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Abstract. Educational reforms and recent trends have pushed CAD education 
further into the mainstream of higher education. This has resulted in a rapidly 

increasing number of students enrolling in introductory level CAD courses, 
producing a flood of digital assignment submissions that need to be evaluated in a 

timely manner. This overwhelming situation has led to accelerated work on 
software tools for autonomous analysis and grading. However, the type and 
complexity of CAD model that can be analyzed, and the quality of the feedback that 
is generated, are still quite limited. In response to this predicament, and also 
efforts to reform an actual mechanical engineering CAD (MCAD) course, a new 

approach, framework, and software tool have been developed, based on visual 
representation and analysis of metrics. These novel instruments are aimed at 
supporting a more diverse and inclusive analysis and assessment of MCAD models, 
with a focus on the overall outcome a student produces, which includes model 
structure, history of model creation, and modeling strategy. The first part of this 
paper presents the novel approach and instruments for enhanced feature-based 
MCAD model analysis in the educational context. The second part of this paper 

reports on their development and implementation, and on the empirical results 

obtained during testing and evaluation. 
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1 INTRODUCTION 

Recent developments in global labor markets and efforts in the reform of higher education, along 
with work in educational research, are creating awareness of the most prominent shortcomings 
and failures of current CAD education. Such efforts have also provided new insights and 

recommendations, with some pointing toward the need for more educational exercises in the CAD 

laboratory, to transform CAD education so that it is more student centered and learning as well as 
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practice oriented. This, in turn, requires frequent assessment and high quality and timely 
feedback. However, the overall checking, detailed analysis, and subsequent assessment of CAD 
models within an educational context are different from their counterparts in commercial and 
industrial settings in regard to both the goal and the assessment criteria. This is most evident 

within skill and competency development, which benefits considerably from reflecting on, and thus 
learning from, errors and mistakes. However, formative assessment and feedback are essential 
prerequisites to accomplish this. To promote and advance formative feedback in computer-aided 
design for mechanical engineering (MCAD) education, feature-based model and geometric model 
assessment needs to consider the quality of a model not only in terms of the absolute criteria that 
are associated with technical domain knowledge, but also by applying criteria related to model 
deficiencies that are the result of wrong or inappropriately applied system commands and partial 

or entire modeling strategies. Deviations from computer-aided design and modeling guidelines and 

best practices as taught in the CAD course, and expected to be reflected in the structure and 
properties of student-created CAD models, also need to be included in the assessment and 
feedback process. This represents a task that is not only comprehensive and complex, but also 
considerably knowledge intensive. This is related to the fact that analysis and assessment require 
not only the detection and identification of deficiencies that in many cases do not violate general 

normative knowledge about feature-based modeling and geometric modeling, but also knowledge 
about the modeling goals and how they have been translated into strategies and actions. 

Within the context of MCAD education, parts of the latter can usually be associated with 
learning goals and outcomes related to particular exercises and course assignments. In the context 
of parametric feature-based solid model assessment, analysis and evaluation need to be based on 
both feature-related properties and characteristics and the topology and geometry of the final 
modeling result. In particular, properties of individual features, links and relationships among 

features, and characteristics of feature sequences and modeling histories — that were created for 

producing the final model shape — can be used as a proxy for assessing models and particular 
modeling steps in a reflective and ex post facto manner. Currently, most commercially available 
CAD systems that support feature-based modeling provide interactive commands at the user 
interface to allow for some basic form of inquiry about model properties and the characteristics of 
both feature entities and topological and geometric model entities such as feature modeling tree, 
feature type, and related shape defining elements. However, performing a purely manual feature-

based solid model assessment by using such kinds of generic system command is in many cases a 
sensitive task, and not only can this devolve into quite a convoluted and time-consuming process, 
but it is also likely to result in neglecting to capture many of the student failures within individual 
assignments. 

 

2 BACKGROUND, SCOPE, AND OBJECTIVES 

2.1 Background and Related Work 

Influence from global labor markets and educational reforms outlined earlier, combined with recent 
trends in pushing CAD education further into the mainstream of higher education, have resulted in 
a rapidly increasing number of students with a larger 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 automatic grading, and also for quality and integrity checks, 
has been accelerated considerably in academia, and, to some extent, also in commercial sectors 
(cf. [6,18,30,32]). 

Those efforts and 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, though the type and complexity of CAD 
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model that can be analyzed, as well as the quality of the feedback that is generated, are still quite 
limited. This is apparent, for example, in approaches for technical drawings and 2D CAD files that 
can be found in [6,24,26,33,59]. Examples of recent approaches for 3D CAD models and related 
empirical studies are reported in [2,21,34]. An interesting approach to providing visual feedback 

for automated CAD model grading using heat maps is reported in [28]. 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 [18].  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 capable only 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 presumably where potentially valuable knowledge can be extracted to gain insight 
into the shortcomings and difficulties with which students may have struggled. However, analyzing 
this side of the data space during CAD model analysis cannot be carried out purely with predefined 
queries and scripts, because a part of this intrinsic and non-trivial information and knowledge 
needs first to be discovered, before means to look for it can be codified. Here, the authors believe, 

visual analysis has great potential, due to its ability to combine the creativity, vast knowledge, and 
visual perception system capabilities of the human user with the enormous computational power of 
computing machinery, to further insight into data and discover valuable, previously unknown, 
knowledge. 

Since feedback is not only a major factor in improving student attainment, but also a central 
function of formative assessment, its provision is essential to maintain the quality of the learning 
experience in higher education. However, as aptly pointed out in [54,58], feedback representing 

information that is provided to the student is effective only if that student is actually taking it up 

and acting upon it. A wider recognition and acknowledgement of the importance of this acting on 
feedback has led to new approaches and concepts, and eventually to a gradual shift in research 
focus toward actionable educational feedback (cf. [4]), taking into account both students and 
teachers. Here traditional work on feedback that was centered around the provision of relevant 
information in regard to various feedback levels linked to tasks, processes, and self-regulated 
learning (cf. [7,14]) is extended and considered more as a process to facilitate change in student 

behavior [9]. Recent work on feedback recipience, that is concerns about how students understand 
and act upon feedback, is reported in [10,19,31,37,58]. Work addressing the discrepancy between 
the potential and actual use of feedback, known as the feedback gap, can be found in [14,16,52]. 
Recent views on the skills that are essential in enabling students to make effective use of 
educational feedback, referred to as feedback literacy, are provided, for example, in [9]. However, 
with the advent of current and newly introduced technology-supported feedback approaches and 

systems (cf. [39]) aimed at providing autonomous processes for feedback provision at scale [50], 

a certain neglect of the importance of feedback recipience and actionability, as discussed, for 
example, in [13,20], still seems to widely prevail. 
 

2.2 Scope and Objectives 

The basic goal and purpose of any learning experience are seated in acquiring the skills, 
knowledge, and competency to change and improve an existing behavior or create a new one. 
Those changes in behavior should have measurable impacts that relate to key metrics indicating 
success in achieving the desired learning outcome. Within the context of CAD education, those 
metrics are, in most cases, directly linked to the assessment criteria for CAD models created by 
students and submitted to teachers for assessment and grading. This approach has several 

shortcomings. Firstly, feedback is usually delayed due to the complexity of CAD model assessment 
and the rapidly increasing number of students in CAD courses at institutions of higher education. 

