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Abstract

A successful implementation of the Model-Based Enterprise concept (MBE) requires maximizing the potential benefits of
annotated 3D models. The foundations of the MBE model are established by digital product definition data practices, which are
currently regulated by standards such as ASME Y14.41-2003 and ISO 16792:2006. At the center of the MBE concept is the notion of
CAD model reusability, which relies on the idea that 3D CAD models can be reused both throughout the entire product lifecycle and
as a starting point for future development of new products. In this context, a critical aspect of CAD model reuse is the proper
identification and understanding of the geometric design intent that is usually expressed implicitly within the CAD model.

In this work, we present a method to communicate geometric design intent explicitly by overloading and extending the scope of the
current annotation instruments available in the MBE approach. We propose a new broader type of model annotation that we call
“extended annotation,” where design information is represented both internally within the 3D model and externally, on a separate
repository. This structure naturally demands additional mechanisms to support the interaction of users with the information. In order to
manage the information stored in these extended annotations effectively, we implemented an annotation manager that automatically
synchronizes the dual representation of the annotations. To reduce the visual clutter in the 3D model, the software provides powerful
filtering, editing, and visualization capabilities, giving users complete control of the information stored in the model. Finally, a study
was conducted with 60 participants to evaluate the performance of the proposed model and the usability of the annotation manager.
Results show a statistically significant benefit of using the extended annotation system, suggesting the use of this model as a valuable
approach to improve design intent communication.
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1. Introduction

In the context of a highly competitive globalized market, the move towards a Model-Based Enterprise (MBE) presents
a significant opportunity for increased efficiency in product development, as stated by Frechette [1]. In the MBE, a
Computer-Aided Design (CAD) model is created and reused by various product commercialization functions throughout
the organization. Historically, CAD models have been associated with improved quality, reduced development time, and
improved communication [2]. When these CAD models are used in concert with Product Data Management (PDM)
systems, they allow for greater benefits [3] and facilitate the distributed development that is possible in the MBE [4]. All
these benefits are predicated on the assumption that the CAD model is reusable; i.e., it is readily understood and easily
altered by others. This is often not the case.

For a CAD model to be easily altered, the person altering the model has to understand its “design intent” [5, 6].
“Design intent” is the reasoning behind decisions related to particular design objects [7, 8]. If the “design intent” is not
appropriately captured in the model, it may become difficult to alter [9]. Given that one of the initial “promises” of CAD
was the ability to store and easily alter existing models [10], the fact that models are often remodeled from scratch is
somewhat of a “paradox” [11]. This is often due to the lack of explicit information about “design intent” in models
created by others [12]. One way to provide information related to “design intent” is through the use of 3D annotations.
Annotations added to 3D CAD models have been shown to reduce the amount of time required to make alterations to
these models [13, 14]. However, as model complexity increases, a way to manage and interrogate these annotations is
needed. This work presents a new annotation structure and assesses a novel 3D annotation manager software tool.
Promising initial evaluation results support the feasibility of this system as a method to improve CAD model reuse.

Two important characteristics of any system aimed at improving CAD model reuse and alteration are usability and
efficacy. In terms of usability, authors Drury et al., [15] listed some of the more cited usability rules (e.g., be consistent)
according to Shneiderman and Plaisant [16]; heuristics (e.g., make system status visible) based on Nielsen and Mack’s
work [17]; and principles (e.g., provide feedback) according to Norman [18], for human and computer interaction. In our
work, usability is assessed by using an adapted version of the questionnaire developed by Chin et al. [19]. The efficacy of
our system is assessed in a similar manner to the work by Lenne et al. [20] by determining the time required for
participants to find the correct answer to design questions both with and without the annotation manager system.



2. Related work
2.1. Model-Based Enterprise (MBE)

The Model-Based Enterprise concept is founded on Model-Based Definition. Whittenburg [21] defines Model-Based
Enterprise as a fully integrated and collaborative environment founded on 3D product definition detail and shared across
the enterprise with the intent to enable rapid, seamless, and affordable deployment of products from concept to disposal.
This author also states that the key component in this approach is the product definition, referred to as the “Model-Based
Definition” (MBD), that is described as a 3D annotated model and its associated data elements that fully describe the
product definition in a manner that can be used effectively by all downstream customers in place of a traditional drawing.
In this context, 3D CAD models serve as the central element from which all engineering processes and outputs flow
(analysis results, design decisions, bill of materials, etc). They become the source for delivering documentation and not
just a means for creating 2D drawings.

Annotations are essential elements of the Model-Based Definition paradigm. Quintana et al. [22] describe a product’s
Model-Based Definition as a dataset comprising the model’s precise 3D geometry and annotations. The annotations
specify manufacturing and life cycle support data and may contain notes and lists. The dataset includes a complete
definition of the product, without the need for additional documents, such as 2D drawings. Traditional 2D drawings are
not needed when annotations are directly linked to geometric elements in the model, and are properly arranged so they
can be viewed without interfering with the model.

Model-Based Definition offers important benefits to manufacturing companies and their customers. In a recent study
conducted by the Aberdeen Group, significant time and cost savings were identified when model-based techniques were
compared to conventional practices [23]. Another study found time savings of a factor of three for first-article product
development and a factor of four for engineering change management [24]. In a different study, Quintana et al. [25]
quantified the gains of administering the engineering change order process in a model-based definition context. They
conducted a case study in an aerospace company, where reductions of about 11% in the average processing time and cost
were achieved. Despite the number of case studies that have been conducted that support the MBE paradigm, more
conclusive evidence and comparative studies are needed to determine the tangible benefits of 3D models over traditional
2D drawings when equivalent information is included in them. Furthermore, the exact procedures, associated
implementation costs, and practical steps that can lead companies to these savings need to be formally established.
Nevertheless, the adoption of MBE practices has become a reality in industry, as shown by the increasing number of
companies that are transitioning to model-based paperless environments [26]. In this paper, we focus on the proper
communication of design information within MBE environments. We assume a practical model-based scenario already in
place, without making any assumptions or comparisons to traditional 2D drawings.

