrusion feature with a profile that is located in a vertical plane parallel to the XZ plane of the
CAD system’s modeling reference space. To create the volume of the frontal boss, the profile of the
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extrusion feature is extruded toward the vertical cylinder using a “to-the-next” extrusion option. The profile
of the frontal boss has a radius dimension (cf. R30 in Figure 8(a)) which has assigned to it a numerical
value that allows for the frontal boss to be aligned to the vertical cylinder in a tangential manner. Again, as
in the previous cases discussed, at this stage of the modeling process the fully constrained profile does not
seem to contain any deficiency. However, a decrease in the radius, and therefore diameter, of the vertical
cylinder results in deficiencies during CAD model re-creation. Most prominently, there is an absence of the
entire shape and geometry of the frontal boss (cf. Figure 8(b)), which could not be re-created at all by the
CAD system. This error in shape and geometry, together with issues present in the feature history, are
symptoms typical of dormant deficiencies, in this case a type | dormant deficiency. This dormant
deficiency has been introduced during the profile definition where a fixed radius dimension value was used
instead of creating a dependency between the profile of the frontal boss and a geometric entity of the
vertical cylinder through a constraint (see Figure 8(c)). One possible solution is to replace the fixed radius
dimension value with a constraint, which enforces a tangency between the silhouette edge of the vertical
cylinder and the central top arc segment of the frontal boss profile. For the example discussed, this
automatically computes the correct numerical radius dimension value for the profile’s two lateral arc
segments (Figure 8(d)), which was previously assigned to a fixed numerical value.
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Fig. 8. Example of a profile definition that contains dimension-related inter-feature dependency errors.
From left to right: (a) initial dimensioning used for the profile definition of the frontal boss, (b) altered
dimensioning with feature history and re-created CAD model shape exhibiting symptoms of a type |
dormant deficiency, (c) dimensioning details of the profile definition of the frontal boss after alteration, (d)
correct alterable dimensioning that can be used for the profile definition of the frontal boss. One fixed
dimension has been replaced with an inter-feature constraint.

4.3.3. Profile creation and definition of constraints

In what follows an example is presented that relates to errors committed during profile creation due to a
mistake in the constraint definition. That mistake introduced a dormant deficiency, so that when the CAD
model was altered and re-created, there was an error that had an adverse effect on the initial geometric
entity selection, resulting in the wrong spatial positioning of features in regard to initial design
requirements.

Taking again the sample CAD model, one design requirement is that the lateral boss and its threaded hole
remain positioned in respect to the frontal boss as shown in Figure 9(a) and Figure 10(a). This was
achieved by using a constraint that relates the center of the circular profile of the lateral boss to the
endpoint of the edge of the contour of the frontal boss in a coincident manner as shown in Figure 9(b) and
Figure 10(b). However, if the profile of the frontal boss is altered (unintentionally) in a way that it is not
exactly tangential in respect to the vertical cylinder (see Figure 9(c)), the intersection edges between the
frontal boss and the vertical cylinder will change (see Figure 9(d)) in a way that, in most cases, results in a
loss of the edge endpoint used in the initial constraint definition. This, in turn, has an adverse impact on the
constraint that regulates the proper positioning of the lateral boss in respect to the frontal boss, with the
former being wrongly positioned because the center of its circular profile is now coincident with points
along the contour of the frontal boss instead of a particular edge endpoint (see again Figure 9(b) and Figure

(10)).
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Fig. 9. Example of a profile definition that contains constraint-related intra-feature dependency errors.
From left to right: (a) correctly positioned lateral boss and lateral boss hole as specified by the design
requirement, (b) enlarged view showing details of the initial constraint condition, (c) re-created CAD
model shape exhibiting symptoms of a type Il dormant deficiency after parameter alteration of the frontal
boss, (d) enlarged view showing details of the error in the constraint condition after parameter alteration of
the frontal boss.
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Fig. 10. Enlarged section of the example of a profile definition that contains constraint- and entity-related
inter-feature dependency errors. From left to right: (a) correctly positioned lateral boss and lateral boss hole
as specified by the design requirement, (b) mistake committed during geometric entity selection, (c)
correctly selected circular profiles of the lateral boss and the lateral boss hole used in a constraint that
spatially aligns them in a concentric manner.