Secondly, the structure and quality of feedback based exclusively on CAD model grading is usually 
insufficient to support learning from errors and developing metacognitive skills related to self-
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assessment, and subsequent self-improvement. Recent efforts to reform an actual CAD course for 
mechanical engineering at the institution represented by the authors, addressed, among other 
matters, the development of modeling competencies with particular reference to the strategic 
knowledge required to create usable MCAD models (for more details see [41,42,47,48]). In 

particular, this major course-specific learning goal, i.e. development of the strategic knowledge and 
modeling skills indispensable for producing usable MCAD models, requires better teaching 
techniques that reach beyond the usual lecture-based presentation of domain-specific factual 
knowledge with students mostly in the role of passive learners. Moreover, it especially requires 
assessment techniques and feedback which are capable of adequately and frequently measuring 
the gap between actual student learning outcomes as achieved and learning goals as pre-assigned, 
while also providing high quality and timely feedback for both teacher and students. Here formative 

assessment and formative feedback appear to offer a viable solution (cf. [11,23,27]). They are also 

increasingly regarded as promising and effective components within currently proposed elements 
for reforming higher education in science and engineering, although several barriers need to be 
overcome to actually make this type of feedback really valuable for students and their learning 
experience (see also discussions in [8,54]). Within this setting, and in the context of higher 
education, as outlined earlier, the assessment of student performance and results produced in CAD 

laboratory exercises and course assignments needs to be conducted in a computer-aided manner. 
This will support actual implementation, while also improving the scope and overall quality of 
formative assessment and feedback, but it requires new approaches and tools for feature-based 
MCAD model assessment. 

In response to this, combined with efforts to reform an actual CAD course for mechanical 
engineering at the institution represented by the authors [42,43], a new approach, framework, 
and software tool have been envisioned and developed. This new approach is based on the visual 

analysis of metrics — that is combining the creativity, knowledge, and visual perception system 

capabilities of the human user with the power of computers to look at and make sense of the 
feature-based characteristics (FBC) of MCAD models. The objective is to support a more diverse 
and inclusive analysis and assessment of CAD models. This involves a focus on the overall 
outcome a student produces, which includes model structure, history of model creation, and 
modeling strategy. Therefore, the application of these newly developed instruments is not limited 
to just one final modeling solution, but also allows for the analysis of partial modeling solutions, 

analysis across several versions of a final modeling solution, and a combination of both. The aim of 
the current paper is two-fold. Firstly, it presents a novel approach for enhanced feature-based 
MCAD model analysis in the educational context, which is based on an analysis using interactive 
visualizations of graphically represented feature-based model characteristics. Secondly, it reports 
on the structure and concrete implementation of the advanced graphical representation of feature-
based model characteristics that are integrated into a software tool — that is currently being made 

available to teachers on a trial basis — to enable and put into practice this novel approach 

supporting and elevating computer-aided feature-based MCAD model analysis and assessment, 
and the subsequent provision of more tailored, timely, and high-quality formative feedback. 
 

3 APPROACH, DESIGN, AND DEVELOPMENT 

3.1 Approach and Implementation 

Visual analysis represents a powerful means of understanding complex data, as visual displays 
allow humans to make use of their cognitive capacity to perceive and study various aspects of 
complex information and issues simultaneously. Hence, it supports the discovery of intrinsic, non-
trivial and potentially valuable knowledge hidden in the data sets being visualized. To facilitate this, 
an advanced graphical representation of parametric feature-based MCAD model characteristics has 

been developed and deployed within a modularized interactive visualization environment, which 
has been developed and integrated into the architecture of the feature-based CAD model analysis 
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module. This, in turn, is an integral part of the CAD model analysis and assessment software tool 
system developed by the authors. Although graphical representations are a comprehensive aid, 
their efficiency and effectiveness strongly depend on both the data to be visualized and the 
information and knowledge to be communicated. Within the context outlined in this paper, a 

particular form of radial visualization is used, namely Kiviat diagrams. In MCAD model deficiency 
analysis, the information subject to visualization can be structured into data that are associated 
with objects and data that are associated with processes. The former represent the relationships 
between, and the basic data for, the feature types, the feature scope, and the number of entities 
that were used to create the MCAD models. The latter relate to the basic tenets of best practice 
and various aspects of feature entity creation and CAD modeling sequence planning and execution. 
Based on these data, certain characteristics of trends, patterns, critical situations, and deficiencies 

can be visually represented and analyzed. 

Current design of the Kiviat diagrams is based on the visual encoding of feature-based 
characteristics that results in certain aspects of the MCAD models being visually represented in the 
form of closed polygonal profiles defined by polylines of definite size, position, shape, and color. 
Those colored polylines are then the representative feature-based characteristics profile, which 
translates into a graphical representation within the visual space through encoding and mapping of 

spatial properties, color, and layout design of the Kiviat diagrams. The unique polygonal structure 
of those feature-based characteristics, and their visual encoding, allow for an effective and efficient 
approach to visually representing and analyzing the relative multidimensional data space of 
feature-based MCAD model characteristics. To improve the efficiency of the graphical 
representation, the layout design of the Kiviat diagrams has been optimized through superimposed 
property profiles, structured diagram sector sub-division, and diagram axis rearrangement. This 
rearrangement is based on finding an axis permutation that results in a combination of polylines 

with a shape easily and quickly recognized and understood by the human visual perception 

system. To determine such a shape, Prägnanz and related grouping principles [35,57] have been 
used. In particular — during layout optimization of the Kiviat diagrams — those grouping principles 
were employed as heuristics to obtain the best property profile shape in regard to Gestalt theory 
(cf. [1]).  

As the prototype implementation of the visualization environment module needs to be 
integrated with previous work of the authors on MCAD model software assessment tool 

development (cf. [43,47,48]), data management and transformation within the visualization 
pipeline have to operate through the CAD model and feature entity (CMFE) repository that in turn 
facilitates the import from and export to different parametric feature-based solid modeling 
environments. Within the CMFE inventory the results are used to compile model entity analysis 
reports. The newly developed prototype implementation features a technical architecture that 
leverages API-based functionality provided by commercially available CAD systems to support a 

modular and highly cohesive system architecture. In the current implementation, the CAD 

modeling environment deploys a commercially available parametric feature-based solid modeling 
system, namely SolidEdge from Siemens AG. At present, the CMFE repository is compiled by 
extracting CAD data from the SolidEdge part models using Visual Basic for Applications (VBA) 
functions. This extracted data is then further processed and stored in structured Excel files. Next, 
those structured Excel files are imported into the Microsoft Access RDBMS (relational database 
management system) by means of macros, to facilitate the creation and build-up of the CMFE 

inventory. Currently, the modularized visualization environment is implemented using Excel, the 
VBA environment, and a data pipeline to the CMFE inventory that is channeled through compiled 
sub-sets of query reports. To process and visualize data correctly, compilation, export, import, and 
filtering within the information visualization pipeline (see Figure 1) in regard to the CMFE 
repository and inventory are organized as follows.  
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Figure 1: Overview of the information visualization pipeline and central system components. 
 
 
All feature-based solid models that have been created by students are compiled and stored in the 
CMFE repository. This repository is structurally sub-divided into various sets of folders, with one set 
of folders for each exercise or course assignment. During the compilation process, information on 

feature entities and their related properties and meaningful characteristics, such as feature type, 
shape-defining topology and geometry, is extracted from the parametric feature-based solid 
models, codified, and stored in the form of structured files, with one file for each model. Data on 
parametric feature-based model entities and their properties and characteristics stored in the 
model repository are processed and imported into the CMFE inventory. This inventory provides a 
lattice-based data structure, which is structurally organized as various linked entity tables. Data 
compiled from CAD models associated with a particular exercise or course assignment are assigned 

to one particular cluster of entity tables. It should be noted that table entries for each feature 
entity in the model repository contain also an identifier-based link, which connects them to the 
geometric modeling system. Note that this link mechanism is essential to enable the 
implementation of a cross-linked view supporting linking and brushing (cf. [38,46,56]).  
 