2.2. Standards supporting the Model-Based Enterprise

The American Society of Mechanical Engineers (ASME) in collaboration with experts from industry and academia
developed the standard Y14.41 —Digital Product Definition Data Practices — in 2003. A minor revision of this standard
was published in 2012 [27]. The international standard ISO 16792:2006 [28] was based on ASME Y14.41-2003. Using
ISO 16792 as a reference, the automotive industry, through the Strategic Automotive product data Standards Industry
Group (SASIG), developed in 2008 the “SASIG 3D Annotated Model Standard” [29]. This SASIG standard extends 1SO
16792:2006 and regulates the documentation of all areas of the product development process (i.e., design, manufacturing,
service) in the context of vehicle design and manufacturing.

Fig. 1. Annotated model from 1SO 16792.



Both ASME Y14.41 and ISO 16792 set guidelines for the logical association of product information to geometric
elements, as seen in Fig. 1. In an attempt to mitigate the transition from 2D drawings to 3D models, the standards support
two methods of product definition: model-only, and model and drawing in digital format, distinguishing between
annotations defined as “dimension, tolerance, note, text, or symbol visible without any manual or external manipulation”
and attributes defined as “dimension, tolerance, note, text, or symbol required to complete the product definition or
model feature of the product that is not visible but available upon querying the model.” In this paper, we focus
exclusively on product information linked to models. It has been suggested that properly annotated 3D models can
eliminate a significant part of the cost of creating traditional 2D drawings.

The goal of both ASME Y14.41 and ISO 16792 is to make annotated models comprehensive and reusable by
providing specific guidelines to distribute dimensions and tolerances on orthogonal planes. This mechanism mimics the
dimensioning rules for 2D drawings in a 3D environment. However, 3D models can easily become cluttered, even with a
small number of annotations and a carefully arranged layout. The example shown in Fig. 1 illustrates this concept (in
spite of being a static black and white image with no user interaction). It becomes evident that practical management of
annotations is a critical issue to provide an effective and efficient implementation of the model based definition approach.
Although neither ASME nor ISO standards provide explicit information about using and managing free textual
annotations (which we intend to use to express design intent), SASIG standard recommends the use of groups, layers, or
links to views or sections of the geometry to make the model readable. As this standard states, “turning on all annotations
in a complex model may make viewing the annotation and/or model very difficult” [29]. Because we anticipate a large
volume of information included in the annotations when used to deliver design intent, especially when working with
complex models, we propose a non-structured mechanism (where a manual arrangement of annotation planes is not
required) based on standard annotations and an integrated annotation interface to enhance their functionality and
suitability to carry this type of information. From a usability point of view, the previous considerations are essential
aspects for a successful implementation of our proposed annotation model.

2.3. Product data quality context

One of the most important contributions of modern CAD to accelerate the product development process is the ability
to reuse and make alterations to existing models in an efficient and relatively easy manner. According to the linguistic
model proposed by Contero et al. [30], three levels of CAD quality can be distinguished, the third of which, the
semantic/pragmatic level, considers the capability of the CAD model for reuse and modification. Making changes or
reusing a particular CAD model may be simple, difficult, or impossible, depending on the semantics associated to the
modeling procedure chosen by the original creator.

To achieve the full benefit provided by 3D CAD models, users that interact with them should understand how and
why the component was created and designed in a specific way; namely, they must understand its design intent. In this
work, “design intent” or “geometric modeling intent” will be used distinctly to express the reasons that motivate a
designer to perform some specific CAD modeling actions. It also expresses the manner in which the designer expects the
geometric model to behave when it is modified [14]. Design intent becomes critical in situations where the user altering a
model is not the original creator, such as in collaborative design scenarios. Explicit communication of design intent is
especially valuable for the reutilization of complex 3D CAD models, in which important amounts of modeling time are
invested.

Annotations can play an important role in identifying best modeling practices, which can be of great importance for
avoiding modeling errors. According to the classification of CAD modeling errors proposed by Yan & Han [31], three
primary types can be identified. The first type is related to topological and geometric inaccuracies, such as
discontinuities, small and void faces, and self-intersection problems. Currently, these problems are well covered by
standards such as VDA 4955/4.1 [32] and SASIG PDQ 2.1 [33]. These problems can be termed as intrinsic problems
(associated to morphological quality, according to [30]). The second type of problems is related to the product data
exchange process, i.e. when models are converted to and from different formats. These errors are usually due to
mismatches in the numerical inaccuracies of the geometric kernels upon which CAD systems are built. We hypothesize
that this second type of problems may also be linked to the syntactical quality suggested by Contero et al. [30]. These
two types of problems can be termed extrinsic which, along with intrinsic problems, are out of the scope of our study.

However, there is a third group of problems that are caused by users as a result of poor or incorrect practices with the
CAD system (i.e. semantic quality [30]). According to Yan & Han [31], a third to a half of all quality problems arise
either from poor design skills or from the inexperience of designers. In this case, two complimentary strategies can be
applied. First, according to Mandorli and Otto [11], current education should provide more strategic knowledge and
understanding to enable students to use CAD systems as knowledge-intensive design and communication tools to
properly develop and convey design intent. Second, 3D annotations carrying hints, warnings, and indications to specific
modeling questions can be useful to help users understand the reasons behind complex modeling decisions. Additionally,
making this information available outside the model easily allows the use of external information systems to manage and
analyze the design knowledge contained within the extended annotations. A new contribution to the second strategy is
studied next.



