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Abstract: Strategies for design reuse play a fundamental role in the development of products that
change and evolve over time. Design changes often involve modifications in the geometry of parts
and assemblies, which are driven by changes in the digital representation of the product, i.e. the
procedural and parametric CAD model. Consequently, constraint redundancies in the two-
dimensional profiles that build the parametric model can significantly hinder alterability and
reusability. This paper argues that constraint redundancy conditions are not solely a computational
problem but a more complex issue that involves the interaction with the sketch throughout the
modeling process and the modeling scheme used to convey a specific design intent. We analyze a
representative group of 3D MCAD systems and the interaction with their corresponding geometric
kernels and Geometric Constraint Solvers (GCS) to determine how constraint redundancy is managed
at the profile level. Next, we report the results of a series of experiments to evaluate the influence of
redundant constraints on model editing and reusability tasks and describe the development of a new
software tool for identifying and parsing constraint redundancy conditions. We conclude that
constraint redundancy in profiles significantly and unnecessarily compromises model conciseness,
robustness, and the overall model quality, which negatively affects user productivity and downstream
processes. The implications of constraint redundancy conditions for CAD training are emphasized.
Our experiments also demonstrate the value of our parsing tool to assist users in maximizing model
reuse (by removing redundancies) and the communication of design intent (by proposing an optimal
set of non-redundant constraints), but further development is necessary to use it as a practical tool for
engineering analysis.
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1. Introduction

Maximizing design reuse and enabling automation are fundamental goals in mechanical design [1]
and a key aspect of Engineering Change Management (ECM). From a digital model standpoint, the
inherent capabilities of parametric CAD technology provide a powerful mechanism to support and
facilitate change, as modifications to a particular geometric element in a part can propagate
downstream to other elements or other parts and assemblies [2]. However, without a proper modeling
methodology, CAD models may not be sufficiently robust to effectively and efficiently react to design
changes [3-5]. Specifically, decisions on the construction sequence and parameterization will
determine and restrict what aspects of the geometry can be edited (and to what extent) after the model
is built [6].

In a parametric modeling context, it has been argued that over- and under-constrained parametric 2D
profiles result in low quality 3D models, which fail to convey design intent and are more likely to
cause regeneration errors or behave unpredictably when altered [7, 8]. Design intent and how it is
represented and managed are complex topics that have been the subject of numerous studies [9, 10].



In the context of this paper, we consider design intent as the construct or plan that allows designers
to anticipate the way a geometric model must behave when it is modified [11].

According to the ISO 10303-108 standard [12], over-constrained profiles may contain redundant
constraints, which are repetitive but consistent with other constraints without affecting the solution,
or inconsistent constraints, which lead to an unsolvable system. Therefore, constraint redundancy is
a type of over-constraining condition that is not always perceived by the user or identified as incorrect
or invalid by the CAD system. While redundant constraints do not remove any degrees of freedom in
the profile, they add unnecessary complexity and overload the Geometric Constraint Solver (GCS) of
the parametric modeler (which must deal with unnecessarily complex systems of equations). In most
cases, redundant constraints do not result in errors. However, their effect on the alterability of the
profile has yet to be studied.

In this paper, we examine the concept of constraint redundancy in 2D profiles of parametric 3D
Mechanical CAD systems (MCAD) and hypothesize that constraint redundancy conditions negatively
impact model reuse and communication of design intent. In the next section, the definition and scope
of the term redundant constraint are established and a comparative study on how 3D CAD systems
handle constraint redundancy conditions is presented. Next, we describe a series of experiments with
a group of users to examine how the presence of redundant constraints affects reusability during the
parametric sketching process. The paper also describes the development of a new software tool for
identifying and parsing constraint redundancy conditions. The paper concludes with lessons learned
and guidelines for the automatic detection of constraint redundancies in parametric profiles and the
delivery of real-time feedback to users to ultimately maximize the design intent of CAD models.

2. Background

The use of fully defined profiles is generally considered a best practice in parametric modeling, as
under- and over-defined profiles are unstable, unpredictable, and a source of potential errors [13-15].
Most MCAD systems provide mechanisms to check for under- or over-constrained profiles during
the modeling process [16]. Similarly, CAD quality testers can help users to “clean” models by
identifying, and sometimes repairing, data errors that could affect simplification, interoperability, and
reusability. Nevertheless, it is easy to find examples that expose the limitations of MCAD Model
Quality Testing Tools, such as the inappropriate uses of fix constraints [17], morphological errors
derived from ineffective modeling practices [16] or the existence of redundant constraints.

A constraint is redundant if (1) it can be removed from a 2D profile without resulting in under-
constrained geometry, and (2) it can be preserved without resulting in unsolvable geometry [18]. In
algebraic terms, a redundant constraint can be expressed by an equation that is a linear combination
of the equations that represent other constraints. A comparison between different methods for
constraint redundancy identification was published by Paulraj and Sumathi [19], and although this
problem has been addressed by other authors [20, 21], there is still a need for more effective strategies
and practical implementations.

Some GCS’s [22] can efficiently manage the most common cases of over-constrained profiles such
as multiple coincident constraints between lines and points. Free CAD tools such as the constraint
parameter solver in FreeCAD v0.18 [23] and the SHAPER module in SALOME [24] provide
feedback to the user regarding the unconstrained degrees of freedom in a profile and can also detect
certain redundancies. Complex situations, however, can significantly and inadvertently affect
performance. Nevertheless, even solvers that can detect basic redundancies are not capable of
identifying which specific constraints are best candidates for removal in a constraint redundancy
scenario, based on the criteria of preventing model reuse and/or conveying design intent.



The goal of this paper is not to contribute to the mathematical and computational aspects of constraint
solving. Instead, we focus on how redundant constraints, which do not necessarily cause a sketch to
become invalid or unsolvable, may hinder subsequent modeling tasks, particularly when editing or
reusing existing aspects of the 3D model. For example, if the model depicted in Fig. 1 left, is
reoriented so that the slot runs vertically, the redundant constraints in the sloped hollow surface that
connect the profile to the reference system will cause a regeneration error (Fig. 1, right).

Aldefeld defines redundancies as superfluous but compatible constraints [25]. According to Otey et
al. [9], redundant constraints convey incorrect design intent, which makes editing tasks more difficult
and increase the computational cost of processing the 3D model. For these reasons, some CAD
software user manuals recommend caution when adding constraints to a model [22].
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Fig. 1. Example of error caused by redundant constraints.