 

3.2 Mapping of Information and Graphical Representation  

The basic graphical information display structure of the Kiviat diagrams [36] — in the literature 
also referred to as star diagrams, polar charts, and radar charts (see [15,51,60]) — consists of a 
set of equiangular axes denoted by ak. Those axes are sometimes called spokes, due to their 
frequently being used in the literature within references to star plots, where they radiate from a 

common center point, with each representing one data dimension. Within the context of this study, 
each individual axis ak encodes one feature-based characteristic denoted by FBCk, together with a 
data point denoted by pk located on it, at a proportional distance from the diagram center, that 
encodes data quantity (magnitude), as shown in Figure 2(a) and Figure 2(b). This data quantity, 
which graphically represents an entity count with the characteristics denoted by FBCk, is related to 
the number or proportion of entities of the feature-based characteristic encoded by the axis which 
are verified to be present in a particular MCAD model. 
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                      (a)                                          (b)                                          (c) 
 

Figure 2: Information mapping and graphical representation through a basic Kiviat diagram. From 
left to right: (a) Kiviat diagram with FBC space and superimposed FBC profiles, (b) Kiviat diagram 
with FBC space and FBC profile for generic feature types, (c) Kiviat diagram with optimized FBC 
space and FBC profile for generic feature types. 

 
 
Where FBCk is related to a type of feature denoted by FT (see Table 1 for a list of all feature types), 
the feature scope denoted by FC determines whether the feature type belongs to the set of in-
scope features or the set of out-of-scope features. The feature scope is used to indicate whether a 
feature belongs to a feature type that is expected to be present in the MCAD model, according to 
the exercise requirements, and thus represents an in-scope feature type, or is not expected to be 

used, and thus represents an out-of-scope feature type (see also [48]). The presence of out-of-
scope features is also indicated by a colored diagram background. Note that the occurrence of out-
of-scope features can also indicate that particular features not required for the actual creation of 

the MCAD model have been used in a different context – for example as UNDO features or to 
recover from errors (cf. [40]). Now, feature-based characteristics, denoted as FTk, of the MCAD 
model can be graphically represented by connecting the data points pk of all axes with straight line 
segments across all diagram sectors to form a closed polygon chain, that is, the polyline denoted 

by Ps as shown in Figure 2(b). 

This polyline then defines the geometries of property profiles regarding size, position, and 
shape within the diagram, which in turn forms a graphical representation of feature-based 
characteristics of the MCAD model according to requirements as outlined earlier. An illustrative 
example employing a Kiviat diagram based on such information mapping for feature-based 
characteristics consisting of just 6 generic characteristics, denoted by FBC1, FBC2, FBC3, FBC4, 

FBC5, and FBC6 is shown in Figure 2(a). Notice that concentric geometric structures such as circles 
or m-sided polygons, like the concentric regular hexagons shown in Figure 2(a), can be added to 

the diagram as grid lines, to improve and make more efficient the visual judging and comparison 
of radial distances. This results in a layout that probably led to the naming of those diagrams as 
radar or spider charts. Within the framework developed, the design of each diagram layout is 
denoted by DLm,n where the index m indicates the dimension of the diagram, that is the number of 
characteristics FBC1, FBC2, FBC3, … FBCm, which are encoded and graphically represented. The 

index n represents the identifier of each individual diagram layout within each set of m-
dimensional diagram layouts. Note that due to the structure and encoding used in the diagram 
layout designs, as described in sub-section 3.3, the value of the index m of each DLm,n is equal to 
its corresponding counterpart for regular p-sided polygons in most of the prominent systems used 
to describe regular polytopes and tessellations, and to classify symmetry groups (see also 
discussions on the Schläfli symbol and the Coxeter notation in [12]).  

To optimize the explicit encoding of the feature scope FC in regard to individual exercise 

requirements, the order of the equiangular diagram axes usually needs to be rearranged and 

clustered in view of features considered to be out-of-scope and in-scope. In parallel with this task, 
the FBC profile needs to be optimized in regard to its polyline Ps, which should represent a shape 
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that can be recognized easily and quickly by the human visual perception system. This can be 
achieved by generating all possible circular permutations of the initial sequence {ak} = 
{a1,a2,a3,a4,a5} of equiangular diagram axes (see again Figure 2(b)) and evaluating the resulting 
polylines taking into account some principles of Gestalt psychology (details are provided in the 

next sub-section). For the current simplified example, this process results in the permutated Kiviat 
diagram shown in Figure 2(c), which is based on the sequence {ak} = {a1,a2,a4,a3,a5} of 
equiangular diagram axes. The graphical layout of this permutated Kiviat diagram is now capable 
of efficiently and effectively representing a clustered FBC property space for both the in-scope 
features (FT1,FT2,FT4) within the first two diagram segments and the out-of-scope features 
(FT5,FT3) within the other diagram segments. The polyline of the profile in Figure 2(c) also 
represents a more regular shape, in form similar to a tilted rhomboid, which is easy for the human 

visual perception system to recognize and identify. Structural differences and outliers, indicating 

deficiencies and errors in the MCAD model, can now be graphically presented in an efficient and 
effective manner. This would be rather difficult to achieve with the polyline of the profile in Figure 
2(b), which has a shape consisting of a triangle combined with a straight line. 

In general, as indicated in the example previously outlined, the mapping of information to 
graphical elements as outlined above can be further used to create multiple closed polygonal 

profiles that can be superimposed within one diagram to allow comparisons among several distinct 
data sets with common data dimensions and respective mappings. This allows, for example, a 
direct comparison of feature-based characteristics across various versions of an MCAD model 
created to gain an insight into the progress of skill development in students. This approach is most 
effective when the area enclosed by one profile is entirely contained within another profile, or 
when transparency is used, allowing comparative analysis of relative areas without occlusion, as 
shown in Figure 2(a). In what follows, further details are provided and various references given to 

basic and advanced literature regarding the actual visual encoding and layout design, and related 

strategies used to optimize the discriminability and perceptual visibility of the visualizations 
developed. Firstly, this includes FBC property space optimization, and, in particular, FBC profile 
optimization based on selected principles of Gestalt psychology. Secondly, it includes the 
development of an optimized color scheme designed as a system default, to ensure that the color 
combinations used in the visualization are universally legible with a design that is clear and 
accessible to both viewers with color impaired vision and viewers with full color vision. Thirdly, it 

includes the development of an improved layout design, which was further optimized based on the 
principles of the rule of thirds (see also discussions in [53]).  