2.4. Design intent communication and model reuse

As indicated by lyer et al. [59], citing Ullman [60], many design problems require the application of previous
knowledge and the redesign of existing products. According to an industry research report by the Aberdeen Group [4],
significant time and cost savings were achieved when companies reused design elements. Furthermore, all firms
participating in the study report the reuse of existing designs at some level, but the top performers intentionally dedicate
resources and deploy methods and technologies to capitalize on reusability. However, to guarantee effective CAD
reusability it is necessary that users working with a CAD model understand the reasons and rationale behind the
modeling decisions. They need to know how and why the model was created in a specific manner, i.e., they need to
understand its design intent.

It is hard to find a precise definition of design intent, since the term can be interpreted in slightly different ways [34-
36]. After an exhaustive literature review to identify common elements, authors lyer and Mills [7] proposed their own
definition, which is generally widely accepted: “Design intent contained in legacy CAD is the insight into the design
variables (design objectives, constraints, alternatives, evolution, guidelines, manufacturing instructions and standards)
implicit in the structural, semantic and practical relationships between the geometric, material, dimensional and textual
entities present in the CAD representation.” [7].The importance of design intent and the advantages of an explicit
representation were summarized by Pena-Mora et al. [37]:

e Changes in complex projects require certain design decisions to be modified during the development process. When
the justifications defined during the initial stages are lost, they need to be recreated, which has a negative impact on
project costs and development times. The ability to store, process, and retrieve this information can significantly
improve productivity.

e When design intent information is represented explicitly and is easily available for review, the overall quality of the
product increases.

o Explicit representation of design intent leads to a more intelligent use of resources and knowledge.
o Efficient communication of design intent is essential for integrating solutions and transferring design knowledge.

To benefit from the functionality provided by modern CAD systems, to quickly and efficiently modify existing
designs, users interacting with the model must understand the reasons behind the modeling process. In other words, the
design intent of the model must be appropriately captured and understood by the person making the changes. [5, 6].
Despite major advances in CAD technology, models are difficult, or impossible, to alter when design intent information
is lost or not communicated properly [12].

Some considerations to communicate design intent effectively include how this type of information can be captured,
represented, managed, processed, and stored. These are active areas of research [7] and still poorly addressed by current
industrial tools [38]. Although some success has been reported using semi-automated tools [38-41], the task of capturing
design intent cannot be completely automated [42], and thus requires designers to be actively involved throughout the
entire process. Unfortunately, it has been shown that designers are often reluctant to spend time adding additional
information to their models [43]. Therefore, any tools to support interaction with design intent information must be easy
to use, intuitive, and integrated with existing solutions [44].

Design knowledge is a broad term that can be understood at different abstraction levels throughout the design process.
The diversity and complexity of knowledge involved in engineering design makes it difficult to capture and represent this
information. The complex and highly dynamic nature of knowledge management has led to the development of various
types of tools for various applications: knowledge sharing, expert systems, knowledge retrieval and query, etc. On an
abstract level, for example, representation and manipulation of the model’s function is a crucial issue during conceptual
design, as indicated by Umeda et al. [45]. Because current CAD systems do not support functional design, the authors
implemented a software tool called Function-Behavior-State (FBS) Modeler, which supports functional design during
both the analytical and synthetic phases of conceptual design [45]. According to Gero [46], a representation framework
with sufficient expressive power to capture the nature of the concepts is required for design. He proposed a knowledge
representation schema based on design prototypes to separate knowledge from computational processes. The use of this
representation provides a translation between design syntax and semantics [46]. Other examples of knowledge capture
systems include the Market Driven Design System [47], used to capture and collect market information within a product
model using fuzzy inference.

How to represent design knowledge effectively is a fundamental issue in knowledge management, and representation
models and formats can vary greatly as they support different design activities. Despite the variety of methodologies and
systems available, there are still barriers in terms of practical implementations in industrial environments that need to be
overcome: information confidentiality, lack of adequate training in the use of knowledge management, language,
affordability, cost, technology levels, etc. [48]. The most sophisticated approaches often involve the use of complex
external systems, such as Compendium [42] and DR editor (DRed) [38] (both based on the concept of Issue based
Information System or IBIS [49]), and rely heavily on human intervention, especially for interpreting and entering



information into the system. Other approaches include argumentation-based models such as Decision Representation
Language (DRL) [50], which was further extended by Software Engineering Using Design RATionale (SEURAT) [51],
and the Question, Option and Criteria (QOC) technique which emphasizes discussions of alternatives regarding artifact
features [50]. Most representation models are related to specific domains. For example, functional representations focus
on describing how the device works [52]. A Rationale Construction Framework (RCF) was also suggested to capture
rationale information by monitoring designers’ interaction with a CAD system [41]. Although progress has been made,
the most advanced techniques and algorithms for data mining and design document processing rely heavily on textual
representation of design knowledge [53].

In this paper, we specifically focus on geometric design intent information, i.e. the type of knowledge directly related
to the CAD model’s geometry information (explanations of why a CAD model is modeled the way it is or why certain
modeling steps have been performed). In this context, our goal is to provide a simple yet efficient mechanism that can be
fully integrated within the CAD environment and allows designers to add relevant geometric information to a 3D model
efficiently while maintaining a repository of design intent information to help designers understand design modeling
know-how, and also facilitate the reuse of models.