From an educational standpoint, some authors have recommended addressing the problem of
constraint redundancy at the early stages of the learning process. Company et al. [12] demonstrated
that modeling strategies can be improved by providing prompt feedback. Race [26] stated that, to be
effective, feedback must be continuous in a formative sense. Similarly, some proposals to
homogenize and improve CAD assessment have been published [27-30] and various guidelines have
been suggested to build 3D CAD models with design change capabilities [31]. However, research has
shown that even expert users have difficulties identifying certain types of geometric constraints and
determining whether a profile is fully constrained when no assistance is provided [32, 33]. To the
best of our knowledge, only a limited nhumber of CAD tools provide some feedback to the user and
implement mechanisms to manage the proliferation of redundant constraints. FreeCAD v.0.18, for
example, allows the user to turn on or off the monitoring of redundant constraints in a profile [23].
However, current solvers are extremely limited in terms of analyzing the overall constraining scheme
in a profile and identifying the specific constraints that are best candidates for removal.

According to the 1ISO 10303 standard, constraints are “relationships between two or more elements
in a model, which should be maintained in any modifications made subsequent to a model transfer,”
while constraint solvers are “software systems for solving sets of equations that are mathematical
representations of constraint relationships” [12]. A “logical” or geometric constraint enforces
relationships between geometric entities such as tangency, collinearity, parallelism, perpendicularity,
coincidence of points, symmetry, etc. Dimensional constraints may be used to specify the size of a
particular entity or the relative location between different entities. Constraint solvers leverage the
intrinsic differences between geometric and dimensional constraints to solve them separately and
more efficiently [34, 35]. However, in our view, this distinction is insufficient when the goal is to
maximize design intent and CAD model reusability.



Various classifications of modeling constraints have been proposed [36, 37]. In a recent study, authors
Company et al. [38] proposed a new classification of geometric constraints which distinguishes
between discrete and continuous constraints, acting at intrinsic or extrinsic levels. These criteria result
in four main types of constraints: shape, size, location, and movement. In our view, any action aimed
at marking constraints as redundant should consider their type, in order to preserve those constraints
that better convey design intent and/or guarantee CAD reusability. Our argument can be illustrated
with the following example: Is design intent conveyed more effectively by a perpendicularity
constraint, or by an angular dimensional constraint fixed at 90-degrees? We contend the answer does
not depend solely on facilitating the most efficient operation to the GCS, but also on conveying the
explicit intent of fixing the angle at a discrete value (90 degrees), or the alternative intent of enabling
a controlled angle to continuously adapt to varying design requirements.

It is important to emphasize the type of redundant constraints that are the focus of this paper. Although
industrial sketchers are designed to minimize the number of geometric constraints that over-constrain
a profile, they do so only to prevent inconsistencies and unsolvable sketches which cannot be
processed by the GCS. However, there are many scenarios where adding (redundant) geometric
constraints does not cause a sketch to become unsolvable. For instance, many of the examples in our
paper that include redundant geometric constraints are not detected by any GCS as unsolvable or even
redundant, nor are these geometric constraints minimized or identified. In fact, the profiles are
processed as valid, consistent, and solvable sketches, which is precisely the problem we are trying to
describe in this paper. These scenarios, which can be easily replicated in any commercial parametric
modeler, illustrate the idea that constraint redundancy is both a computational problem and an
interaction problem connected to the modeling scheme used to convey a particular design intent.

Finally, a key concept in our research is defined by the term granularity, which describes the amount
and complexity of the operations required to create a new geometric feature in a CAD model. The
term was introduced to describe CAD exchange problems derived from the fact that distinct CAD
formats may require different but equivalent sequences of one or more operations to describe the
same geometric feature. The example described by Pratt and Kin [39, 40] to explain the concept of
granularity is relevant to understand why different applications treat redundant constraints differently.
According to the authors, “some CAD systems allow the creation of under constrained sketches or
features, and permit later fine-tuning of the model in terms of lower-level operations. But other
systems, with coarser granularity, only allow the creation of fully constrained constructs, possibly
through the use of default options” [39, 40]. Therefore, different implementation strategies in
commercial CAD systems may result in different levels of granularity, forcing users to adapt their
modeling habits to the different types of behavior of the constrained sketches which, in turn, may
depend on the computational limitations of the constraint solvers. This variability undoubtedly
conditions the interaction with the CAD system, particularly in terms of CAD model reusability. We
will use the term granularity in this context. A sketch with coarse granularity barely distinguishes
between geometrical and dimensional constraints, whereas finer granularity sketches may
differentiate between discrete and continuous constraints, acting at intrinsic or extrinsic levels, while
also distinguishing between required and redundant constraints.

3. Constraint redundancy in commercial CAD applications

As a first step to analyze constraint redundancy, we conducted a comparative study to expose the
differences and similarities between commercially available CAD applications. The behavior of a
CAD application is governed by its geometric modeling kernel, which includes methods and
algorithms to process geometry. Kernels are developed by a limited number of vendors, resulting in
different CAD applications that share the same kernel. 3D ACIS Modeler (Spatial Technology,
Dassault) [41], Parasolid (Siemens PLM) [42], C3D (ASCOM Group) [43] and Open CASCADE
[44] are the most widely used geometric modeling kernels.



Constraint-based modeling functionality is provided by Geometric Constraint Solvers (GCS). These
are software components that support the creation and modification of parametric geometric models,
which are governed by constraints. GCS software is responsible for solving the configuration of
geometric objects from a given set of constraints or provide a partial solution and information about
the over-constrained parts of the geometric model when the configuration is not possible [45]. In the
case of over-constrained but consistent models, the GCS can also find a valid solution [46].

Some of the most common GCS’s include Dimensional Constraint Manager (DCM) (Siemens PLM)
[46], C3D Solver (ASCON Group) [43] and LGS (Bricsys) [47]. Significant differences exist between
GCS’s in terms of managing over-constrained conditions and redundant constraints. In the case of
DCM [22], models with redundant geometric constraints but without excessive dimensional
constraints can be solved. By default, the C3D Solver [43] excludes any extra constraints from the
calculations. They are only included when no conflicts exist. The solver LGS 2D [45] informs the
CAD system about the conflict between geometric constraints, which then decides whether to mark
the profile as over-constrained, based on the defined context option.

Many commercial CAD systems share both kernel and GCS, the diversity of these software
components offers a number of alternatives to a CAD developer. As a result, different behaviors can
be identified regarding the management of redundant or incompatible constraints in 2D profiles. To
analyze this behavior, a representative set of profiles (shown in Fig. 2) was tested in various 3D CAD
systems: Inventor Professional (Autodesk), Solid Edge (Siemens), Solidworks (Dassault Systemes),
FreeCAD, Creo (PTC) and Onshape (PTC). A summary of the constraints used in the profiles is
shown in Table 1 (adapted from [48]).