 

3.3 FBC Space Organization and Visual Attribute Encoding 

3.3.1 Encoding of spatial attributes 

Data instances of feature-based characteristics of CAD models, for example, in the case of three 
components, feature scope FC, feature type FT, and feature count FN, are mapped to a visual 
space using Kiviat diagrams as follows. Firstly, the entire circular graphical space is split into n 
equiangular axes ak, which are drawn radially from the diagram center to its perimeter, where n is 
the data dimension determined by the n different feature types FT, with each diagram axis ak, for k 

= 1,2,3,…,n, representing one feature type. Secondly, the feature count of FBCk data instances for 
each FT is mapped to an entity position represented by a radial point pk within the visual space, 
which is encoded as a distance rk measured from the radial diagram center along the respective 
diagram axis ak of the k-th feature type for which the feature count FN is encoded. Hence, the 
entity position pk is defined by the pair (r, φ) of its coordinate values with the radial coordinate 
denoted by r and the angular coordinate denoted by φ, and computed as r = λrk and φ = (2π/n)(k-

1), where λ is a linear coefficient used to normalize or adjust the graphical space (size) of the 
diagram in regard to the actual display medium. This adjustment also needs to be taken into 

account when FBCk-related proportions instead of entity counts are used during encoding. Thirdly, 
the layout of the radial diagram is sub-divided into two diagram sector clusters, with one sector 
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cluster containing only encoded data entities of FBCk data instances with FC indicating out-of-scope 
features, and the other sector cluster containing only encoded data entities of FBCk data instances 
with an FC value indicative of in-scope features. Fourthly, all points pk can be connected with 
straight line segments lk to form a polyline denoted by Ps for s = 1,2,3,…,m, with m indicating the 

number of MCAD models. Here, the joint polyline Ps can be formulated as an alternating sequence 
of joint vertices, that is the pk and links, that is the line segments lk, expressed as Ps = (p1,l1,p2,l2, 
…, ln, pn+1) with p1 and pn+1 sharing the same pair (r, φ) of coordinate values. This polyline Ps is 
the representative FBC profile, and thus the shape within the visual space that is graphically 
representing through the Kiviat diagram the feature-based characteristics of the s-th MCAD model. 
Notice that FBC space encoding is not limited to those characteristics discussed above. Further 
examples of concrete FBC space encoding and diagram layout designs are presented and discussed 

later, in the test and evaluation section. 

 

3.3.2 Encoding of color 

In what follows a brief overview is given on the design of color sets used for the graphical 

representation of FBC profiles. More details on the design of and user interactions with these color 
sets are given in [49]. The design and creation of color sets, also in the literature referred to as 
color schemes and color palettes, which are used for the mapping and encoding of color during 
visualization, can be approached using different strategies depending on the application field (cf. 
[25,44]). Within the visualization environment described in this paper, the various settings for the 
mode of color scheme relate to particular strategies that were used for the color scheme design. 
The principal strategy was to optimize design flexibility and customizability allowing for a personal 

overall color preference, and in particular for color pairing preferences, while supporting individual 
choices of color harmony, so that particular color schemes could be created by the user. This can 
be achieved by directly defining the color scheme either through the input of the parameter values 

of a color specification system, for example in the form of the additive primaries red-green-blue 
(RGB) used to produce emitted color, or by selecting particular colors using a color picker tool. 

However, to optimize strategies based on discriminability and perceptual visibility as used in 

various visualization applications, while also attempting to encapsulate as much knowledge and 
insight as possible regarding the human visual perception system and the use of digital color in 
visualization (see also [46,55,56]), an optimized color scheme has been designed as a system 
default. Taking into account that color vision impairment is probably the most widespread 
physiological impairment (cf. [3,45]), this color scheme has been designed to ensure that the color 
combinations used in the visualization are universally legible. With such a barrier-free design, the 
visualization 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 for qualitative data, which employs 
differences in hue to represent differences in data type. This color scheme was created with the 

online tool ColorBrewer2 [22]. The legibility of the current customized color scheme design has 
been verified with a complementary software tool, namely ColorOracle [29], an open-source 
simulator of color-impaired vision. The test results confirmed the legibility of the color scheme 
design for the most frequent color vision impairment related to forms of what is commonly 
referred to as red-green confusion (see also deuteranopia / deuteranomaly and protanopia / 

protanomaly in [3,45]). 
 

3.3.3 Optimization of diagram structure and layout design 

In what follows a brief outline is given on the optimization of the diagram layout used for various 

visualization scenarios during the analysis examples provided in this paper. Depending on the 
application context, there are various methods of optimizing the layout and property profile of a 
radial visualization. These methods include shape moments and less complex shape descriptors (cf. 
[38,61]) used as comparative metrics. In some cases, the diagram axes are rearranged, resulting 

in what is called in the literature a permutated chart / diagram.  However, within the application 
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context and data mapping / encoding as described earlier, the geometry of the FBC polyline needs 
to be optimized less in view of the technical issues which are important for automated processes, 
but more in regard to what is known about human visual perception and cognitive aspects related 
to it. 

This approach has been pursued employing the Prägnanz principle of Gestalt psychology. In 
Gestalt psychology it is assumed that, when a group of objects is observed, perception of their 
entirety takes precedence over the perception of individual parts (see also [1,17]). Moreover, 
when individual parts are perceived, they are grouped according to certain rules of perceptual 
grouping. In other words, perceptual grouping attempts to describe the way the human visual 
system determines which parts and objects of external visual stimuli belong together to form a 
meaningful perceptual unit. In this regard, perceptual grouping can also be considered as one 

process by which diverse parts of a visual scene can be aggregated into higher-order structures. In 

Gestalt psychology and the study of perceptual grouping, the fundamental principle, referred to as 
Prägnanz (cf. [17,57]), implying conciseness and orderliness, but also known as the principle of 
good Gestalt, is based on all the concepts described in [57], and known as the original factors or 
principles of perceptual grouping such as similarity, proximity, and good continuation (cf. [5]). 

These principles not only allow us to predict the interpretation of how external visual stimuli 

are perceived, but also determine the best Gestalt possible based on what is visually given. This 
was explained by one of the leading Gestalt psychologists in the words, “Of several geometrically 
possible organizations that one will actually occur which possesses the best, simplest and most 
stable shape.” ([35], p.138). However, Prägnanz, like some other original basic grouping 
principles, is still without a clear and formal definition, which is partly because Gestalt psychology 
and its methods are largely based on demonstrations (see again discussions in [5]). Therefore, 
within the work presented in this paper, Prägnanz and related grouping principles are used as 

heuristics to approximate a good Gestalt for the shape representing feature-based characteristics 

based on the FBC polyline of the reference CAD model. This, in turn, results in a permutated Kiviat 
diagram that is improved in view of human visual perception through the rearrangement of the 
diagram axes (for more details see [49]).  
 

4 TEST AND EVALUATION 

4.1 Outline 

For testing and evaluation of the approach and the prototype implementation, functionality, 
performance, and reliability have been assessed by using parametric feature-based MCAD models 
that had been created by students for CAD laboratory and course exercise assignments in the 

previous academic year.  

 

 
 

Figure 3: Outline and overall dimensions of the CAD model example from the exercise. 
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To keep the presentation and discussions concise and transparent, the number of MCAD models 
used in the examples in this paper is limited to a selection from a student cohort of 30 for one 
exercise. This exercise is usually administered during the first quarter of the course, requiring the 
design of an MCAD model with a relatively simple shape (see Figure 3) that can be created by 

novices using a basic set of about a dozen feature commands. The goal of this early exercise is to 
train students toward some of the expected learning outcomes of the course. This training includes 
understanding the importance of a well-designed modeling strategy with a focus more on CAD 
model quality rather than model shape, and an awareness of as well as adherence to various basic 
elements of CAD modeling guidelines and best practice. For this early exercise those basic 
elements include, for example, renaming all features, using non-complex profiles whenever 
possible, defining only fully constrained profiles, and applying extrusions first, cutouts next, and 

details such as rounds and chamfers at the end. 