In the area of software development, engineers use comments in source code to support software maintenance,
modifications, and reusability. Similar benefits are likely in product design scenarios. To accomplish this, we have
enhanced the functionality of standard 3D annotations and made them carriers of geometric design knowledge. Although
in engineering design annotations have traditionally been used to complement engineering drawings, they can play a
fundamental role in the cognitive synchronization between designers and as interface elements to mediate interactions, as
stated by authors Boujut and Dugdale [54]. However, as CAD models become more complex and comprehensive, it
becomes necessary to redefine the traditional structure of model-based annotations and transform them into model-based
design annotations. Although our approach relies heavily on the textual representation of information, we have
incorporated support for other types of design knowledge such hyperlinks, sketches, graphical information, external
documents, etc). All these elements can be connected to the CAD model and presented to the user within the CAD
environment.

3. Extended annotations for expressing geometric modeling design intent

The annotation system developed for this study involves the addition of new structures and connections to the 3D
annotated model defined by the SASIG standard [29] (see Fig. 2).

Product Definition Data
(3D annotated maodel)

Model Product Characteristics Management Data

Annotations that apply
to entire part

Feature Design Model
Characteristics

Annotations that
apply to specific
geometric elements

Model Geometry Supplemental Geometry

The line showing the straightness
of a geometrical tolerance, etc.

Fig. 2. Information configuration of a 3D annotated model [29].

One of the main contributions of this paper is the introduction of extended annotations as bidirectional structures
capable of carrying geometric design intent information both within 3D models and in an external repository. These
structures are natural extensions to the annotation mechanisms defined by current standards and implemented by modern
CAD packages. Because of the limitations of the existing annotations structures available in PMI modules (visualization
and interaction mechanisms such as filtering and searching are non-existent) we provide a more flexible mechanism
based on a dual representation. An additional contribution is an annotation manager that works as an automatic agent in
charge of managing and synchronizing the dual representation of the annotations. Our proposed model is illustrated in
Fig. 3. The nodes shown in gray represent information stored outside the 3D model.



Using the classification defined by Ding et al. [55] (based on how data is stored), we can explain that our extended
annotations are designed to combine the strengths of both “in-line” (annotations inserted in the CAD model) and “stand-
off” (annotations stored separately in an external repository) representations. The advantages and disadvantages of both

methods are listed in Table 1, which is a modified version of the table prepared by [55].

Table 1. Mark-up strategies (*new items added to the original list created by [55])

STRATEGY ADVANTAGES DISADVANTAGES
Easy implementation. Original document changed.
. Wide applications. Difficulty for multiple independent sets
In-line . . . : f mark

(internal) * Full integration with the model (low maintenance). ot markup.
* Efficiency in terms of processing and manipulation. * 'ﬁ'TC““_ to share information in
* Already supported by most CAD systems. collaborative environments.
Non-change of representation method used for the original Difficulty of implementation.
object. Problem of persistent references.
Support of multiple independent sets of markup. Lack of robust maintenance method of

Stand-off Support of progressively information update (scalability). references.

(external) | Capability of re-organization of information for different * File maintenance.
purposes and applications.
* Easy distribution of information in collaborative
environments and over the web.
* Information can be processed and analyzed separately.

By allowing “in-line” techniques, we ensure a simple integration of the extended annotation model within existing
CAD packages. Designers can thus annotate 3D models using already familiar tools, instead of spending valuable time
learning new separate systems. This strategy minimizes the annotation workload and benefits from the familiarity of the
users with existing software, which is a crucial factor for a practical implementation of the model and the avoidance of
the knowledge-acquisition bottleneck [44]. In our model, the “in-line” aspects of the annotation are accomplished by
overloading the functionality of the Product and Manufacturing Information (PMI) modules available in modern CAD

systems.
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Fig. 3. Extended Annotation Model (Adapted From [29])

The “stand-off” characteristics of extended annotations facilitate and optimize the visualization, search, and filtering
of information. The visualization and display of 3D annotations are essential factors to ensure the effectiveness of an
annotated model in terms of communication of information. In fact, the use of groups, layers, and annotation views to
improve the readability of the annotations is specifically encouraged by the SASIG standard [29], although no precise
guidelines are provided regarding how this functionality should be implemented. At this point, basic perception
principles and its application to visual representations must be reviewed. The visual management of the annotations




becomes especially relevant when the volume of the annotations in the 3D model grows to the point where it creates
clutter and confusion (such as the model shown in Fig. 7), making the use of the annotated model impractical. The
external representation of the extended annotation model along with the management capabilities offered by the
annotation manager provides an automatic visualization framework for 3D annotations that frees the user from time-
consuming tasks such as creating annotation views and organizing the information manually. It is based on visual search
principles. Additionally, when the information is available outside the model, effective strategies can be developed to
analyze the knowledge contained within the extended annotations.

3.1 Representation of extended annotations

In our model, 3D annotations are stored both internally within the CAD model, and externally. The internal
representation of the annotation is managed directly by the PMI tools of the CAD system. The information includes the
content of the annotation, the point of connection between the annotation and the aspect of the CAD model that is being
annotated (typically, a face or a feature), and the identifier of the annotation element within the CAD file, used to
uniquely identify the annotation and associate it with the corresponding external data.

An extended annotation is defined externally as a set of textual elements, such as:
Extended_annotation = { Internal_ID, Type, Feature, Text, Creator, Date, [Additional_Items] } where:
¢ Internal_ID is the unique identifier of the annotation element within the CAD model.

e Type is used to classify annotations into different categories, i.e. modeling annotations, manufacturing annotations,
etc. It is intended for semantic searches.

e Feature is the specific geometric element or “form feature” of the CAD model that is being annotated.
e Text is the content of the annotation.
e Creator and Date represent the author of the annotation and the date of last modification.

e Additional_ltems is an optional field that can be used to include other type of information such as hyperlinks or
references to external documents that may be relevant to a specific part of the 3D model.

