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Figure 1: While parametric CAD models are constructed using a linear sequence of modelling operations, the true structure is a
complex network of hidden dependencies among operations (left). Our assistive tool, CADModelScope, explicitly visualizes
this complexity (right): (1) an Operation Overview reveals the full dependency structure, (2) the Modular View clusters closely
interdependent operations into functional units, and (3) the Local Dependency View supports localized dependency tracing for
any selected operation. All graph nodes are coloured in consistence with clustering results in the Modular View.

Abstract

Parametric computer-aided design (CAD) models are constructed
by a sequence of operations, where each operation may reference
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geometries created by earlier operations. This network of depen-
dencies enables efficient modelling of complex geometry but also
results in fragile models, where small modifications can trigger cas-
cading errors. These interdependencies are obscured in commercial
CAD systems, leaving users to rely on trial and error when navigat-
ing, modularizing, and debugging unfamiliar and complex models.
In this paper, we motivate, present, and pilot CADModelScope, a
multi-level graph-based visualization of operation dependencies
integrated into a commercial CAD platform. In a qualitative lab
study, we observed how participants locate and interpret oper-
ations, and how CADModelScope enhances awareness of hidden
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interdependencies and supports more structured navigation. Our
findings highlight the potential of using the network of operation
dependency as an effective representation for understanding and in-
teracting with parametric CAD models, and we discuss implications
for future tool design.
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1 Introduction

Computer-aided design (CAD) is an essential tool for modern engi-
neering and product development. By enabling the digital modelling
of a product’s detailed geometry, CAD supports rapid design iter-
ations with kinematic analysis and computer simulations before
physical prototyping or manufacturing [56]. In the widespread
history-based parametric modelling approach to CAD, users con-
struct 3D models through a sequential series of modelling opera-
tions! (e.g., sketch, extrude, fillet). These operations form a linear
operation sequence? that records the model’s construction process
(see Figure 2), where each operation generates new, or removes
existing, geometric entities (e.g., vertices, edges, faces) in the order
they appear in the sequence. Every operation is defined by a set
of numerical parameters and references to existing geometric en-
tities, which are generated by earlier operations in the sequence,
creating a network of dependencies that supports the efficient cre-
ation and modification of complex geometry [15]. Although these
interdependencies among modelling operations play a critical role
in supporting accurate yet flexible model generation, they are con-
cealed within the linear view of the operation sequence, and limited
support is currently available in commercial CAD software for vi-
sualizing these hidden relationships.

The interdependency between modelling operations enables
modifications made to one operation to automatically propagate
to downstream dependent operations. However, poorly defined
dependencies can be a common cause of model regeneration er-
rors [10, 34, 60]. Building a model with clear design intent is a
complex challenge for the CAD modeller; building design intent

! Also commonly known as “modelling features” on many CAD platforms. We use the
term “operations” in this paper to distinguish from functional attributes of a CAD
model, which we call “features” here. As an example of usage in this paper, a seat is a
functional feature of a bike, and the seat is created using multiple modelling operations
in CAD.

2 Also known as the “design timeline” in AuTopEsk FusioN or the “feature list”, “design
tree”, etc. in various CAD platforms.
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into the model involves dimensioning the operations in such a way
that modifying one will result in appropriate parametric changes to
other operations [28, 51]. Mastering effective modelling strategies
to develop design intent requires substantial training and expe-
rience [23, 58]. These challenges are further magnified in collab-
orative settings. Without disciplined adherence to unified mod-
elling conventions, teams often struggle to interpret each other’s
design intent and frequently run into editing errors and inefficien-
cies [3, 17, 60]. As models grow with more operations and deeper
dependency chains, the difficulty of navigating and managing this
network of operation dependency also escalates, ultimately under-
mining the model’s reusability [22].

Despite the importance of operation dependency in CAD work-
flows, software’s built-in support for navigating through these
complex structures remains limited, and dependency management
in CAD remains challenging [18]. As shown in Figure 2a-c, when
a user inspects an operation, commercial CAD software user inter-
faces (UI) typically surface only the operations that the operation
directly depends on, and the operations that directly depend on it
(i.e., one-hop dependency). Yet in practice, operation failures often
arise from modifications made to a much earlier operation in the se-
quence that lead to unintended changes that propagate through the
dependency chain [34]. While some CAD software, such as CATIA
V5-6, offer a complete dependency graph (a schematic represen-
tation shown in Figure 2d) to support dependency tracing, these
visualizations have been reported to become overwhelming in large
models due to the densely intersecting links [46, 60], limiting the ef-
fectiveness in conveying the high-level model structure. Ultimately,
when a user needs to trace operation failure dependency issues
on modern CAD platforms, they are required to manually inspect
multiple operations along the complex dependency chain step by
step, which can be time-consuming and cognitively demanding. It
is this challenge that we aim to address in this work: the need
for more accessible and interactive visualizations of hidden
modelling operation dependencies to support understanding
and navigation of large and unfamiliar CAD models.