 
 

4.2 Analysis of MCAD Model Structure and Modeling Strategy  

4.2.1 Layout design and FBC profile optimization 

For the graphical representation of feature-based characteristics employing a Kiviat diagram based 
on FBC information as used in the analysis examples presented in this subsection two diagram 
layout designs, namely DL11,1 and DL4,2 were used. The latter is a basic regular tetragon-based 
layout design that consists of 4 diagram axes encoding a set of particular feature types, namely 
hole, user pattern, mirror copy, and extruded cutout.  This is used for the analysis of how the 
modeling of the holes and circular passages / cutouts of the part model was approached by 

students. 

 

 
Feature Type In-Scope 

Feature 
Out-of-Scope 

Feature 

Chamfer  ◊ 

Extruded Cutout ◊  

Extruded Protrusion ◊  

Hole ◊  

Mirror Copy ◊  

Mirror Part  ◊ 

Revolved Cutout  ◊ 

Revolved Protrusion  ◊ 

Round ◊  

Slot  ◊ 

User Pattern ◊  

 

Table 1: Overview of feature-based characteristics in regard to the feature type and feature 
scope. 

 

 
The more complex layout design DL11,1 consists of 11 diagram axes that form a regular 
hendecagon FBC space for encoding the feature types listed in Table 1. Note that the feature 
scope, which is a more specific feature-based model characteristic based on the characteristics of 
the feature type, is encoded through diagram sector dependency of polygon segments. In this 

layout design encoding is realized through polyline segments of the polygon chain, with those 
plotted within sectors on the left diagram side indicating out-of-scope features and those plotted 

within sectors on the right diagram side indicating in-scope features. 
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Figure 4: Examples of permutated Kiviat diagrams with FBC space and FBC profile for 11 feature 
types with 6 feature types considered in-scope features and 5 feature types considered out-of-
scope features. 

 
 
To achieve a graphical representation with a shape that can be recognized easily and quickly by the 
human visual perception system, the FBC profile needs to be optimized in regard to its polyline. 
Following the optimization approach outlined within sub-section 3.3, a set of permutated Kiviat 
diagrams, with a layout employing the above-described feature-based characteristics and related 
information mapping and attribute encoding, has been created using a custom software tool 

routine developed by the authors. A selection of the permutated Kiviat diagrams created is shown 
in Figure 4, which also includes the diagram (encircled, upper left) that was selected as an error-
free reference for the analysis described in the next sub-section. 
 

4.2.2 Application and empirical results 

Visual analysis of the FBC visualizations reveals immediately all the MCAD models, which contain 
an unusual number of features, indicating shortcomings in the modeling strategy used to create 
those models. For example, in one model an exceptionally high number of mirror copy features 
was found, as shown in Figure 5(a).  

 
 

 
 

                        (a)                                          (b)                                       (c) 
 

Figure 5: Exceptionally high or low numbers of certain in-scope feature types. From left to right: 
(a) exceptionally high number of mirror copy features, above average number of extruded 
protrusion and cutout features, (b) exceptionally high number of extruded cutout features and 

round features, low number of extruded protrusion features, (c) round features are missing. 
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A closer analysis helped to reveal that mirror copy features were properly used to create the pair of 
small holes and the pair of triangular cutouts. However, they were also used for rounding with a 
cutout feature and employed together with an extruded protrusion feature as a means of remedy 
(see also discussions on undo of modeling operations in [40]). 

 
 

 
                                           (a)                                           (b) 
 

 
                                           (c)                                           (d)  

 
Figure 6: MCAD models with various deficiencies. From left to right: (a) rounds are included in the 
profile of the central rectangular prism cutout, (b) revolved cutout feature used to create the semi-
circular flange, (c) a pair of small holes and all the rounds are missing, (d) slot feature used inside 
the central rectangular prism cutout. 

 
 

The exceptionally high number of round features shown in Figure 5(b) was found to be due to a 
modeling strategy where not only was every round created individually with one round feature, but 
round features were also incorrectly used to create the semi-circular flange.  As can be seen in the 

FBC profile (see again Figure 5(b)), this MCAD model was created using only one extruded 
protrusion feature, and did not utilize any mirror or hole features. Consequently, this approach 

required a high number of extruded cutout features — to make up for the design shortcomings in 
this modeling strategy — to create the MCAD model shape. Inspection of the FBC profile shown in 
Figure 5(c) immediately reveals that the MCAD model was created with the appropriate numbers 
of each feature type as recommended, except that round features are obviously missing. A closer 
model inspection shows that one set of rounds was created by including it in the profile of the 
central rectangular prism cutout, while the second set of rounds was actually missing (see Figure 
6(a)). Such a modeling approach should be avoided, because CAD model details such as rounds 

and chamfers need to be created with their respective feature types, to enable their suppression 
during computation-intensive CAD model supported processes such as finite element mesh 
analysis. 
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                      (a)                                           (b)                                           (c) 

 

Figure 7: Various out-of-scope feature types and low numbers of certain in-scope feature types. 
From left to right: (a) mirror part feature and subpar number of extruded protrusion and cutout 
features, (b) revolved cutout feature but no round features, (c) revolved protrusion feature and 
high numbers of extruded cutout features and round features. 
 
 
Unusual and faulty modeling strategies are easily revealed by visualizations that include out-of-

scope features. For example, the FBC profile shown in Figure 7(a) indicates that a mirror part 
feature was used in combination with a subpar number of extruded protrusion and cutout features. 
User pattern and mirror copy features were not used at all. Inspecting the linked MCAD model 
revealed that the reason for this unusual modeling approach was the extensive use of complex 
sketches to first create the right-hand half of the model and then create the left-hand half through 
use of the mirror part feature. Figure 7(b) indicates the use of a revolved cutout feature, which was 

employed to create the semi-circular flange, as shown in Figure 6(b). The FBC profile also shows 

that no features of type hole, user pattern, or round were used. As can be seen in Figure 6(c), the 
pair of small holes and all the rounds were missing from the MCAD model shape. As those elements 
were missing and not created using other features or modeling approaches, it can be assumed that 
they were simply overlooked by the student. An example where a revolved protrusion feature was 
wrongly used to model the semi-circular flange is shown in Figure 7(c). The FBC profile also reveals 
that only 2 extruded protrusion features and 3 round features were used. The former deficiency 

has arisen because a revolved protrusion feature was used instead of an extruded protrusion 
feature. The latter problem is due to a modeling pattern that was also found in other MCAD 
models, which employs one round feature to create the two rounds inside the central rectangular 
prism cutout and one round feature for each round along the curved flange sides. 
 
 

     
 
                        (a)                                          (b)                                         (c) 

 
Figure 8: Slot features and exceptional numbers of certain in-scope feature types. From left to 
right: (a) high number of mirror copy features, (b) high number of extruded cutout features and 

round features, (c) high number of mirror copy features. 
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Analysis of the use of the slot feature provided both insight on its use by students in their modeling 
outcomes and knowledge about mistakes committed by students within this exercise that was new 
to the authors. In cases where a slot feature was used (see examples in Figure 8), its use was 
mostly aimed at creating the U-groove (cf. Figure 9(a)) as shown in Figure 8(a), which, however, 

should be created with an extruded cutout feature. In cases where a slot feature was used, this 
usually led to a reduced number of extruded cutout features in the model, as shown, for example, 
in Figure 8(a) and Figure 8(c). However, in the case shown in Figure 8(c), the slot feature was 
incorrectly used to create the 2 rounds inside the central rectangular prism cutout (see Figure 
6(d)). This was the first time that such a modeling mistake of using a slot feature in the context 
outlined had been detected and revealed. Note that using a slot feature within this exercise context 
is not considered a fundamental mistake per se. However, it is discouraged and considered out of 

scope here due to the way in which the geometric properties and dimensions of this feature type 

are defined, which makes a slot feature less appropriate — especially for novices during this 
exercise — than an extruded cutout feature with its explicit profile and dimension setting. 
 