A readily discernable symptom typical of a type 11l dormant deficiency appears when the lateral boss and
its threaded hole are positioned in regard to the frontal boss in a manner that is not consistent with the
intended alignment as previously described. To avoid the introduction of dormant deficiencies leading to
this kind of critical situation during modeling, a different type of constraint is recommended. More details
on this issue of constraint type selection are discussed elsewhere in this paper, in particular in the context of
coincidence constraints between an edge endpoint and a profile center.

4.3.4. Definition of extrusion options

Besides dimensions and constraints, extrusion options are an important element for the creation of feature
geometry and shape. Although neither their command structure nor their application is complex compared
to other modeling operators, their proper selection and application should not be underestimated, as they
are also a potential source for introducing dormant deficiencies. Within the sample CAD model, the case
that follows can be considered a typical example of underestimating the impact of an extrusion option. In
this case the option chosen was inappropriate for the modeling context in which it was applied, which
subsequently resulted in the introduction of dormant deficiencies. To create the central vertical cutout, an
extruded circular cutout feature of a finite depth (see Figure 11(a)) was used with a value equal to that of
the vertical cylinder feature that was created through a vertically extruded circular protrusion, as shown in
Figure 11(a). This modeling scenario results in a central vertical circular cutout that passes through once
the circular horizontal cutout is created (cf. Figure 11(b)). However, if the height parameter value of the
vertical cylinder feature is increased, this vertical circular cutout will no longer pass through, due to its
finite length with a value that has not been adjusted in regard to the CAD model alteration. Re-creation of
the CAD model during this modeling stage, as shown in Figure 11(c), depicts this unintended result
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together with symptoms typical of dormant deficiencies. In this case a type Il dormant deficiency is
indicated, as the shape and geometry of the central vertical cutout (feature) are inconsistent with those of
the passing-through cutout. Note that the symptoms of this type of dormant deficiency are usually not
recognized by the CAD system, as was the case here, thus no feature warnings, or errors, or any other CAD
system-generated feedback, were available to indicate this deficiency.

(b) (©

Fig. 11. Example of an extrusion option definition that contains inter-feature dependency errors. From left
to right: (a) initial dimension and definition of extrusion option used for the central vertical cutout, (b)
cross-section of the correctly created CAD model up to the modeling stage where the vertical and
horizontal cutouts were created, (c) cross-section of the re-created CAD model shape exhibiting symptoms
of a type Il dormant deficiency, (d) cross-section of the correctly re-created CAD model using an
alternative extrusion option that is based on a snap point, (e) enlarged cross-section of the
topological/geometric condition related to the alternative extrusion option that is based on a snap point.

However, during tool-assisted analysis, the DDD software tool detected and reported on this dormant
deficiency, because the geometry of the central vertical cutout in regard to the number of faces and edges
had changed during the CAD model re-creation after parameter alteration. To avoid this mistake and the
consequent introduction of a dormant deficiency, a different type of extrusion option needs to be applied,
which is based on a snap point instead of a fixed numerical dimension value. In the case presented, for
example, the center of the base cylinder could be used as a snap point, as shown in Figure 11(d) and Figure
11(e). Correctly determining and defining the conditions of extrusion options is not always a trivial and
straightforward process. Completely understanding the possible impact and the operational and functional
consequences of extrusion options in the context of particular modeling situations can sometimes be quite a
challenging task. Therefore, having formative feedback at various stages of the modeling process can
increase awareness of and knowledge about the possible presence of dormant deficiencies and their causes.
This will contribute to increasing the alterability, and thus the robustness, of feature-based CAD models.
The next section offers detailed discussions and examples on how to employ the novel framework and
approach in a practical manner. This can be achieved by engaging in a software tool assisted analysis in a
systematic way to determine the causes of dormant deficiencies based on the symptoms and effects
presented.