Table 1. Graphical representation of the constraints used in our study.

Coincident Forces two points to be coincident, or one point to lie on a line, a circle, or an
arc.

Collinear Forces lines and linear polyline segments to lie on the same straight line.

Concentric Forces the center points of arcs, circles, ellipses, or elliptical arcs to coincide.

Equal Forces a set of entities to have the same dimensions (e.g. length, diameters,
etc)

Horizontal Forces lines and linear polyline segments or pairs of points on entities to be
parallel to the x-axis of the current coordinate system.

Parallel Forces two lines or linear polyline segments to be parallel to each other.

Perpendicular | Fixes two lines or linear polyline segments at 90 degrees to one another.

Symmetric | Forces two entities or constraint points on entities to lie symmetrically about a
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given axis.

Tangent Forces two entities (e.g. two arcs, or a line and an arc) to be tangent to each
other.

Vertical Forces lines and linear polyline segments or pairs of points on entities to be

parallel to the y-axis of the current coordinate system.

Numeration: Constraints that involve two or more entities (as in a collinear constraint) are placed
next to all the entities involved and with the same number to disambiguate.

The initial profiles with dimensional constraints are shown in Fig. 2, column 1. A valid set of
geometric constraints that result in fully constrained profiles (without redundancies) are shown in
Fig. 2, column 2. Columns 3 and 4 (Fig. 2) illustrate cases in which one or more redundant constraints
are added to the profiles, but do not necessarily result in invalid or inconsistent sketches. For example,
in Fig. 2as, Fig. 2bs and Fig. 2cs, the new perpendicular constraint (highlighted) is not necessary, as



the perpendicularity condition is enforced indirectly by the existing horizontal and vertical constraints
that converge at the same vertex. Therefore, this (redundant) constraint turns a fully constrained
profile into an over-constrained one (which may or may not be recognized as such by the GCS). In
the case of Fig. 2d,, a fully constrained sketch is obtained when the vertical lines are related by a
symmetry constraint (global symmetry). However, when a new vertical constraint (which is
redundant) is added in Fig. 2ds, the sketch becomes over-constrained. Column 4 represents cases in
which more than one redundant constraint (highlighted with circles) are added to the profiles, i.e. the
highlighted constraints make the sketches over-constrained. In all cases, the resulting sketches (with
the redundant constraints) may not necessarily be recognized as over-defined by the GCS. In fact,
commercial CAD systems process these profiles as valid, consistent sketches. Column 5 (Fig. 2)
shows the incompatible constraints added to the previous fully constrained profiles (column 2) as part
of a second test. The incompatible constraints are indicated with a circle.

It is important to note that the definition of redundant constraints provided in section 2 (a constraint
is redundant if (1) it can be removed from a 2D profile without resulting in under-constrained
geometry, and (2) it can be maintained in the sketch without resulting in unsolvable geometry) is
helpful to determine whether or not redundant constraints have been applied to the sketch, but not to
determine precisely which constraints are redundant. In fact, many solutions may be possible, as we
will discuss in section 6. Deciding which constraints should be marked as redundant in a profile with
constraint redundancy conditions is not trivial and it is outside the scope of this paper. Nevertheless,
as we discussed in Section 2, we suggest that constraints must be classified based on finer granularity
and according to the amount and type of design intent they convey.

Profiles with one Profiles with several Profiles with
Profiles Fully contrained profiles  redundant constraint redundant constraints incompatible constraints
50 50 50 50 50
= B -~ ~ B o~ =
)
o m 1) = [ 1] =
| /

9 olg |
v ) =] [ﬂg ] = l]]g
w0 I 5
(c1) (c2) (cs3)



i
M (me (@ o

40
40

=

50 50 50
(dy) (d2) (ds) (ds)
Fig. 2. Profiles used to assess the behavior of CAD systems in terms of redundant and incompatible
constraints.

No common pattern was found on how different CAD systems manage redundant and incompatible
constraints. Different types of feedback were observed.

First, some systems such as SolidWorks, Solid Edge, and Onshape detected redundancies, but no
feedback or warning was displayed about the redundancy conditions. The user was allowed to
continue with the modeling task as long as no incompatible constraints are present in the profile.
Alternatively, SolidWorks warns the user about the unsolvable or conflicting item (highlighting it in
different colors), and offers two options to solve the problem: to “diagnose” the sketch error, or to
“delete” any of the current constraints in the profile. Onshape warns that the “Sketch could not be
solved,” but no mechanism is offered to solve the problem. Incompatible constraints are not allowed
by Solid Edge. When the user attempts to add one, the program automatically removes the new
constraint that conflicts with the existing ones. These solvers distinguish between redundant and
incompatible constraints and can often find a geometric solution in a profile with redundant
constraints. Nevertheless, they do not provide any feedback, warning, or alternative to the
redundancy.

Other systems such as FreeCAD warn the user about the redundancy condition. In this case, the
degrees of freedom that should be eliminated to produce a fully constrained profile are displayed
while the profile is being edited. FreeCAD allows users to turn on and off the option “remove
redundant constraints automatically.” When turned on, the system does not allow the creation of either
redundant or incompatible constraints and automatically removes the last constraint entered, even
when the profile remains under-constrained. When the detection option is turned off, redundant and
incompatible constraints can be added, but the system warns about the over-constrained condition
and suggests their removal. In this case, the user can continue editing the profile and adding new
constraints.

Autodesk Inventor and Salome-Meca Shaper also display the amount of degrees of freedom that
remain under-constrained in a profile. However, unlike FreeCAD, these systems do not allow the user
to continue to work when redundant constraints are present, i.e. the solvers do not distinguish between
redundant and incompatible constraints. When redundant or incompatible constraints are detected,
the system asks the user to remove the last constraint that was added or undo the last operation. In
both cases, the program stops until the user solves the problem. Autodesk Inventor displays the same
message as in the first test, even though the constraints were incompatible instead of redundant.