We begin by identifying and analyzing the challenges users
face when navigating operation dependencies within a single CAD
model in Section 3, building on prior work by Cheng et al. [18]. Our
analysis reveals common barriers to understanding and navigating
modelling operations, stemming from commercial CAD platforms’
lack of support for visualizing the hidden operation dependencies.
Informed by our analysis, we developed CADModelScope (see Sec-
tion 4), an interactive, multi-level graph-based visualization tool
implemented as an add-in for AutopEsk Fuston.? CADModelScope
supports dependency-aware operation navigation through three
key features: (1) an Operation Overview to build high-level aware-
ness of operation dependency, (2) a Modular View to expose the
structural organization of operations, and (3) a Local Dependency
View to enable efficient dependency tracing and editing.

To evaluate the effectiveness of CADModelScope, we conducted
a user study to examine how participants navigate large and unfa-
miliar CAD models with and without CADModelScope (Section 5).
Our findings show that CADModelScope fosters greater awareness

Shttps://www.autodesk.com/products/fusion-360/overview
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Figure 2: Representative visualizations of the modelling operation

sequence and the dependencies among operations in

commercial CAD software. (a) (i) ONSHAPE presents modelling operations in a vertical list. (ii) Dependencies of a selected
operation are shown in list view, presenting operations that it depends on (at the top) and operations that depend on it (at the
bottom). (b) (i) SOLIDWORKS presents operations hierarchically in a vertical tree, with referenced sketches absorbed into solid
modelling tools. (ii) Dependencies of a selected operation are presented with coloured arrows directly pointing to upstream
and downstream operations with direct dependency. (c) (i) AUTODESK FUSION presents operations in a horizontal sequence. (ii)
When a modelling operation is in editing mode, the sequence highlights sketches that it depends on, and markers are added on
top of solid modelling tools that generated any of the referenced geometries. (d) CATIA V5-6 presents operations using a similar
vertical tree like SOLIDWORKS (not shown), but a graph can be generated to show all upstream and downstream operations of a
selected operation. Screenshots and schematic representations of software interfaces are presented for comparison purposes

only.

of the underlying dependency structure and enables more struc-
tured navigation compared to exhaustive trial-and-error strategies
commonly observed in commercial CAD. In particular, the Modular
View proved especially valuable for contextualizing information
foraging in large and complex operation sequences. We further
synthesize these findings into design guidelines and implications
for future research and tool development in Section 6.
In summary, our main contributions are:

o A characterization of user challenges in navigating modelling
operations within large and unfamiliar CAD models, high-
lighting the limitations of current commercial CAD systems
(Section 3).

o The design and implementation of CADModelScope, an in-
teractive, multi-level graph-based visualization tool that ex-
poses hidden operation dependencies and supports dependency-
aware navigation in CAD (Section 4).

o An empirical evaluation of user workflows with and without

CADModelScope, demonstrating how dependency-aware vi-

sualizations reshape navigation strategies and support more

structured interaction with complex CAD models (Section 5).

Design guidelines and implications for future research and

tool development, highlighting broader insights into how

making underlying system structures visible can improve
sense-making and tool usability in complex software systems

(Section 6).
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2 Background and Related Work

In this section, we first introduce the detailed background of de-
pendencies in CAD in Section 2.1. We then review earlier attempts
to visualize these dependencies (Section 2.2) and tools that assist
users in dependency-aware model editing (Section 2.3) from the
literature.