4.4. From symptom and effect to root cause of dormant deficiency
4.4.1. Analysis of type | dormant deficiencies

Recall that, in the case of type | dormant deficiencies, symptoms appear in the form of a change
represented by labels indicating a warning or failure in the status of features. This is due to errors and
deficiencies encountered during feature regeneration after a CAD model has been altered. These symptoms
are reported by the CAD system in relation to individual effects encountered during CAD model
regeneration. For the example discussed in this sub-section, those symptoms are shown in Figure 12, which
depicts the entire DDD software tool interface, and in Figure 13, which shows an enlarged section of the
CAD system view. Further analysis of these symptoms (see Figure 14(a)) leads to the effect, which is a
failure in the regeneration of the rear boss hole feature (see again Figure 13(b)).
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Fig. 12. Example of symptoms relating to the type | dormant deficiency that are readily discernable in the
feature history and in the shape and geometry, and in the DDD software tool report as shown through the
visual simulation display enabling a cross-linked view in real time during simulation and analysis.
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Fig. 13. Actual part where the type | dormant deficiency was discovered. From left to right: (a) CAD model
and feature history with latent type | dormant deficiency, (b) CAD model and feature history with triggered
type | dormant deficiency.
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Fig. 14. Analysis of type | dormant deficiency symptom and effect relationship. From left to right: (a) CAD
model with triggered type | dormant deficiency, feature history, and symptoms of interest, (b) CAD system
feature error message relating to the effect termed “No material removed”.



25

The problem encountered by the system is related — as an effect — to the error message “Profile Error: ... -
no material removed” (see Figure 14(b)), which is also an encoded type I dormant deficiency effect within
the framework and current implementation. The graphical representation of the cause and effect
relationship for this effect, as shown in Figure 15(a), suggests that there are three possible cause categories.
To determine which one is the most likely, the failed feature needs to be analyzed again. It then becomes
evident that the feature profile (see Figure 16(a) and Figure 16(b)) is located in a region where there is no
material that can be removed, because it has already been removed by a previous feature.
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Fig. 15. Graphical representation of cause and effect relationships. From left to right: (a) Ishikawa diagram
for type I dormant deficiency related effect termed “No material removed”, (b) Ishikawa diagram for type 1
dormant deficiency related (basic) effect termed “Extent definition issue”.

This situation is a consequence of the re-created CAD model shape shown in Figure 16(c), which is due to
an alteration to the central vertical cutout dimension value as shown in Figure 16(c) and Figure 16(d). This
provides sufficient evidence to pursue the effect-cause analysis under the cause category ‘“Material
removed by previous feature” (see again Figure 15(a)) within this diagram. The feature history tree and the
CAD model shape reveal that the feature which removed more material than anticipated was the frontal
boss hole feature (see again Figure 16(c) and Figure 16(d)).
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Fig. 16. Analysis of type I dormant deficiency related effect termed ‘“No material removed”. From left to
right: () CAD model with triggered type | dormant deficiency, feature history, feature profile, and
dimensions of interest, (b) cross-section of CAD model with triggered type | dormant deficiency, feature
profile, and altered dimensions of interest, (c) cross-section of CAD model with triggered type | dormant
deficiency and dimensions of interest, (d) cross-section of CAD model with latent type | dormant
deficiency and dimensions of interest.

The reason behind this unintended feature interaction is the reduction in the diameter of the central vertical
cutout feature. This in turn caused the frontal boss hole feature to execute a full through-all cutout instead
of an extrude-through-next cutout, because the profile of this hole feature is now larger than its counterpart
in the central vertical cutout, which was wrongly defined as a limit of the cutout extrusion. This insight
allows us to fix the cause factor as “Previous feature wrong extent” and to determine the base effect,
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namely “Extent definition issue” (see again Figure 15(a)), which leads to the diagram shown in Figure
15(b), eventually pointing to the root cause. The base effect determined in the diagram shown in Figure
15(b) relates to the three base cause categories, of which the “Extent option definition” is the most
appropriate according to the analysis so far. This in turn leads via the basic cause factor “Wrong extent
selection” to the eventual root cause, namely the “Misuse of through-next-extent”.