 

                
                                                   (a)                                           (b)                             

 

 
                                                   (c)                                             (d) 

 

Figure 9: MCAD model with some of its polyhedral and cylindrical cutouts highlighted in red. From 
left to right: (a) horizontal U-groove, (b) various holes and circular passages, (c) pair of pin holes, 
(d) pair of triangular prisms. 
 
 
Next, insight was gained on how polyhedral and circular cutouts (see Figure 9) were created by 

students using hole, pattern, mirror copy, and extruded cutout features. These cutouts were 
analyzed using the diagram layout design DL4,2 as described earlier. Visualizations which display a 
FBC profile reaching across all quadrants of the diagram indicate MCAD models created in a 
structured manner by using the features recommended for this exercise of the type extruded 
cutout, mirror copy, hole, and user pattern, as shown in the example in Figure 10(a). Modeling 
strategies that did not include individual hole features usually employed a pattern feature to create 
the pair of small holes (see Figure 9(b)), and created the remaining circular passages with 

extruded cutout features. Due to the latter, in those cases the number of extruded cutout features 
is rather higher than in cases where a more structured and balanced approach (see again Figure 
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10(a)) was used. In those cases the FBC profile is limited to the lower half of the diagram, as 
shown in Figure 10(b). Modeling approaches that consist only of extruded cutout features and hole 
features have a typical FBC profile that is limited to the upper left-hand quadrant of the diagram, 
as shown in Figure 10(c).  Notice that, due to a lack of mirror copy and pattern features, the 

number of hole features in these cases is usually rather higher than in cases where those feature 
types have also been used. 
 
 

    
 
                           (a)                                       (b)                                     (c) 

 

Figure 10: MCAD model creation and the use of features of type hole, user pattern, mirror copy, 
and extruded cutout. From left to right: (a) subpar number of extruded cutout features, (b) high 
number of extruded cutout features and no hole features, (c) high number of extruded cutout 
features and hole features, no features of type mirror copy or user pattern. 
 
 

    
 
                           (a)                                       (b)                                      (c) 

 
Figure 11: MCAD model creation and the use of features of type hole, user pattern, mirror copy, 

and extruded cutout. From left to right: (a) high number of extruded cutout features, subpar 
number of hole features and no user pattern features, (b) high number of extruded cutout features 

and mirror copy features and no user pattern features (c) high number of extruded cutout features 
and mirror copy features, subpar number of hole features and no user pattern features. 
 
 
Alternative modeling strategies where the pair of small holes (see Figure 9(c)) has been created by 
means of a hole feature and a mirror copy feature have a FBC profile that is limited to the left-hand 

half of the diagram and features a closed polyline shaped as an isosceles triangle with its base 
passing vertically through the diagram center, as shown in Figure 11(a).  Some variants of this 
modeling approach, including the use of the mirror copy feature to also create the pair of triangular 
cutouts (see Figure 9(d)) are shown in Figure 11(b) and Figure 11(c). In those cases the shape of 
the FBC profile is either an isosceles triangle or a scalene triangle depending on the number of hole 

features used. Notice that in cases where the number of extruded cutout features is slightly smaller 
than expected, usually a volume-removing out-of-scope feature has been used. 
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Modeling strategies that were poorly structured, using a high number of extruded cutout features, 
are usually graphically represented with FBC profiles limited to the lower left-hand quadrant of the 
diagram, as shown in Figure 12. For example, in the case shown in Figure 12(a) neither pattern 
features nor hole features were used. Note that the exceptionally high number of mirror copy 

features was due to a repeated incorrect use of this feature type, as discussed elsewhere in this 
paper (see again Figure 5(a)). In this context, a typical example where a mirror copy feature was 
used only to create the pair of triangular cutouts (see again Figure 9(d)) is shown in Figure 12(b). 
In cases where the modeling strategy is poorly structured and based mostly on the use of 
extruded cutout features, the shape of the FBC profile degenerates into a single polyline, as 
shown, for example, in Figure 12(c).  
 

    
 
                            (a)                                      (b)                                     (c) 

 

Figure 12: MCAD model creation and the use of features of type hole, user pattern, mirror copy, 
and extruded cutout. From left to right: (a) exceptionally high number of extruded cutout features 

and mirror features, no hole features, (b) high number of extruded cutout features, no features of 
type hole or user pattern, (c) high number of extruded cutout features, no features of type hole, 
mirror copy or user pattern. 
 

 

The visualizations and diagram layouts as employed can also be used to analyze the progress that 
has been made by students and possible shortcomings still remaining in their actual modeling 
outcome. This is achieved by superimposing the FBC profiles of different versions of the same 
MCAD model that has been created and submitted. To keep the example concise and transparent, 
in what follows next the case of just one student model will be described. Two complete versions 
of this model were submitted — the initial version and the final version. 

Qualitative and quantitative changes in the structure of the MCAD model between its initial 
complete version (FBC profiles in light brownish orange) and its final version (FBC profiles in light 

blue) are immediately recognizable, as shown in Figure 13(a) and Figure 13(b). As can be 
discerned from Figure 13(a) the modeling strategy used to create the final version of the MCAD 
model must have improved considerably compared with its counterpart used for creating the initial 
version. For example, the final version of the MCAD model does not contain any out-of-scope 
features. The unusually high number of hole features, round features, and mirror copy features 

has been adjusted to what is recommended for this exercise. However, to make sure that those 
changes have actually led to an improvement in the model and its creation, further analysis is 
required. This reveals that the use of an extruded protrusion feature, instead of a revolved 
protrusion feature, to create the semi-circular flange has not only eliminated the out-of-scope 
feature, but also increased the total number of extruded protrusion features to the level 
recommended for this exercise. 
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                    (a)                                (b)                          (c) )                           (d) 

 

Figure 13: MCAD model in its initial and final states of development. From left to right: (a) 

overview of types and numbers of features used for model creation, (b) overview of features of 
type hole, user pattern, extruded cutout, and mirror copy used for model creation, (c) final version 
of MCAD model with one larger triangular prism cutout, (d) model recreation of the final version of 
MCAD model after parameter changes that introduced dormant deficiencies due to mistakes in 
feature constraints. 
 
 

The adjustments in the numbers of hole features and extruded cutout features to properly create 
the circular passages and holes (see again Figure 9(b)) represent an additional improvement. 
However, the reduction in the number of mirror copy features has actually decreased the CAD 
model robustness, and thus quality, due to unfavorable changes in the creation of the pair of small 
triangular cutouts. In the initial CAD model version these were correctly created using an extruded 

cutout feature and a mirror copy feature. Unfortunately, in the final model version they were 
created with one larger triangular prism cutout as shown in Figure 13(c). This modeling strategy 

makes the CAD model under the feature constraints — as defined by the student — quite unstable 
in case of changes in feature parameters, resulting in a deficient model recreation (see example in 
Figure 13(d)), due to the introduction of dormant deficiencies (cf. [43]). 
 