<?xml version="1.0" encoding="utf-g§"?>
<Annotations>
<Part name="Model_ 1" path="C:\models\assembly\">
<Annotation type="modeling” id="id1">

<Feature>Revolvel</Feature>
<Text>Modify fillet radius if angle changes</Text>
<Creator>camba</Creator>
<Date>7/20/2013</Date>
</Annotation>
</Part>
<Part name="Bracket” path="C:\models\assembly\>
<Annotation type="modeling” id="id1l">
<Feature>Filletl</Feature>
<Text>Modify fillet radius if body angle changes</Text>
<Creator>conterc</Creator>
<Date>7/15/2013</Date>
</Annctation>
<Annotation type="design" id="id2">
<Feature>Extrude2</Feature>
<Text>Ensure a minimum angle of 20 degrees</Text>
<Creator>camba</Creator>
<Date>7/25/2013</Date>
</Annotation>
</Part>
</Annotations>

Fig. 4. Structure of XML file

In terms of implementation, different types of external storage can be used to manage the external representation of
the annotations, such as relational databases or XML files. For our prototype, we originally selected the latter, where
every annotation corresponds to a node in an XML tree, as shown in Fig. 4. The textual data format and structured syntax
of XML makes this language a suitable option for representing and accessing the specific elements of the extended
annotations in an effective manner.

A single XML file is used to store extended annotations of multiple 3D models that are related functionally, such as
components of the same assembly, or models of the same family, such as different versions or variations of a particular
CAD model. The name of the 3D model and its file location are stored as attributes of the model node. To facilitate
filtering and searching tasks, the child nodes “ID” and “type” can be converted to attributes of the corresponding parent
node. The structure of the XML file is shown in Fig. 5.
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Fig. 5. External XML representation of extended annotations

4. Annotation Manager

The annotation manager is a software component that keeps the internal and external representations of the model
annotations synchronized, and provides a graphical user interface to interact with the information included in the extended
annotations. In our model, the annotation manager is envisioned as a fully integrated module of a traditional CAD system,
possibly as part of the Product and Manufacturing Information (PMI) toolset.

3D annotations have been supported by CAD packages for years and the adoption of 3D annotation practices (specifically
Geometric Dimensioning and Tolerancing, abbreviated “GD&T”) has increased since the appearance of Model-Based
Definition standards, such as ASME Y14.41-2003 and ISO 16792:2006.The creation and direct manipulation of the
annotations (move, edit, delete, etc) within the 3D model, as well as the definition and selection of annotation planes, and
visibility control are tasks that can be handled directly by standard PMI modules. Therefore, there is no need to duplicate this
functionality in the annotation manager. Instead, the focus of the tool will be on the synchronization, filtering, grouping,
searching, and efficient visualization of information.

For this study, our team developed a software prototype of the proposed annotation manager. The application was
implemented as a SolidWorks® module, a popular CAD package. We selected this particular tool because it was easily
available to the authors and because of the previous experience the authors had with its Application Programming Interface
(API).

The synchronization of the internal annotations with the external XML file is handled by a background process that is
triggered every time a new model annotation is created, modified, or deleted within the CAD package, or when the model is
saved. No action is required from the user to maintain the information updated and synchronized. Likewise, internal
annotations in the CAD model are automatically updated when changes are made to the external representations using the
annotation manager, ensuring the bi-directionality of the extended annotation model automatically. This background process
also handles annotation change propagation to ensure consistency of changes by maintaining the most updated version of the
annotations in both annotation structures. In case of inconsistencies, the process evaluates the information from the model
with the information stored externally and prompts the user on how to proceed. Changes can be synchronized from the model
to the external repository, from the external repository to the model, or they can be combined (updating both the external
repository and the model) by comparing the annotations and maintaining only the most recent version in both places.

Due to the evolving nature of product development, models undergo constant change, which often causes the associated
information not to be properly updated. As geometry changes, poor or incomplete documentation of particular design
operations are common occurrences. Although the extended annotation structures we propose are not tightly connected with
design features, we do provide a mechanism to manage design changes and track annotation information. We address this
issue by incorporating the functionality of the annotation manager into a Product Lifecycle Management (PLM) system,
where we developed an annotation history module that maintains a record of changes in the annotations and justifications
related to design intent. The details of this module and the integration scheme have been published in a separate study [56].

The annotation history module provides an automatic mechanism to manage information changes about particular design
decisions. It is comprised of an additional repository in the PLM database that stores obsolete versions of the annotations, and
a new event handler that records the old annotation and the specific action that was triggered (e.g. the content was altered, the
annotation was reattached to a new feature, the annotation was deleted, etc.) every time a modification is detected and before
the new annotation record is updated in the original file. Dates and user information are also recorded, providing an audit trail
that can be used to understand the evolution of a model, process historical data, analyze actions of the users involved in
particular design decisions, and identify design problems [56]. Access to the annotation history is provided by the annotation
manager available from the CAD system, so users can track all changes performed and have the information readily
available. In addition, historical annotation data could also be made available via a web-based interface. This would allow,



for example, studying various aspects of design annotations from a communication perspective, such as assessing the
evolution of communication networks in design teams, or analyzing team interactions overtime. Annotation history records
could also allow users to revert back to previous annotation states of the model, if necessary [56].

User interaction with the model annotations is achieved via a graphical interface that includes an annotation manager (see
Fig. 6) and the synchronized visualization screen, which is part of the CAD application (see Figs. 7 and 8). After indicating
whether the model files are stored locally or remotely in a Product Data Management system (PDM), the user can select the
folder where the CAD files are located as well as the XML file containing the external representation of the extended
annotations.
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Fig. 6. Interface of Annotation Manager Prototype

The filenames of the models contained in the folder are displayed in the “Contents” box in the top right quadrant of the
managing window. When a specific CAD file is selected, the annotations associated to that model are listed in a tabular form
in the annotations area (including type, feature, creator, and date). Selecting an item from the annotations area causes the
corresponding annotation in the 3D model to automatically highlight in the visualization screen, which provides an effective
visual cue to the user. These cues are particularly useful in models with a large number of annotations.