All systems showed different warnings when an incompatible constraint was introduced. More
specifically, when an incompatible constraint is introduced in a 2D sketch in SolidWorks, the
application warns the user about the unsolvable or conflicting item (highlighting it in different colors),
and offers two alternatives: to “diagnose” to the sketch error, or to “delete” any of the current
constraints in the profile to avoid the error. Onshape warned that the “Sketch could not be solved,”
but no mechanism was offered to solve the problem. The message displayed by Autodesk Inventor
was the same as the one from the first test, even though the constraints were incompatible instead of
redundant. Incompatible constraints are not allowed by Solid Edge. When the user attempts to enter



one, the program automatically removes the new constraint that conflicts with the existing ones.
FreeCAD allows users to turn on or off the automatic removal of redundant constraints. When turned
on, the system does not allow the creation of incompatible constraints, even when the profile remains
under-constrained. When turned off, incompatible constraint can be added, but the system warns
about the over-constrained condition and suggests their removal. In this case, the user can continue
editing the profile and adding new constraints. The behavior of the different CAD systems is
summarized in Table 2.

Table 2. Behavior of commercial 3D CAD systems regarding constraint redundancy.

15 Test 2" Test 3rd Test
(one redundant | (multiple redundant| (incompatible constraints)
constraint) constraints)
. . . Execution
CAD system Warning| Feedback |Warning| Feedback | Warning | Feedback stopped
SolidWorks No No No No Yes Yes No
Onshape No No No No Yes No Yes
Yes Redundant | Yes Redundant | Yes, but [ Same as Yes
Inventor Professional constraints constraints | incorrect | previous
not allowed not allowed | warning tests
Yes | Redundant | Yes | Redundant| Yes, but | Same as Yes
Creo constraints constraints | incorrect | previous
not allowed not allowed | warning tests
Solid Edge No No No No Yes No Yes
RemtOV_e rtedundant Yes Yes Yes Yes Yes Remove No
constraints .
automatically (ON) constraints
FreeCAD [Remove redundant Yes No No No Yes Remove No
constraints constraints
automatically
(OFF)
Redundant Redundant Remove
Salome-Meca Shaper Yes | constraints | Yes | constraints Yes . Yes
constraints
not allowed not allowed

We report two additional observations on the CAD systems that do not allow redundant constraints:

1. The order in which constraints are applied may influence the detection of constraint redundancy
in the CAD system. For example, if the profile in Fig. 3as, is constrained by first adding the
collinear constraint pointed out in Fig. 3a, then the profile is fully constrained and when adding
a horizontal constraint (Fig. 3as), the profile will be considered as an over-constrained by some
systems. However, if the same profile is first constrained by introducing the horizontal constraint
as depicted in Fig. 3as, then the edge remains unconstrained until the collinearity constraint of
Fig. 3as is included, in this case the systems will incorrectly consider the profile not redundant.

2. Certain constraints are added implicitly and remain hidden for users. For instance, an implicit
parallelism constraint is applied in a profile when the distance between two parallel lines is
dimensioned. The scenario is illustrated in Fig. 3b. If the profile is constrained as shown in Fig.
3bs, the profile becomes fully-constrained when the dimensional constraints are applied to the
lines. However, if the dimensional constraints are applied to the vertices (Fig. 3b.), additional
constraints (e.g. one vertical and one horizontal) are necessary to fully constrain the profile.
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Fig. 3. Failure to detect redundant constraints (ai-as) and implicit constraints linked to dimensions (bi-b2).

We conclude that GCSs provide valid solutions in the case of over-constrained sketches, although
most applications manage the information that is shared with the user differently when a constraint
causes an over-constrained sketch, or when the constraint is incompatible with current constraints.
None of the applications, however, provided the user with finer granularity information about the
types of constraints and the implications for design intent and the reusability of the CAD model. In
terms of constraint redundancy, most applications do not provide feedback to the user when redundant
constraints are detected by the GCS. Some systems delete certain redundant constraints automatically,
whereas others do not allow users to add them to the sketch. When users add incompatible constraints,
all the applications trigger warnings, which in some cases are inaccurate and not helpful to easily
identify and correct the mistake. More importantly, none of the applications provides any assistance
by suggesting alternative and more appropriate constraints to maximize quality, particularly in terms
of design intent and reusability.

We speculate sketchers behave as black boxes to the users because of historical reasons. Historic
GCSs were less powerful and robust than modern ones. Therefore, allowing complex interactions
often resulted in unsolvable sketches and even application crashes. Modern sketches have inherited
most of the opaque and automatic procedures that have been implemented to prevent failures, as they
simplify implementation while still being acceptable for basic use. However, there are multiple
indicators of CAD interoperability and reusability issues, which clearly show that this strategy is no
longer appropriate for modern engineering paradigms such as the Model-Based Enterprise. In these



scenarios, reusable high-quality CAD models are paramount, and interactive sketches that can parse
the quality of the constraints during the sketching process and mitigate or even eliminate undesirable
practices such as constraint redundancy, can be helpful.

4. Experimental determination of the influence of redundant constraints on editing and
reusing profiles

When a design engineer edits an existing profile, several factors may influence the time and likelihood
of success. We hypothesize that the quantity of redundant constraints is one of those factors. This
hypothesis may seem obvious if we consider the terms over-constrained and redundant as
synonymous. Although many authors agree that over-constraining is bad practice that affects the
validity of the models, it is important to distinguish between these two conditions. Geometry-wise,
redundant constraints do not cause geometrical inconsistencies. However, from a CAD user
perspective, they seem to be perceived differently. Over-constraining is considered a bad strategy,
whereas redundant constraining is usually perceived as a neutral or even beneficial action that helps
to improve robustness without compromising how design intent and reusability are conveyed. To
validate the different hypotheses that redundant constraining practices compromise reusability, we
conducted an experiment with junior Mechanical Engineering students. Developing proper
constraining skills is not an easy task. Our studies and experience show that novices tend to introduce
redundant constraints even in simple sketches, even after being properly trained in parametric
modeling and using basic help tools in the 3D CAD system. These practices do not provide any
benefits. Rather, they have proven to be highly inefficient. Other studies [32] suggest that many users,
even experts, often fail to use constraints in a robust and efficient manner that avoids redundant
constraints. Other authors have recommended addressing the problem of constraint redundancy at the
early stages of the learning process.

Participants were enrolled in one of the four available laboratory sections and received the same level
and amount of training using SolidWorks® prior to the experiment. Training included the creation of
2D profiles, the use of constraints as well as the differences between over-, under-, and fully
constrained profiles [49]. Students are considered to have sufficient knowledge and experience to
perform the tasks of the experiment successfully. In our study, participants were asked to edit a profile
(profile A, as shown in Fig. 4) created and constrained by the research team based on specific criteria.
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Fig. 4. Profile with dimensional constraints (left) and fully constrained profile used as Profile A (right).