 

4.3 Analysis of Best Practices and Modeling Guidelines Compliance  

4.3.1 Layout design and FBC profile optimization 

For the examples presented and discussed in the sub-section on analysis in regard to compliance 
with best practices and modeling guidelines, the three diagram layout designs which have been 

used, that is DL5,2, DL5,3, and DL6,1, were structured as follows. 

In the case of DL5,2, the graphical representation of the FBC space has been based on the 
encoding of proportions within a pentagon-based layout design. Here the individual diagram axes 
represent, in a clockwise direction in the upper half property space, volume-adding features, 
volume-removing features, and detailing features that were properly positioned within the 
modeling history of the MCAD model. In the lower half property space, the individual diagram axes 

represent features that were not renamed and features that were not fully constrained.  

In the case of DL5,3, again a pentagon-based layout design was used for the graphical 
representation of the FBC space, though the data encoding is based on entity counts. Here the 
individual diagram axes represent, in a clockwise direction, profile-based features, profile-based 
features that were fully constrained, and the maximum number of geometric entities, constraints, 
and dimensions across all profile-based features of the MCAD model. The layout design has been 

optimized by an appropriate permutation of the diagram axes. This permutation was aimed at 

having both the axis for profile-based features and the axis for profile-based features that were 
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fully constrained aligned in the upper right-hand diagram sector. Such an optimized layout design 
improves the efficiency of visual analysis, as cases where all profile-based features are fully 
constrained can be graphically represented by a polyline segment of the FBC profile in this diagram 
sector that is collinear to the concentric polygon lines of the diagram layout’s regular pentagon.  

In the case of DL6,1, the graphical representation of the FBC space has been based on the 
encoding of geometric entity counts within a hexagon-based layout design. Here the individual 
diagram axes represent, in a clockwise direction beginning in the upper right-hand side of the 
property space, geometric entities that were used in extruded protrusion features, extruded cutout 
features, hole features, slot features, revolved protrusion features, and revolved cutout features. 
The layout design of DL6,1 has been optimized by an appropriate permutation of the diagram axes. 
This permutation was aimed at having all data related to out-of-scope features graphically 

represented within the left half of the diagram, while all data related to in-scope features were 

graphically represented within the right half of the diagram. Since the exercise was designed to 
have the same complexity — that is, the same number of geometric entities — for both extruded 
protrusion features and extruded cutout features, an additional optimization step has been applied 
for the upper left-hand diagram sector, similar to the one employed in the diagram permutation 
outlined above for DL5,3. This allows for an effective and efficient graphical representation of the 

balance in complexity — based on geometric entities used — between extruded protrusion features 
and extruded cutout features that were used in MCAD models.  
 

4.3.2 Application and empirical results 

To obtain an overview of, as well as deeper insight into, the nature of compliance with best practice 

and modeling guidelines in regard to having features renamed and fully constrained, the basic 
diagram layout design DL5,2 can be used. This also enables the structure of the modeling sequence 

to be examined. Analysis across all diagrams reveals immediately that a failure to rename features 
and the application of modeling details such as round features at the wrong time during the 
creation of a CAD model are the predominant shortcomings as shown in the examples in Figure 14 
and Figure 15. High proportions of unrenamed features were identified across various models, 

regardless of the nature and number of deficiencies those models were found to contain.  
 

    
 
                           (a)                                        (b)                                       (c) 

 
Figure 14: Exceptionally high proportion of features not renamed, or round features wrongly 
placed in the modeling history. From left to right: (a) exceptionally high proportion of features not 

renamed and subpar proportion of features fully constrained, (b) exceptionally high proportion of 
features not renamed, (c) exceptionally high proportion of round features wrongly placed in the 
modeling history, with some features not renamed. 
 
 

Even in cases where no other deficiencies were detected, high proportions of un-renamed features 
could sometimes be found (see Figure 14(b)). This includes cases where the high proportion of un-

renamed features was the dominant deficiency, together with round features being wrongly placed 

within the modeling strategy, as shown in Figure 15(a). Examples, typical of cases where those 
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shortcomings appeared in combination with additional deficiencies, such as high proportions of not 
fully constrained features and extruded cutout features wrongly placed within the modeling 
strategy, are shown in Figure 15(b) and Figure 15(c).  
 

 

    
 
                          (a)                                          (b)                                       (c) 

 
Figure 15: Exceptionally high proportion of various deficiencies. From left to right: (a) 
exceptionally high proportion of features not renamed, and round features wrongly placed in the 
modeling history, (b) exceptionally high proportion of features not renamed and not fully 

constrained, and round features wrongly placed in the modeling history, (c) exceptionally high 
proportion in all dimensions, except features not fully constrained. 
 
 

To gain an insight on how deficiencies developed during the course of model creation, previously 
discussed FBC profiles (now colored in light blue) have been superimposed on their counterparts 

computed for the first 5 modeling steps (FBC profiles in light brownish yellow), as applied by 
students in each of their MCAD models. Note that to account for the fact that volume-removing 
features should be applied only after all volume-adding features – for this exercise, 4 extruded 
protrusion features – have been applied, the minimum modeling history length for placing a 
volume-removing feature needs to be greater than 4. 

In most MCAD models, the proportions of un-renamed features did not change much during 
the course of model creation. That is, in cases where features were renamed from the start, 

students seem to have continued to rename them. In cases where features were not renamed 
from the start, students seem to have continued in the same manner. However, here, quite 
unfortunately, they are working with features which are mostly un-renamed.  
 
 

    
 
                         (a)                                           (b)                                        (c) 

 

Figure 16: Proportion comparison of various FBC factors across partially created MCAD models. 
From left to right: (a) reduced proportion of extruded cutout features wrongly placed in the 
modeling history, (b) no change in proportions, (c) slightly reduced proportion of not fully renamed 
features. 
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This trend was observed in both MCAD models with only a few deficiencies, such as those shown in 
Figure 16, and MCAD models with a high rate of deficiencies, as shown, for example, in Figure 17.  
However, in the case of extruded cutout features being wrongly placed within the modeling 
strategy, the situation was different. Here, in most cases, there was a considerable decrease in the 

exceptionally high proportion of extruded cutout features, which had been wrongly placed in the 
modeling sequence during the first steps of model creation. This trend was observed both in MCAD 
models with a high rate of deficiencies, as shown, for example, in Figure 17(c) and Figure 18(a), 
and in those with only a few deficiencies, such as that shown in Figure 18(c). This indicates that 
many students start using volume-removing features too early. They need to finish modeling with 
volume-adding features first, as is recommended by best practice guidelines. In the case of round 
features being wrongly placed within the modeling strategy, however, the opposite trend was 

revealed. Here, in cases where MCAD models contained many deficiencies, the initially lower 

proportions of round features wrongly placed within the modeling sequence increased significantly, 
as can be seen in Figure 17.  
 
 

    
 
                        (a)                                           (b)                                        (c) 

 
Figure 17: Proportion comparison of various FBC factors across partially created MCAD models. 

From left to right: (a) noticeable increase in all proportions, notably in round features wrongly 
placed in the modeling history, (b) considerable increase in the proportion of round features 
wrongly placed in the modeling history, (c) considerable change in proportions of both extruded 
cutout features and round features wrongly placed in the modeling history. 
 
 

    
 
                       (a)                                           (b)                                           (c) 

 
Figure 18: Proportion comparison of various FBC factors across partially created MCAD models. 
From left to right: (a) high proportion of un-renamed features, and considerably reduced 
proportion of extruded cutout features wrongly placed in the modeling history, (b) high proportion 
of un-renamed features, and reduced proportion of extruded cutout features wrongly placed in the 
modeling history, (c) considerably reduced proportion of extruded cutout features wrongly placed 
in the modeling history. 
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This could be an indicator that students with a weakly structured or otherwise faulty modeling 
strategy are more likely to add round features to each portion of the MCAD model which they deem 
completed, instead of adding those shape detail defining features at the very end of the CAD model 
creation, as taught during the course. 