Filtering annotations allows users to reduce the amount of annotation information on screen based on specific criteria, such as
creator, date, feature, or specific keywords. For example, users can display the annotations associated to a particular feature
or created by a certain user, or annotations that contain a specific keyword.
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Fig. 7. All annotations displayed

The “Show in Model” button in the interface provides a direct interaction of the filter with the CAD model, such that only
the filtered annotations are visible in the model (see Fig. 8). Likewise, the “search” functionality of the application allows
users to locate annotations at a folder level, so searches can be extended to groups of models and CAD assemblies.

Filtering and searching functionalities have been proven beneficial for handling annotated models. In one of our recent
studies [57], we exposed the problem of visual clutter and the limitations of current annotation mechanisms to deal with this
problem. Because the creation and management of annotation planes and the distribution of annotations among these planes



are ultimately the user’s responsibility, many designers often choose not to benefit from annotation tools because of the
additional effort involved in this task. Alternatively, our study shows better acceptance of the unstructured nature of our
approach as long as filtering and searching mechanisms are available. In our experiment, we showed that users that interact
with 3D models with no visualization or filtering tools perform significantly worse than users with access to annotation
management mechanisms, such as the proposed annotation manager [57].
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5. Integration with Product Lifecycle Management Systems

As an alternative to the original XML representation, we describe the architecture of a second implementation using an
external database, and how this architecture is integrated within a Product Lifecycle Management (PLM) system, so our
system can be used more reliably in collaborative environments. The details of this implementation have been presented in
our recent work [56]. The availability of annotation information in a database facilitates the use of more powerful
management, filtering, and searching mechanisms. This database implementation also facilitates support for other types of
design knowledge such hyperlinks, sketches, graphical information, external documents, etc). The document management
aspect of this functionality can be directly handled by the database system, whereas the links between external elements and
annotations within the CAD model are managed by the annotation manager. We have implemented a browser-style document
viewer that is fully integrated with our annotation manager, so documents and images related to the CAD model can be
examined without leaving the CAD environment. In addition, searches and data mining techniques can be performed on
external documents and immediately relate results to annotations and CAD models.

For our database implementation, we defined an annotation table where every child node of the original annotation node
described in the XML file becomes a field in the table. An additional field (model identifier) keeps a reference to the specific
version of the 3D model the annotation is linked to. The annotation database can now be included as a new component of a
Product Data Management (PDM) module in a PLM system. The PDM is the system that manages shared 3D CAD models
(with the corresponding internal annotations, in our case) and the associated documentation, acting both as a version control
system and file vault. The synchronization component of our annotation manager is connected the PDM module and
accessible from the CAD application. The synchronization mechanisms are transparent to the user, as they are automatically
launched in the background when an alteration is detected in the model. When users work locally, (disconnected from the
annotations database) and connect to the PLM system after a series of changes have been made to the model, the annotation
manager compares the information from the model with the information from the PLM database and prompts the user on how
to proceed regarding the propagation of changes. The architecture of this version of our system is illustrated in Fig. 9.
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The availability of the annotations in the PLM database provides a method to feed and share information with external
applications, which can be valuable in a variety of situations. For example, both content and quality of the annotations can be
studied as well as the interactions between users, with the purpose of determining what makes annotations effective in design
environments. Knowledge derived from annotations can ultimately be used to define sets of best modeling practices or as
indicators of quality. In addition, the integration of our system with a PLM solution opens new opportunities for collaborative
design. In this context, our team added video conferencing functionality to the annotation manager. The video conferencing
module connects users in a collaborative scenario via the extended annotation structures [58]. This functionality is especially
important in situations where multiple designers annotate the same model extensively. In these cases, certain annotations may
not be clear, requiring further clarification by the annotators. We propose a direct link between model annotations and
communication tool, so the annotator information is available “per annotation.” Therefore, users that interact with an
annotated model can select an annotation, retrieve the contact information of the annotator from the PLM system, and make a
video call or share the screen with that particular user to ask questions or request additional information. The complete
workflow happens within the CAD environment.

From the perspective of the communication module, the scope of the PLM system is extended to manage contact
information of the participants (model creators, users of models created by others, and annotators), which is linked to the
CAD files of a particular project. This information includes the workstations’ IP addresses and ports, which allows the
module to identify users when establishing a call. The system architecture with the communications module is shown in Fig.
10. Dashed lines indicate traffic between the CAD application and the PDM system (to synchronize CAD files, update files,
etc). Solid lines represent data flow between the annotation manager and the communications module. When a CAD model is
loaded in a workstation, the module automatically connects to the PLM system and requests the contact information of other
users involved. The information is stored as a new table in a database managed by the PLM system and displayed in the
user’s screen, directly within the CAD interface. Commands are available to establish video calls and shared screen sessions
with the selected participants. The technical details of the implementation of the video conferencing module are discussed in
[58].
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6. Evaluation

A study was conducted to determine the impact of the annotation manager in performing tasks that require finding
information in an annotated 3D model. In addition, a pilot usability test was also performed to assess the application’s user
interface. Because of the difficulty of evaluating an experimental tool in a real industrial environment (personnel availability,
daily workload and deadlines of designers, integration risks, and time involved in familiarize users with the new system, etc),
we decided to test our system in an academic setting. A total of 60 volunteers (students and faculty) participated in annotation
manager information study and evaluated the tool’s usability. All participants had previous technical training in engineering
design graphics and with SolidWorks® and/or other CAD packages.