Two additional versions (profiles B and C) were created with five and ten redundant constraints
respectively, as shown in Fig. 5. The redundant constraints in profiles B and C were selected based
on their potential interactions with the entities affected by the modifications. The most frequent types
of redundant constraints were added to the profile, including parallelism, horizontality / verticality,
and perpendicularity.
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The profiles were randomly assigned to participants, along with detailed instructions about the
required modifications. Participants were given 35 minutes to complete the tasks described in Fig. 6,
which consisted of (a) adding a 35-degree angle between the symmetry axes, and (b) modifying the
shape and number of dimensions of the slot located at the lower right corner of the profile. Participants
were asked to manipulate the constraints without removing any lines from the profile. The automatic

constraints option in SolidWorks was turned off to avoid the addition of unintended constraints.

(a)

Fig. 6. Requested changes: a new angle between the symmetry axes (a) and a new shape for the slot (b).

(b)

A total of 44 files were submitted by the participants in our study: 15 files for profile A, 14 for profile
B, and 15 for profile C. Three files were rejected (two were submitted out of time and one was deemed
invalid as the automatic constraints option in SolidWorks had not been turned off). The descriptive
statistics of the time spent on each profile (in seconds) to perform the modification is shown in Table
3 and illustrated in Fig. 7.

Table 3. Descriptive statistics of the time spent on each profile (in seconds).

Profile | N | Mean | Std. Dev. | Lower limit* | Upper limit* | Minimum | Maximum
A 15 | 1089.6 | 407.8 863.8 1315.4 513 1783
B 14 |1 2689.7 | 426.4 24435 2935.9 2055 3363

11



| C |15[28013] 6092 | 24639 | 31386 | 1629 | 3871 |
* 95% confidence interval for the mean

To determine whether editing time was compromised by the amount of redundant constraints in a
profile, a single factor ANOVA (time) between groups (profiles A, B and C with different amount of
redundant constraints) was performed. The null hypothesis (Ho) is defined as “there is no difference
on the mean time between the profile groups.” Our analysis revealed a statistically significant
difference among the three groups F(2, 44) = 56.52; p = <.001, which suggests that the existence of
redundant constraints increases the time required to modify a profile.
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Fig. 7. Time to perform the modifications by profile

A second analysis was performed to study the influence of redundant constraints on the success rate
of the requested modifications. The null hypothesis Hy is defined as “there is no difference on the
success rate between profiles.” We consider a task successful if (1) all modifications were applied
correctly and the final shape of the profile coincides with the one shown in Fig. 6b, and (2) the profile
is not under-constrained. To validate this hypothesis, a contingency table was applied to compare the
success ratio among the groups of profiles A, B, and C. The observed (Count) and expected
(Expected) results for each group are shown in Table 4.

Table 4. Success rate and Profiles, Cross tabulation.

Profile A Profile B Profile C Total
Success Count 10 5 3 18
Expected 6.14 5.73 6.14 18
Non-success Count 5 9 12 26
Expected 8.86 8.27 8.86 26
Total 15 14 15 44

The null hypothesis was tested using a Chi-Square Test of Independence. This test can be used to
determine independence between groups of study when the studied variable is qualitative. In our case,
we used a dichotomous variable (success/no success) to classify the results from the participants
(Table 4). Our analysis suggests that there are statistically significant differences (X? (2, N=44) =6.99,
p=0.03<.05). We conclude that the existence of redundant constraints hinders the reusability of the
profile. In other words, a lack of redundant constraints can be considered an appropriate quality metric
of the profile.

5. Pilot tool to detect constraint redundancy

As a proof-of-concept to demonstrate the feasibility of automating the detection of redundant
constraints, a greedy algorithm was implemented as a custom software tool using Visual Basic .NET
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that is compatible with current versions of the SolidWorks Application Programming Interface (API)
to calculate the number of redundant constrains in a profile. Contrary to current CAD modeling tools,
the proposed algorithm searches for global redundant constraints, which affect other constraints in
the profile, and applies heuristic criteria to establish a priority for processing the constraints.

A constraint is marked as redundant if it can be removed from a 2D profile without resulting in under-
constrained or unsolvable geometry. The functionality of the tool is described as follows: first, the
tool determines the constraining status of the profile. If it is fully constrained, then an algorithm
identifies the redundant constraints (if they exist). If the profile is under-constrained, a
complementary algorithm fully constrains the profile before applying the first algorithm.

The algorithm to identify redundant constraints is based on sequentially activating and deactivating
the profile constraints and verifying the profile status. The first step is to retrieve all the profile
constraints. Next, for each constraint, the algorithm determines the maximum number of geometric
constraints that can be suppressed while keeping the profile fully constrained. To accomplish this, the
first constraint is deactivated, and the profile status is checked. If the profile remains fully constrained,
the constraint is stored as redundant. Otherwise, the constraint is reactivated, and the next constraint
is deactivated. The process is repeated until all the constraints have been processed, as shown in Fig.
8. After all constraints have been traversed, a resulting set of redundant constraints (if not empty) is
obtained. However, the set may not necessarily be unique. To find alternative sets of redundant
constraints, the system repeats the process multiple times starting with a different constraint in every
iteration.
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CONSTRAINTS CONSTRAINT CONSTRAINT )i\{ONSTRAINEy'_' ~ CONSTRAINT
NG A .
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GET NEXT REACTIVATE
CONSTRAINT CONSTRAINT
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Fig. 8. Flowchart of a single iteration of the algorithm to identify redundant constraints

The algorithm to fully define a profile that is under-defined is based on the iterative addition of fix
constraints to determine the point at which the profile becomes fully constrained. If it does not, other
actions such as suppressing dimensions are performed. The algorithm traverses all vertices in a
profile, adding fix relations in the process when possible (i.e. fixing the coordinates of the vertices to
their current values). In each iteration, the status of the profile is checked. If fully constrained, the
algorithm ends the task and calls the module that identifies redundant constraints (described
previously). However, if it is not under-constrained but over-constrained, the dimensional constraints
in the profile are processed to determine whether any of them can be removed and make the profile
fully defined, as shown in Fig. 9. When this occurs, the algorithm ends, and the module responsible
for identifying redundant constraints is called. A key function in the algorithm is provided by the
SolidWorks API, which checks the status of the sketch. The possible results are the profile states
(fully, over- and under-constrained) plus three additional error states, i.e. noSolution,
unknownConstraint, and invalidSolution. If a particular modification implemented by the algorithm
causes the sketch to move to an error state, then the last action must be undone, as the sketch becomes
unusable (see Fig. 9).
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After preliminary tests that demonstrated its viability, our custom software tool was repackaged as a
SolidWorks plugin that can be fully integrated within the CAD environment. The plugin allows users
to optimize their profiles on demand during the modeling process by identifying and locating the
specific constraints that are redundant. Furthermore, the plugin is able to suggest different solutions
to fully constrain a profile without any constraint redundancy conditions, as shown in Fig. 10, where
the solutions to an example with redundant constraints can be viewed from the plugin’s interface.
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Fig. 10. Four different sets of redundant constraints for a given profile identified by our software tool.