The corresponding path graph (see also Figure 17) over effects, cause factors, and root causes, that is the
EC'-RC path P"1 — related to a refinement of EC' — that encodes and documents analysis results of type |
dormant deficiencies that were detected in the j-th CAD model during the i-th analysis process for the
example presented, can be structured as follows. The path P"H = xo, ..., X« needs to start with an edge yo =
{xo0,x1} where yo € E(P"") with xo € EC'" and x; € CC"™. Here the vertex Xo is incident with yo, that is yo
is an edge at xo, which in turn is determined through V(P"J) ~ EC'" = {Xo} as a first vertex of the path.

- EC'": No material removed

=> cc'™ Material removed by previous feature

> Previous feature wrong extent

-> ECB": Extent definition issue

=> cc': Extent option definition
> Wrong extent selection

=> Rc: Misuse of through-next-extent

Fig. 17. Overview of the analysis of the type | dormant deficiency effect-cause path and related refining
partitions of categories as used in the knowledge network.

The sub-path °P"4 of the path graph is recursively defined through edge adjacency over refining effect-
cause partitions within sub-paths ending when a basic effect-cause partition set is reached. For the current
example, and the one recursion required, this can be described with 1 <b < ¢ < k and edges Y = {Xo,Xo+1}
and Yy = {Xc,Xc+1} Where Yy # Y wWith y, € E("P") and y. € E("P"") for x, € CC"™ and Xy+1 € EC®" such
that x. € ECB" and x.+1 € CCB!. Recall that all effect partitions and their refining partitions — as defined
elsewhere in the paper — are one-element partitions. Hence, under the conditions as outlined, the edges yp
and y; have an end in common. The path P"' needs to end with an edge yx = {Xx.1,X} where yx € E(P"")
with X1 € CCBand x« € RC. The vertex X« incident with yx and defined through V(P"4) ~ RC = {x} then
represents a terminal vertex of this path correctly ending in a root cause for the type I dormant deficiency
effect subject to analysis.

4.4.2. Analysis of type Il dormant deficiencies

Analysis of type 1l dormant deficiencies requires more domain knowledge than is usually encoded and thus
handled by the CAD system. This is due to the engineering design related modeling goals of the parts and
family of components and their final proper geometry and shape, which are created through and
represented by parametric feature-based CAD models. Application of the DDD software tool — similar to
that described in the previous example but with a different CAD model — revealed a type Il dormant
deficiency, which could not be detected by the CAD system, because the symptom and effect relationship
is beyond the reasoning capability of current commercial CAD systems. As can be seen in Figure 18, the
CAD model before (see Figure 18(a)) and after the parameter alteration (see re-created version in Figure
18(b)) does not contain any symptom that relates to an effect indicating a fault in a feature status. However,
as can be discerned from the CAD model shown Figure 18(b), there is visual evidence of symptoms in the
form not only of incoherent feature shapes, but also of feature shapes that were destroyed during model re-
creation without affecting the status of any of the features involved. This indicates a typical type Il dormant
deficiency effect, and thus problem, which will be looked into next.
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Fig. 18. Actual part where the type Il dormant deficiency was discovered. From left to right: (a) CAD
model, feature history, and dimensions of interest of latent type Il dormant deficiency, (b) CAD model,
feature history, and altered dimensions of interest for triggered type Il dormant deficiency.