The experiments were conducted in a computer laboratory environment where participants were called one at a time to
complete the exercises. This procedure helped prevent involuntary peer pressure on participants that took longer times to
finish. Participants were equipped with a computer with two monitors: the first one showing the CAD package
(SolidWorks®) with the annotated 3D model required for the exercises, and the second showing the annotation manager
prototype. A total of 30 annotations were included in the model. All dimensions were made visible as well.

Proper feature naming conventions were not considered in the model used for this study. As shown in Fig. 6 and Fig. 7,
features show default names with sequential number indicating the order of creation. Although proper naming practices can
add a certain level of expressive value to the model, its relevance in this study is limited. Due to the nature of the design
intent information used in our annotations (e.g. “Ensure a minimum angle of 20 degrees” or “Thickness increased after FEA
results”, etc.), the use of representative feature names is not practical as they cannot efficiently communicate the message.
Therefore, their effect in our experiment is negligible.

Two sets of two exercises were defined by our team. The objective of the exercises in the first set is to find a specific
model annotation with the answer to a question. The exercises in the second set are design problems where certain
modifications need to be performed to the 3D model. These alterations intentionally cause rebuild errors or unwanted effects
in other parts of the model, which can be resolved by taking different approaches. Five possible answers (in multiple-choice
format) were presented to the participants, who were asked to select the correct answer based on the annotations defined in
the model.

All participants answered all four questions, but were only asked to use the annotation manager for one question from the
first group and one question from the second group. As a result, all participants contributed to both the control and
experimental groups. All the questions used in the study are available in the Appendix. Initially, participants were given a
brief presentation with a demonstration of the software prototype, and were allowed a few minutes to familiarize themselves
with the 3D model and the software. Questions were given one at a time, and participants’ activities were timed (starting
from the time they received the question) to determine how long they required to find the correct answer.



A t-test was used to examine the difference in the time required to complete the four design questions with and without the
annotation manager. For each question, the mean time required to answer the question was significantly less with the aid of
the extended annotation system than without. These results (see Table 2) show a statistically significant benefit of using the
extended annotation system for all four questions.

With ann. Without ann.

manager manager

Question n M n M t p
#1 30 65.5 30 212.6 11.10 <0.001
#2 30 725 30 1313 1291 <0.001
#3 30 1694 30 310.2 1483 <0.001
#4 30 3709 30 6631 1516 <0.001

Table 2. T-test comparison of time (s) required to answer questions (n: sample size, M: time in seconds)

As a second study, a psychometrically validated usability questionnaire adapted from [19] was distributed to the
participants at the end of the session. A set of questions were presented using a numerical ten-point Likert scale. The
questions were intended to evaluate the usability of the annotation manager and the user satisfaction levels with the tool.
These levels are measured using the mean and standard deviation of the data obtained from the participants’ responses. The
questions given to the participants as well as the statistical measures used to analyze the results are shown in Table 3. No
responses were ranked below 5.
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Fig. 11. Average time improvements with annotation manager

In general, the functionality of the annotation manager was well received, with most participants expressing positive
reactions, acknowledging its value, and ranking the application highly in most areas. It is important to note the particularly
high scores given to questions A2: “Usefulness and value of the application” and B3: “Highlighting of annotations on the 3D
model simplifies tasks.” The positive evaluation results shown in Table 2 are especially relevant when viewed in combination
with the significant improvement in terms of the time required to find information for completing a task, as reported above
and illustrated in Fig. 11.

Observation of the participants’ behavior and their approaches to the problems presented confirms our initial assumption:
visual clutter is an important problem when the user has to interact with an extensively annotated model. While organizing
annotations in views is critical for regular 3D annotations (as suggested by the SASIG document [32]), implementing the
extended annotation model is not practical without a tool like the annotation manager, as visual clutter would prevent
exploiting all the benefits that the explicit communication of design intent represents for model alteration and reuse.



Std.

Question Scale Mean Dev.
Overall Reactions to the Software

Al  Overall experience with the software 0 (terrible) - 9 (wonderful) 7.03 0.99
A2 Usefulness and value of the application 0 (not useful or valuable) - 9 (very useful and valuable) 7.72 0.83
A3  Ease of Use 0 (difficult) - 9 (easy) 7.95 0.79
A4 Level of satisfaction with the software 0 (frustrating) - 9 (satisfying) 7.63 1.02
A5  Level of interest and motivation to use the software 0 (dull) - 9 (stimulating) 7.22 1.04
Screen

B1  Organization of information on screen 0 (confusing) - 9 (very clear) 7.88 0.80
B2  Visualization of annotations in the application 0 (unclear & hard to read) - 9 (clear and easy to read) 8.15 0.82
B3  Highlighting of annotations on 3D simplifies tasks 0 (not at all) - 9 (very much) 8.52 0.57
Terminology and System Information

Cl  Use of terms throughout system 0 (inconsistent) - 9 (consistent) 8.12 0.67
C2  Messages on screen which prompt user for input 0 (confusing) - 9 (clear) 7.45 1.02
C3  Computer keeps you informed about what it is doing 0 (never) -9 (always) 6.85 0.92
Learning

D1  Learning to operate the system 0 (difficult) - 9 (easy) 8.43 0.59
D2  Exploring new features by trial and error 0 (difficult) - 9 (easy) 7.17 0.99
D3  Remembering names and use of commands 0 (difficult) - 9 (easy) 8.20 0.78
D4 Tasks can be performed in a straight-forward manner 0 (never) -9 (always) 7.95 0.79
System Capabilities

El System speed 0 (too slow) - 9 (fast) 8.18 0.83
E2  System reliability 0 (unreliable) - 9 (reliable) 7.83 0.98
g3 Correcting your mistakes 0 (difficult) - 9 (easy) 7.75 1.02

Table 3. User Satisfaction Questionnaire and Results

7. Conclusions and future work

As the Model-Based Engineering paradigm becomes more popular and 3D models continue to carry increasing amounts of
design data, the need for methods and tools to support, manage, and present this information also increases. In addition, as
models become more complex, there is also a need to capture and communicate geometric design intent in an explicit
manner, so models can be reused easily. Although the appearance of standards for digital definition data practices such as
ASME Y14.41-2003 and 1SO 16792:2006 has formalized the way product information is presented in a 3D model, the use of
annotation tools to communicate design knowledge remains relatively unexplored.