5.1. Improved parser

The exhaustive generate and test search approach described in the previous section was implemented
in our “ATA” application (see Fig. 11). ATA is a standalone tool that requires a fully functional
SolidWorks installation.

We further improved ATA to validate the feasibility of a heuristic approach to identify and remove
redundant constraints. Using the classification defined in [38], we produced a set of rules for
determining the sequence and priority for processing the constraints and inform an algorithm that can
identify and remove constraints that contribute to over-constrain the profile but do not necessarily
convey design intent. Intrinsic constraints relate geometric components of a figure to each other. For
example, a parallel constraint relates two lines of a sketch to each other by making them parallel.
Extrinsic constraints relate geometric elements of a figure to the scene they belong [49]. For example,
two horizontal constraints applied to two lines indirectly make the lines parallel, but at the cost of
aligning them with the external reference system. Company et al. [38] stated that not all constraints
are universally perceived as able to convey a particular kind of intent. In fact, some are usually
guestionable. However, the authors also showed that some constraints are perceived as consistent:
positional constraints represented by dimensions are perceived visibly as such, whereas
perpendicularity constraints are consistently perceived as describing shape. Building on this idea, our
algorithmic approach for under-constrained profiles can be described as follows:
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This work was developed by the research team ANNOTA and was partially supported by the Spanish grant DP12017-84526-R (MINECC/AEI/FEDER, UE),
project "CAL-MBE, Implementation and validation of a theoretical CAD quality model in a Model-Based Enterprise (MBE) cortext.”

Quick guide
All SolidWorks files must be in the same folder. Non-SolidWorks files will be ignored. tt is recommended that &l files are propery named (2.g. by adding a prefix) to
facilitate identification and control the parsing order.

The analysis may be completed with an instance of SolidWorlks running {slower, but with progress feedback) or with no instances of SolidWorks faster. but
without progress feedback). Detail instructions can be found here

Select files to analyze
All files must be in the same folder. if required, a template file can be selected.

Select folder: Select folder Select template: Select template

Select the analysis required

Selecttypes of files
®) Solidworks part () Solidworks drawing () Solidworks assembly
Select types of analyses
Restrictions Annotations File matching
() Get all constraints (O Get info about word documents [ Geometrical matching
() Get constraints using template () Get info about annotations [ Administrative matching *
(O) Redundancies [ Include commaon featuras in the anakysis
(O) Exhausiive search [ Include suppressed features in the analysis
(O Improved parser Analyze fie parameters
! As per Johnson 2018
Reset to default analysis configuration “Results are available as C5V files saved in the same folder as the source files
Execution

Click "Run" to start the parsing process (it may take several minutes).
Run Mo files selected Open results folder

[] View task progress

Fig. 11. User interface of the experimental software tool to parse CAD models.

1. Determine if the profile is intrinsically or extrinsically inconsistent (or both).
1.1 Sequentially modify the coordinates of each vertex in the profile.

1.2 If no vertices can be moved without causing errors, the profile is considered fully
constrained.

1.3 If one or more vertices can be moved independently from the rest, the profile is marked
as intrinsically under-constrained.

1.4 If moving any vertex causes other vertices to move, then the figure is rigid but
extrinsically under-constrained.

2. If the profile is intrinsically inconsistent:
2.1 Find all unfixed geometric elements.

2.2 Order and group unfixed geometric elements hierarchically (first, symmetrical elements;
second, elements belonging to the outer contour, etc.).

2.3 Fix any unfixed elements according to the hierarchical order. Fix them to other elements
of the same group by prioritizing intrinsic constraints (such as perpendicularity, instead of
horizontality/verticality).
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3. If the profile is extrinsically inconsistent:

3.1 Find any possible symmetry axes. Currently, our algorithm cannot automatically detect
symmetry axes if they are not available in the profile. However, it can search for auxiliary
lines linked by symmetry conditions added by the designer.

3.2 If more than one symmetry condition is found, then order them by placing the most
important symmetry axis first (the one related to most geometric entities)

3.3 Fix the symmetry axes from most to least important, until the profile is fully constrained.

3.4 After all symmetry axes are fixed, but while the profile is not yet fully constrained, sort
all vertices in ascending order by their distances to the origin, then fix the vertices in the list
until the profile becomes fully constrained.

4. While the profile remains under-constrained:
4.1 Find and fix all elements whose size is not fixed by adding suitable dimensions.
4.2 Find and fix all elements whose location is not fixed by adding suitable dimensions.

We modified our exhaustive search algorithm according to the rules described above. We used the
improved parser to conduct the following experiments:

(Experiment #1).
#1.1 Select a set of profiles representative of both over and under-constrained situations.
#1.2 Use the algorithm to improve them.
#1.3 In parallel, ask a group of design engineers to improve them.
#1.4 Compare performances.
(Experiment #2).

#2.1. We asked a group of expert design engineers to redesign the profiles. These profiles
came from (a) the initial profiles selected in #1.1, (b) profiles supervised by other experts
(previously obtained from #1.3), (c) or by the ATA algorithm (solutions from #1.2).

The experts are university professors from Mechanical Engineering and Engineering
Graphics departments with extensive experience in parametric solid modeling. Most experts
also have significant professional experience as design engineers in various firms. They were
carefully selected based on their qualifications and experience, and all agreed to participate
in the study.

#2.2 Compare performances.

The main goal of these experiments is to prove two hypotheses. First, the solutions provided by the
ATA algorithm are at least as good as the solutions provided by the expert designers, in terms of
producing improved profiles with no redundant constraints (minimum constrained DOF). Second,
both the improved profiles provided by the experts and the ATA algorithm ease subsequent redesigns.

The results of our two experiments are detailed below and summarized in Tables 6 to 8.

Experiment #1

The profiles shown in Fig. 12 were used in experiment #1 and created in SolidWorks®. The goal of
this experiment is to compare the results of the ATA algorithm and the expert designers when fully
constraining these profiles. The group of experts is comprised of 15 engineering professors from the
areas of Computer Graphics, Engineering Projects, and Mechanical Engineering. All experts have
extensive experience working and teaching engineering design using SolidWorks®.
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Fig. 12. Profiles used in experiment #1.