The symptoms outlined above are related to the frontal boss feature and the related hole feature (see again
Figure 18(b)). Within the current analysis context, this indicates a type Il dormant deficiency effect relating
to “Feature intersection”. The graphical representation of this effect-cause relationship, as shown in Figure
19(a), suggests that there are two possible cause categories. As there is only an intersection between two
individual features, the effect-cause analysis can be pursued under the cause category “Feature A intersects
with feature B” (see again Figure 19(a)). As the type II dormant deficiency in this example was triggered
by a value change in one of the dimensions of the frontal boss (see again Figure 18(b)), this insight allows
us to fix the cause factor as “Feature A/B dimension”. Since we know that the problem is related to the
profile definition within one feature (see again feature class and range in Table 2), the base effect can be
determined as “PB-IntraF Profile issue” (see again Figure 19(a)). This in turn leads to the diagram shown in
Figure 19(b).
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Fig. 19. Graphical representation of cause and effect relationships. From left to right: (a) Ishikawa diagram
for type II dormant deficiency related effect termed “Feature intersection”, (b) Ishikawa diagram for type II
dormant deficiency related (basic) effect termed “PB-IntraF profile issue”.

The base effect determined in the diagram shown in Figure 19(b) relates to two base cause categories, of
which the “Intra constraint definition” is the more appropriate according to the analysis so far. This, in turn,
leads to the basic cause factor “Missing constraint”, from which, however, a more specific root cause
cannot be further ascertained.
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For the example discussed above, Figure 20 gives an overview of the analysis of the type Il dormant
deficiency effect-cause path and the related refining partitions of categories as used in the knowledge
network. The corresponding path graph, that is the EC"-CC® path P'"' that encodes and documents analysis
results of type Il dormant deficiencies that were detected in the j-th CAD model during the i-th analysis
process for the example presented, can be structured in a manner similar to that presented in the previous
example of the type | dormant deficiency.

=> Ec'': Feature intersection

=> cc''™: Feature A intersects with feature B
> Feature A/B dimension

=> gcen: PB-IntraF profile issue

-> CCB!: Intra constraint definition

> Missing constraint

Fig. 20. Overview of the analysis of the type Il dormant deficiency effect-cause path and related refining
partitions of categories as used in the knowledge network.

Note that the above analysis is based on the assumption that the hole feature is correctly positioned in
respect to the frontal boss feature. In other words, it is assumed that the hole feature is centered in respect
to the arcs that define the lower half of the boss feature profile. This condition is also consistent with the
exercise requirements.

4.4.3. Analysis of type Il dormant deficiencies

At this point it should be recalled that type 111 dormant deficiencies are the least specific type of dormant
deficiencies. A regenerated CAD model with this type of deficiency does not contain any features labeled
with warning or failed status, nor any features with a shape that is incoherent or even destroyed. However,
the shape does not meet the design requirements, due to a loss of elementary function. The main symptoms
of a type Ill dormant deficiency which has been activated are a change in geometric properties, such as a
loss of symmetry conditions. This was the case for the symptom shown in Figure 21(b), which depicts a
regenerated CAD model after the application of the DDD software tool, which revealed the type il
dormant deficiency.
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Fig. 21. Actual part where the type Il dormant deficiency was discovered. From left to right: (a) CAD
model, feature history, and dimensions of interest of latent type 111 dormant deficiency, (b) CAD model,
feature history, and altered dimensions of interest of triggered type 111 dormant deficiency.

Note that, in some cases, a design specification might require a certain deviation from symmetry conditions.
However, those deviations still have to take into account aspects of mechanical engineering and
functionality. In the example shown in Figure 21, the threaded hole feature could be intentionally designed
to be somewhat off-center in relation to the boss feature, but it cannot be located too close to the boundary
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|2 base threaded hole
(] rounds
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of the boss due to issues regarding a possible concentration of tensions under mechanical stress related to
the behavior of the material from which the part is to be manufactured. As the CAD model subject to
analysis is from a CAD exercise assignment for novices, the loss of symmetry, that is the threaded hole
feature being off-center in relation to the boss feature, can be taken to be a type Il dormant deficiency
symptom that relates to “Unbalanced strength distribution”.
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Fig. 22. Graphical representation of cause and effect relationships. From left to right: (a) Ishikawa diagram
for type III dormant deficiency related effect termed “Unbalanced strength distribution”, (b) Ishikawa
diagram for type III dormant deficiency related (basic) effect termed “PB-InterF profile issue”.