In our study, we have exposed the limitations of current annotation models; specifically, highlighting the limitations
placed on users in light of numerous annotations. We have introduced a broader and more interactive structure and
demonstrated the feasibility of this new model in terms of design intent communication. The preliminary studies conducted
with our prototype reveal the value of the annotations as carriers of design information when proper managing, filtering, and
visualization mechanisms are in place. This study showed a statistically significant benefit of using the extended annotation
manager when answering questions related to CAD model design intent.

Our current prototype allows users to manually select the annotations to display, but only differentiates between two
groups of information: selected annotations (highlighted) and unselected annotations. More sophisticated grouping strategies
will be explored in the next version of the tool. First, we plan to further benefit from the capabilities of color to differentiate
more than two groups by graying out visible annotations that are unrelated to the selected ones, thus creating three groups:
selected, related, and nonrelated. This strategy is intended to support the user during visual searches. In heavily annotated
models, other perceptual grouping strategies, such as size and patterns, can also be explored to assist users in browsing the
related annotations.

The use of the proposed extended annotations encourages the definition of more comprehensive CAD models, where
annotation information can be used as a resource for data analysis techniques. For example, different characteristics of the
annotations can be analyzed, potentially inspiring techniques and quality metrics for improving CAD model reuse, or as a
basis to collaboratively define sets of best design and modeling practices.

Further evaluation with larger samples is still pending. In addition, a more comprehensive analysis with a wider range of
3D models representing diverse design scenarios could provide new insights in terms of areas of application. We are
interested in determining the effects of the extended annotation model in the overall product development process and
estimating the impact of design intent annotations in CAD model quality.
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Appendix: Questions given to participants

Instructions

You have been given the task to make a number of modifications to an existing 3D model (“bracket.SLDPRT”) and find
certain information. This 3D model has been annotated to provide design and modeling information within the geometry.
During the annotation process, multiple designers have collaborated to provide a variety of data based on design
requirements, test results, revisions, previous experience, etc.

As in many other cases in parametric modeling, each modification that needs to be performed can be accomplished in
different ways. However, previous knowledge and experience from the team of designers and engineers have helped
determine the most effective approaches. This information has been captured and included within the model in the form of
3D annotations.

Question 1: According to the annotations, if you want to modify the size of the M4 machine holes located on the base
of the model, you must first:

a) Your answer:

b) I wasn’t able to find enough information in the annotations to answer confidently.

Correct answer: Contact Design Center
Answer is provided by the following model annotation(s):
- “Contact Design Center if modifying M4 holes” connected to Feature “M4x0.7 Tapped Hole 1”

Question 2: According to the annotations, what is the range of acceptable angles for the feature shown in Fig. A.1?

a) Minangle = Max angle =

b) I wasn’t able to find enough information in the annotations to answer confidently.

Correct answer: Min angle = 20° and Max angle = 27°
Answer is provided by the following model annotation(s):

- “Ensure a minimum angle of 20 degrees” connected to Feature “Boss-Extrude3”
- “Ensure a maximum angle of 27 degrees” connected to Feature “Boss-Extrude3”

Question 3: According to the annotations, the most effective procedure to create the second rib on the back of the
model (on the available side) as shown in Fig. A.2 is:

a) Use Mirror about a center vertical plane to create a symmetrical image of the first rib.

b) Create a new sketch on the inner flat surface and extrude.

c) Use linear pattern using the original rib as seed to create the second rib.

d) Use the existing sketch of the existing rib to create a new extrusion with an offset distance.

e) [ wasn’t able to find enough information in the annotations to answer confidently.



ORIGINAL ALTERED
Fig. A.2.

Correct answer: B

Answer is provided by the following model annotation(s):

- “Do not use symmetry or pattern for ribs. Angles may vary” connected to Feature “Boss-Extrude9”

Question 4: When modifying the dimensions of the side ribs to 5mm x 5mm (Fig. A.3), some errors and unwanted

effects occur in the model, such as the one shown in Fig. A.4. According to the annotations, the most effective
procedure to resolve these effects is:

Fig. A.3 Fig. A4

a) Reduce the height of the rectangular cut (Cut-Extrudel) to 12mm or less so it doesn’t interfere with the modified rib.

b) Move the rectangular cut down, so that the new distance from the bottom of the cut to the bottom of the part is 8mm.
Then, reduce the radius of Fillet7 to 3mm. Delete Fillet11.

¢) Increase the angle of the ribs.

d) Because of preliminary FEA results, the new dimensions of the side ribs (5mm x 5mm) are not allowed.

e) I wasn’t able to find enough information in the annotations to answer confidently.

Correct answer: B
Answer is provided by the following model annotation(s):

- “Optimum rib angle. Maintain in future versions” connected to Feature “Boss-Extrude8”
- “3.00 x 3.00 Minimum cross section defined by FEA analysis” connected to Feature “Boss-Extrude8”
- “Keep dimensions of the cut constant. Modify position if necessary” connected to Feature “‘Cut-Extrudel ”