Our results are summarized in Table 6. The state of the initial profiles is shown in column 2.
Specifically, profiles 1, 5, and 6 are over-constrained, and profiles 2, 3, and 4 are under-constrained.
The number of CDOF in the initial profiles before any improvements is shown in column 3. The
number of constrained degrees of freedom (CDOF) in each solution are shown in columns 4 (experts)
and 6 (ATA algorithm) based on the use of both geometric and dimensional constraints. It should be
noted that significantly different solutions were submitted by the experts (for instance, ranging from
8 to 14 CDOF for Profile 1, which initially included 16 CDOF). The frequencies for each alternative
are tabulated in the %freq Expert column. The column “ATA qty sol” defines the number of solutions
proposed by the ATA algorithm in each case.
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Table 6. Results (experiment #1).

NC profile Initial state Initial CDOF. %freq CDOF_ Oofreq | ATA
CDOF Expert solutions | Expert | ATA solutions |ATA | qty sol
8 46.7% 8 100%
9 20%
Profile 1 |Over-constrained 16 10 6.7% 10
12 6.7%
14 20%

. . 9 86.7% 9 100%
Profile 2 |Under-constrained 4 10 13.3% 5
. . 18 86.7% 18 100%
Profile 3 |Under-constrained 8 19 13.3% 14
. . 24 84.6% 24 100%
Profile 4 |Under-constrained 16 57 15.4% 8

12 50% 12 45.5%
Profile 5 | Over-constrained 18 13 35.7% 13 54.5%| 11
14 14.3%
21 6.7% 21 5.9%
22 20% 22 94.1%
23 40%
Profile 6 |Over-constrained 31 24 6.7% 17
25 13.3%
27 6.7%
30 6.7%

The results show that the most frequent CDOF in the solutions proposed by the experts generally
match those of the algorithm. In Profile 5, the solutions are similar (solutions with 12 and 13 CDOF)
for both groups. There is not a clear solution, but the two alternatives are the same in both cases. In
profile 6, despite the variation among the solutions provided by experts, the most frequent solutions
revolve around 22 and 23 CDOF, which correspond to the solution provided by our ATA algorithm.
Therefore, the analysis of the data validates the hypothesis that the proposed algorithm performs at
least as well as expert designers when fully constraining a profile while avoiding redundant
constraints.

Additional observations from the results reveal that when the initial profile is over-constrained, the
dispersion in the solutions provided by the experts seems to be greater than in the case of under-
constrained profiles. This result proves that redundant constraints are difficult to find even for expert
engineers. Conversely, there is more consistency in the case of under-constrained profiles since
experts generally stop adding constraints to the profile when the CAD application changes the profile
state to fully constrained. Two experts submitted profile 4 as under-constrained, thus the sample of
expert solutions was reduced to 13 solutions. It should also be noted that in all the examples, the ATA
algorithm found more optimized solutions than the experts.

The different sets of redundant constraints identified by the ATA algorithm are illustrated in Figs. 13
and 14. The solutions for profile 2, which was originally under-constrained, are shown in Fig. 13. We
assume that the profile was initially constrained by applying the heuristic criteria and then the sets of
redundant constraints (which should be removed to produce a fully defined profile) were identified.
The sets of redundant constraints obtained for profile 5, which was originally over-constrained, are
shown in Fig. 14.
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Fig. 13. Solutions provided by the ATA algorithm for sketch 2 (original sketch was under-constrained)
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Fig. 14. Solutions provided by the ATA algorithm for sketch 5 (original sketch was over-constrained)

Experiment #2

The goal of this experiment was to validate the hypothesis that there are no differences in terms of
reusability between 2D profiles enhanced by the ATA algorithm and those by experts. The same
group of experts from the previous study participated in this experiment.

Expert participants were split into three groups of five individuals and asked to perform a series of
modifications (Fig. 15) to three different groups of profiles selected from experiment #1: (1) the first
group of experts performed the modifications directly to the original profiles (under and over-
constrained profiles of Fig. 12), (2) the second group performed the redesigns on a selection of the
profiles improved by the expert’s results (selected from #1.3), (3) the last group of experts performed
the redesigns on a selection of the profiles improved by the ATA algorithm from #1.2.

The profiles for both the ATA and expert groups were selected from the solutions with higher %freq
(Table 6). In the case of profile 6, the expert solution that was most similar to the ATA profile was
selected. Each group of profiles was randomly distributed to the experts as SolidWorks files.
Participants were asked to modify the constraints without removing any lines from the profile. A total
of 14 redesigns were submitted: 5 redesigns from the original profiles, 4 from experts, and 5 from the
ATA profiles. Our analysis focused on the following aspects:

e Success rate. The redesign was considered successful when all the modifications to the profile
were conveyed correctly and the profile was fully constrained.

e Auverage editing time (in seconds) that participants within the same group spent performing
the redesign modifications. To this end, a SolidWorks plugin was implemented to collect the
editing time.

e Amount of CDOF applied in the solutions.
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Fig. 15. Redesigns proposed in experiment #2.

The analysis of the redesigned profiles is summarized in Tables 7 and 8. The success ratios reflected
in Table 7 are similar for both experts and ATA groups. However, the success ratio decreases in
examples 3 and 6 of the group of original profiles. These results corroborate other studies that show
that under- and over-defined profiles are sources of potential errors [13-15]. The main causes of
failure were unconstrained vertices (Fig. 16, left) (only occurred once), incorrect geometry (Fig. 16,
middle), and errors in some dimensions (Fig. 16, right). It is important to note that none of the
solutions included fix constraints (although examples 2, 3, and 4 in the ATA group did include them
in the initial profiles), which proves that fix constraints are not appropriate, as proven by [17].
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Table 7. Summary of results (experiment #2).

NC Profile Success Rate Editing Time (seconds)

Original | Experts | ATA |Mean Orig.| STD |Mean Exp.| STD |Mean ATA| STD
Profile 1 100% | 100% | 80% 294.8 | 141.8 244.3 | 182.4 176.5 | 104.3
Profile 2 100% | 100% | 100% 954 | 425 943 | 17.8 87.2 | 31.7
Profile 3 60% 75% | 100% 252.7 | 827 337.0 | 131.7 269.0 | 76.2
Profile 4 100% 75% | 80% 363.0 | 140.5 331.3 | 64.6 331.0 | 143.2
Profile 5 80% 75% | 100% 4225 | 167.9 282.0| 722 3024 | 94.4
Profile 6 40% | 100% | 80% 336.0 | 86.3 334.3| 142 278.8 | 74.5

Regarding editing time, only the files that were successfully redesigned were included in Table 7. In
general, the highest values of editing time are related to the cases in which the initial profile has a
greater number of CDOF (e.g. profiles 1, 5, and 6 of the original profile group), which are also the
profiles that contain more redundant constraints. However, our sample is not large enough to
determine statistical significance.