The graphical representation of the cause and effect relationship for this effect, as shown in Figure 22(a),
suggests that there are two possible cause categories. As the problem is related to the boss feature and the
threaded hole feature and the positioning of the latter, the effect-cause analysis can be pursued under the
cause category “Feature issue” and the cause factor “Feature position” (see again Figure 22(a)).
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Fig. 23. Analysis of type III dormant deficiency related cause factor termed “Feature position”. From left to
right: () CAD model with latent type 111 dormant deficiency, feature history, and dimensions of interest,
(b) CAD model with triggered type Il dormant deficiency, feature history, and altered dimensions of
interest.

At this point, with the knowledge that the problem is related to a profile definition that involves two
features, the base effect can be determined, namely “PB-InterF Profile issue” (see also again feature class
and range in Table 2). This in turn leads to the diagram shown in Figure 22(b). The base effect determined
in the diagram shown in Figure 22(b) relates to two base cause categories, of which the “Inter constraint
definition” is the more appropriate according to the analysis so far. This leads to five possible cause factors.
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Fig. 24. Analysis of type III dormant deficiency related (basic) cause factor “Constraint reference keypoint
selection”. From left to right: (a) CAD model with latent type III dormant deficiency, feature history,
incorrect constraint reference keypoint, and dimensions of interest, (b) CAD model with triggered type 111
dormant deficiency, feature history, incorrect constraint reference keypoint, and altered dimensions of
interest (d) amended CAD model without dormant deficiency, feature history, and correctly selected
constraint reference keypoint.

Further analysis of this situation in relation to those possible factors reveals that the incorrect positioning of
the threaded hole feature stems from constraints used within its profile definition, as shown in Figure 23. It
seems that an error was made during the constraint reference selection, and that this problem continued
through the cause factor “Constraint reference keypoint selection”, eventually leading to the root cause
“Wrong projected constraint keypoint”. From the analysis carried out, it can be assumed that the type III
dormant deficiency was introduced into the CAD model due to there being various overlapping snap points
(see Figure 24), with the wrong one being selected accidentally as a constraint reference as shown in Figure
24(b). For the example discussed above, Figure 25 gives an overview of the analysis of the type 111 dormant
deficiency effect-cause path and the related refining partitions of categories as used in the knowledge
network.

=> Ec: Unbalanced strength distribution

=> ccm: Feature issue
> Feature position

=2 EcB" PB-InterF Profile issue

- CCB': Inter constraint definition

> Constraint reference keypoint selection

=> Rc: Wrong projected constraint keypoint

Fig. 25. Overview of the analysis of the type 11l dormant deficiency effect-cause path and related refining
partitions of categories as used in the knowledge network.

The corresponding path graph, that is the EC'"'-RC path P""J that encodes and documents analysis results
of type 111 dormant deficiencies that were detected in the j-th CAD model during the i-th analysis process
for the example presented can be structured in a manner similar to that presented in the previous examples.

5. Conclusions and future work

This paper has presented and discussed a framework newly developed to support the dynamic analysis of
altered parametric feature-based CAD models that fail during model regeneration due to errors in
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associativity. The framework is based on the novel concept of dormant deficiency and represents a first
approach for introducing to the CAD field a concept that aims at systematically tackling and describing a
dormant phenomenon, which is encountered — in the form of deficiency generating effects and their related
symptoms — only through alteration and subsequent regeneration of parametric feature-based CAD models
that are not flexible, sound, and robust. Within this new framework, dormant deficiency can be used as a
key metric to describe a CAD model qualitatively and quantitatively in regard to flexibility and robustness.
This can be achieved through identifying the type and number of dormant deficiencies being activated, if
present, and the degree of parameter variation used during dynamic CAD model analysis.