Using the diagram layout design DL6,1, some additional insight can be gained into how well 
students performed in guideline compliance when instructed to use features with non-complex 
profiles. Figure 19 shows typical graphical representations of cases where extruded cutout features 
with complex profiles were used. These are immediately revealed through their high values in a 
polyline along the diagram dimensions of their respective feature types. Complex feature profiles 
containing a large number of geometric entities were most pronounced within extruded protrusion 
features and extruded cutout features, as shown, for example, in Figure 19(a) and Figure 19(b). 

However, there were also cases where complex profiles were found to have been used in both 

extruded protrusion features and extruded cutout features, as shown in Figure 19(c).  
 
 

    
 
                           (a)                                        (b)                                       (c) 

 
Figure 19: Exceptionally high maximal number of geometric entities used in various feature types. 
From left to right: (a) exceptionally high number of geometric entities used in extruded protrusion 

features, (b) exceptionally high number of geometric entities used in extruded cutout features, (c) 
exceptionally high number of geometric entities used in both extruded protrusion features and 
extruded cutout features. 
 
 
Further analysis revealed that over half of the MCAD models that had an unusually high maximal 
number of geometric entities used in some of their profile-based feature types also had a high 

number of both un-renamed features and round features placed wrongly within the modeling 

history. In several cases involving extruded cutout features, this was linked to the previously 
outlined deficiency of including rounds within profiles (see again Figure 5(c) and Figure 8(a)). 

Within this scenario an additional analysis can be conducted on the balance between the 
number of profile-based features used in a MCAD model and the number of those features that are 
actually fully constrained. Note that fully balanced MCAD models should always have an equal 

number of each, as all profile-based features in a model should be fully constrained. Using 
visualizations based on the diagram layout DL5,3, Figure 20 shows typical FBC profiles of cases 
where an above average maximal number of geometric entities, constraints, and dimensions used 
in profile-based features had an adverse impact on the number of fully constrained features. 
According to the data visualized, it appears that a combined increased presence in each of the 
geometric entities, constraints, and dimensions leads not only to a considerable decrease in the 
number of fully constrained features, but also to a reduced number of profile-based features, as 

shown in Figure 20(c) for example.   
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                     (a)                                          (b)                                          (c) 

 

Figure 20: Unusual maximal number of geometric entities, constraints, and dimensions used in 
profile-based features. From left to right: (a) above average maximal number of constraints and 
dimensions, (b) above average maximal number of dimensions and geometric entities, (c) above 
average maximal number of geometric entities, constraints, and dimensions. 
 

 
Returning to the example of the student model discussed in the previous sub-section (see again 
Figure 13), qualitative and quantitative changes have been made in the structure of the MCAD 
model between its initial complete version and its final version, in regard to best practices and 
modeling guidelines compliance. These are easily recognizable in Figure 21 and Figure 22. As can 
be discerned from Figure 21(a), the modeling strategy used to create the final version of the MCAD 
model has significantly improved in some respects over its counterpart used for creating the initial 

version. For example, the final version of the MCAD model contains only features that are properly 

renamed, while all profile-based features are now fully constrained. Notice, however, that the 
proportion of extruded protrusion features and extruded cutout features that are wrongly placed 
within the model creation history remains unchanged. Comparison of FBC factors across partial 
models (FBC profiles in light electric magenta and light brownish yellow) reveals some minor 
improvements in the initial MCAD model version related to a small proportion reduction in not fully 
constrained features in the latter part of the modeling history (see Figure 21(a) and Figure 21(b)). 

However, in the final MCAD model version, most improvements outlined earlier have already been 
achieved in the early phase of the model creation.  
 
 
 

      
 
                       (a)                                            (b)                                           (c) 

 
Figure 21: Proportion comparison of various FBC factors across 2 MCAD model versions. From left 
to right: (a) comparison of FBC factors across the initial and the final model versions, (b) 
comparison of FBC factors across partial models of the initial and the final model versions, (c) 

comparison of FBC factors across partial models of the final model version. 
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                 (a)                                               (b)                                            (c) 
 

Figure 22: Comparison of various FBC factors between 2 MCAD model versions. From left to right: 
(a) comparison of maximal number of geometric entities, constraints, and dimensions that were 
used in profile-based features within the initial and the final model versions, (b) comparison of 

maximal number of geometric entities used in profile-based features within the initial model 
version, (c) comparison of maximal number of geometric entities used in profile-based features 
within the final model version. 
 
 
That is to say that those problems were mostly solved, while improvements in regard to the 
proportion of extruded protrusion features and extruded cutout features that were wrongly placed 

within the model creation history have been achieved more toward the end of the model creation 
(see Figure 21(b) and Figure 21(c)). 

A more detailed view of the nature of improvements between the initial and the final MCAD 
model versions in regard to the number of profile-based features that were fully constrained and 
the maximal number of geometric entities, constraints, and dimensions used in profile-based 
features is shown in Figure 22(a). Improvements in the modeling strategy leading to qualitative 
adjustments regarding the feature scope are immediately visible, as out-of-scope features (see 

Figure 22(b)) were eliminated from the final model version (see Figure 22(c)). Improvements in 
the modeling strategy leading to quantitative adjustments in all FBC factors in Figure 22(a) have 
resulted in an overall well-balanced MCAD model where all profile-based features are fully 
constrained. Note that those improvements have been achieved while the complexity of the 
profile-based features used for model creation remained unchanged and within the range 
recommended for this exercise as shown in Figure 22(b) and Figure 22(c).  

 

 

5 CONCLUSIONS AND FUTURE WORK 

Within the work presented, the approach, framework, and structures used for the design and 
development of a novel and advanced interactive visualization system for feature-based MCAD 
model characteristics have been outlined and discussed. Promising outcomes achieved, based on 
the assessment of empirical results from functionality and reliability checks and experimental 

evaluation, were as follows. First, the graphical representation of feature-based MCAD model 
characteristics, as implemented and provided within the interactive visualization tool component, 
supported efforts to increase cognitive productivity and throughput during model analysis and 
assessment. With the interactive visualization serving as an interface between the human MCAD 
model assessor and the computer system, casting of visual patterns, which is required for visual 

queries, enabled model analysis in a way that would be impossible to achieve without such a 
computerized visual aid. Second, the interactive visualization-based approach also facilitated the 
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discovery of meaningful and previously unknown knowledge during computer-aided MCAD model 
analysis and subsequent formative feedback creation. In particular, insight on data related to 
model deficiencies and errors was considerably increased, as well as elevated, through enabling the 
detection of relations, patterns, and trends, which otherwise would have remained largely 

overlooked. Third, in regard to these discoveries, unprecedented possibilities were opened up by 
revealing links between individual types of MCAD model deficiencies and particular patterns and 
trends that could be associated with errors and mistakes committed by students during model 
creation. This, in turn, enabled the formation of pointers toward more evidence-driven and 
student-needs-oriented improvements to the current MCAD course and its exercises and CAD 
laboratory assignments. Based on the promising outcomes achieved so far, an experimental full 
integration of the approach, with implementation within the model analysis and assessment 

processes of the current MCAD course, is planned for the next academic year. 
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