The results shown in Table 8 confirm the conclusions from experiment #1. First, the highest
frequencies of CDOF in the redesigns proposed by the experts agree with those by the ATA algorithm.
Second, the more redundant constraints there are in the initial profiles, the greater the dispersion in
the solutions. Once again, this fact is mostly shown in profiles 1, 5, and 6 where the initial profiles of
the original group contain redundant constraints, whereas the initial profiles of experts and ATA
groups are fully constrained profiles.

Table 8. Summary of CDOF of the profiles after redesign in experiment #2

Original Profiles Expert Profiles ATA Profiles
o] TR | [l | S | | R e
11 20% 11 25% 11 25%
. 13 20% 0 25% 13 25%
Profile1l 16 14 40% 8 14 50% 8 14 50%
15 20%
) 8 80% 8 75% 8 80%
Profile 2 4 9 20% 9 10 25% 9 9 20%
18 25% N 25% 18 60%
Profile 3 8 19 25% 18 18 75% 18 19 20%
20 50% 20 20%
23 20% 23 50% 23 40%
. 24 40% 25 25% 24 20%
Profile4] 16 27 20% 24 26 25% 24 26 20%
31 20% 28 20%
15 20% 15 25% 16 20%
17 20% 17 50% 17 60%
Profile5| 18 18 20% 12 20 25% 12 19 20%
19 20%
22 20%
22 40% 21 25% 22 60%
Profile 6] 31 23 20% 22 22 50% 22 23 20%
24 40% 24 25% 25 20%
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Fig. 16. Causes of unsuccessful redesigns in experiment #2. Unconstrained vertex (left), incorrect geometry
(middle), and incorrect dimension (right).

Our pilot experiment has a low statistical power due to the reduced sample of experts who participated
in the experiment. However, results are conclusive enough to support our initial hypothesis that the
ATA algorithm performs at least as well as expert designers when optimizing profile constraints
without redundant constraints. Our results also lead us to hypothesize that fewer redundant constraints
imply more agreement between designers.

Our tool can also fully define an unconstrained profile. However, further improvements are needed
to reduce the computational cost of the algorithm and more extensive tests are required to increase
the statistical power of our analyses. As future work, we are interested in examining the influence of
different types of constraints on profile quality. This analysis may define a methodology that can be
implemented by our algorithm so the most appropriate constraints can be selected during the
optimization process, eliminating redundant constraints, and maximizing design intent.

This approach demonstrates a practical application that not only increases the efficiency of our
original tool for detecting redundant constraints, but also suggests alternative more effective
constraining schemes in a given design scenario. We are currently expanding the functionalities of
the system to classify solutions by quality, more specifically in terms of design intent and reusability,
based on the different types of constraints. As a long-term goal, we plan to develop a quality checker
to detect and measure parametric CAD quality. The checker will consist of a quality kernel wrapped
by a layer of Application Programming Interfaces (APIs). The kernel will implement a set of smart
heuristics which will describe, in a formalized language, the quality criteria that our research team
has been developing during the past few years (including, but not limited to, constraint redundancy
conditions). The layer of APIs will connect the kernel to the different commercial CAD systems and
provide various quality assurance services required throughout the different stages of the product
development process.

The prototype tool uses fix constraints to temporarily produce a fully-constrained sketch which is
convenient for our analyses. Those temporary constraints should not be confused with permanent
constraints in the final sketch, which should not have any fix constraints. This is in fact, an additional
improvement we are contemplating for future versions of the tool. Ultimately, we should be able to
replace these fix constraints by permanent constraints that are better suited to each particular sketch,
thus providing a significant level of automation to the sketching and constraining processes.

6. Conclusions

In our view, redundant constraints in 2D profiles of parametric 3D CAD models unnecessarily
compromise model conciseness and reusability, and hinder design intent communication. Arguably,
constraint redundancy may also compromise the efficiency of geometric constraint solvers.
Nevertheless, we consider this field to be sufficiently mature to provide valid solutions, and have
focus our efforts on the implications of constraint redundancy conditions on design intent and CAD
model reusability. In our analysis of CAD systems, we identified two strategies to manage constraint
redundancy conditions: a strategy that allows redundant constraints and enables the user to design
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more quickly at the expense of creating models that are less portable, and a strategy that is less
permissible with incompatible and redundant constraints but results in more portable and robust
models. Both strategies align with the extreme cases of granularity in CAD models, as defined in the
field of CAD model exchange and interoperability. None of the systems we tested provides any
assistance or feedback to users during the parametric sketching process. Therefore, we classify them
as coarse granularity systems in terms of their ability to facilitate sketch interactions and enable
effective modeling schemes for conveying a specific design intent and leveraging reusability.

Our experiments confirmed the hypothesis that redundant constraints are a common tendency among
CAD users and significantly affect the time and effort required to modify a parametric profile. Our
results also showed that implicit geometric constraints and their effect on profiles are not evident to
many users. In fact, most are not aware of the amount or the types of constraints that are added to a
profile during sketching processes. Therefore, we conclude that a lack of redundant constraints can
be considered an appropriate quality metric for parametric profiles.

Current CAD applications do not provide mechanisms to support decision making in constraint
redundancy scenarios. Efficient strategies and decisions for deleting redundant constraints in a
manner that ensures proper communication of design intent and the maximization of model reuse are
left entirely to the user. Researchers have stated that an effective strategy to eliminate, or at least
minimize, constraint redundancy conditions requires developing proper training and providing real-
time feedback during the modeling session on the adequacy of the constraining strategy that is being
used. To this end, an automated mechanism that can assist users during the creation of profiles could
be of great value. To explore the viability of such a tool, we developed a plugin for a CAD system
that can detect redundant constraints on demand and provide feedback to users during the parametric
sketching process. Our system can suggest alternative solutions to a constraint schema that uses more
appropriate and effective combinations of constraints, which can assist users in creating parametric
sketches without constraint redundancy conditions and thus increasing quality. This pilot tool has
been proven to be valuable, but further developments are required. As future work, we plan to
simplify our algorithm to allow for on-line use by detecting redundant constraints to automatically
check the profile every time a rebuild operation occurs. Finally, we are interested in further studying
the types of constraints that may result in higher quality parametric profiles, and implementing these
findings in the prototype tool described in this paper.
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