Within the framework presented, knowledge on cause and effect relationships has been encoded and
documented through sets of linked attributed r-partite graphs, which are the foundation of the knowledge
network used in the approach. Currently, within this framework — in regard to the dormant deficiency types
as introduced — basic knowledge has been compiled and encoded for the domain of parametric feature-
based CAD in relation to various model deficiency generating effects and their related symptoms, cause
categories and cause factors, root causes, and cause and effect relationships. Transitions of knowledge on
cause and effect relationships between the encoded form and a veridical graphical representation through
Ishikawa diagrams are based on sound and unambiguous correspondence relationships. Hence, through this
visual aid, support is provided for the human user both for the traversing of cause and effect relationships
during analysis and for the formation of new knowledge on those relationships and their respective
categories and factors.

Formal encoding and documentation of knowledge within the graph-based knowledge network on
cause and effect relationships, as well as individual analysis results in the form of path graphs, paves the
way for new and unprecedented possibilities of furthering knowledge and insight driven analysis,
eventually bringing CAD model analysis and assessment to a whole new level. At that level, perhaps,
elements of artificial intelligence could also be used to aid correct and speedy recognition of effect and
symptom relationships for type Il and type Il dormant deficiencies, thus allowing for a faster and more
efficient analysis process.

The approach is scalable, from a knowledge-based perspective, as information on newly discovered
deficiency generating effects and their related symptoms can be encoded and added to the knowledge
network at any time. Such information is likely to be encountered during model analysis through dormant
deficiencies being activated and subsequent determination of their cause factors and cause and effect
relationships. The approach is also scalable from a systems-based perspective, as the current framework is
not limited to the commercially available parametric CAD system that is currently being used, but can be
applied to most parametric feature-based CAD systems that provide an APl which can be linked to the
current open system architecture of the framework. Using this approach and the prototype implementation,
analysis can be performed at any stage during or after the modeling process. Thus it can be used to support
students during exercise-based learning experiences and skill development and to assist teachers during
CAD model analysis, the provision of formative feedback, and grading. As this approach is dynamic and
simulation-based, no reference CAD model is required, and no reference solution is needed. Therefore, it
overcomes a severe limitation inherent in most static inventory checking systems, like the autonomous
analysis and grading systems that are currently being developed and used in academic and
commercial/vocational settings.

From an educational point of view, learning how to reduce or prevent the introduction of type I and
type 1l dormant deficiencies, which are, to a great extent engineering context independent — as they are
regarded as CAD model defects in almost any engineering context — can be considered a foundation on
which to develop the capability to reduce or prevent the introduction of type 111 dormant deficiencies. As
type Il dormant deficiencies depend on the engineering context, changes in a CAD model after
regeneration may be acceptable in one engineering design context but not in another, thus leading to a
possible type 111 dormant deficiency. Hence, reducing or avoiding the introduction of type I and type Il
dormant deficiencies relates more to learning the correct use of the modeling commands that create
appropriately parameterized and constrained CAD models with suitable topology and geometry. However,
avoiding the introduction of type 11l dormant deficiencies requires additional skills and competency for
planning a correct modeling strategy while also taking into account a concrete engineering design context.

A wider and more detailed empirical evaluation of the approach presented in this paper is currently in
progress within the educational context. In particular, the authors are currently examining how the dormant
deficiency concept — as a key metric for CAD model quality in regard to flexibility and robustness — and a
special student version of the software tool were received by students. This is based on their feedback in the
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form of an online survey that consists of various questionnaires. The questionnaires are structured to
capture user experience and satisfaction, while also providing information on what student users expected
and found useful. Administration of and data collection for the survey were executed through a learning
management system and analyzed using a multi-method approach. The impact on improving performance
outcomes and skills, as well as competency development, is also examined by analyzing student-created
CAD models that were submitted by various student cohorts during CAD laboratory exercises both before
and after introduction of the dormant deficiency concept and the software tool. Results of this empirical
evaluation will be made available soon through a follow-up publication.
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