2.1 Dependencies in CAD

Parametric CAD software regenerates the affected model every
time a modelling operation is added, removed, or modified. This
regeneration re-processes all operations in the order they are listed
in the sequence and rebuilds the model. To prevent circular depen-
dencies among modelling operations, an operation can only refer-
ence geometric entities (bodies, faces, edges, vertices) generated by
preceding operations in the sequence (establishing upstream depen-
dencies), not those created by later operations. Thus, when editing
a modelling operation, only geometries generated by its preced-
ing operations are visible to the user for reference. Conversely, an
operation may also possess downstream dependencies, established
when subsequent operations reference the geometry it generates.
When a user selects a geometric entity, the CAD program typically
highlights the operation that last modified the selected entity, but
tracing its full network of upstream and downstream dependen-
cies must be done manually in most CAD platforms. Furthermore,
reordering existing operations in the sequence is only valid if the
resulting dependency structure remains acyclic, ensuring the model
can still regenerate without errors.

When upstream operations are modified, the referenced geomet-
ric entities may be altered in shape, split into multiple new entities,
or even removed entirely. For a model built with poorly structured
design intent, upstream modifications may result in errors or unin-
tended geometric behaviours in dependent downstream operations,
either because a referenced entity is removed or because its al-
tered form no longer matches the original design intent [16, 34].
Different CAD programs respond differently in this instance. For
illustration, we built a simple model in AuToDEsK Fusion as shown
in Figure 3 to demonstrate how upstream changes can cause issues
downstream. In this example, “Extrude 1” references “Sketch 1” to
generate an edge that “Sketch 2” references, but modifying “Sketch
1” removes the edge that “Sketch 2” refers to. As Fusion silently
updates “Sketch 2” with the invalid constraint removed, “Sketch
2” becomes under-constrained that lacks enough information to
determine its shape uniquely, causing the hole’s position to be de-
coupled from future geometric updates. If the same model is built
and modified in ONSHAPE, in comparison, the program will report
an error in “Sketch 2” with a warning of missing references. The
trade-off between enabling flexible geometric updates and ensuring
robust parametric models leads to the inconsistency in how differ-
ent CAD programs resolve reference updates, but the end users are
mostly left out of the resolution process.

2.2 Navigating Modelling Operation
Dependency

For complex designs composed of highly interdependent modelling
operations, revealing the hidden structure of the CAD model is
essential in both to identify the appropriate operation to edit and
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to understand the broader implications of that edit [63]. Given the
interdependent nature of modelling operations in CAD, visualizing
these relationships as a network graph naturally reveals their de-
pendency structure [13]. In such representations, each modelling
operation corresponds to a graph node, with graph links indicating
dependency relationships. However, as the model complexity in-
creases, as would be the case in a professional design setting, the
number of operations grows rapidly, leading to densely populated
graphs that are hard to navigate [46, 60]. To address this issue, vari-
ous research studies tried to develop more effective presentation of
the CAD model, and ultimately better user awareness, by support-
ing interactivity, reducing clutter, and better visualizing the graph
nodes, links, and the overall layout [41].

For instance, Camba and Contero observed that sketches are of-
ten referenced by only a single non-sketch operation, which solely
transforms all the sketch entities into 3D solids [14]. Following this
logic, and in line with how some CAD software already visually
group these connecting sketches under their directly dependent
operations in the operation sequence (e.g., Figure 2b(i)), graph rep-
resentations can merge these sketch nodes with their associated
operations. Eventually, this technique reduces the number of nodes
being presented and simplifies the graph. However, while this im-
proved representation helps reduce visual clutter, it only partially
mitigates complexity and may fail to scale well with increasingly
large models.

An alternative approach was proposed by Marchenko et al., who
introduced an augmented view of the traditional tree-form opera-
tion sequence (e.g., Figure 2b(i)) [46]. Their method presents two
parallel copies of the tree-like representation of a CAD model, with
graph-like links added between corresponding operations across
the trees to indicate dependencies. This layout provides more space
for visualizing the dense interconnections, reducing visual clutter
and easing cognitive load in some areas. Nevertheless, this approach
does not resolve the core limitation of the linear sequence itself. As
the number of operations increases, the sequence can become ex-
cessively long, making it difficult to locate and follow dependencies
between operations that are far apart.

While these studies present important concepts for reducing
complexity and improving the effectiveness of the visualization,
they focus primarily on demonstrating the algorithmic feasibility
of these proposed visualizations. Out of all the reviewed studies,
only Kozlova et al. [41] took a user-centric approach, which would
involve conducting user studies to assess how, or whether, these
visualizations actually help users better navigate complex CAD
models. Responding to this gap in the literature, in this study, we
conducted a controlled experiment to closely observe how users
navigate the modelling operations in a large, unfamiliar CAD model
with and without our proposed visualization tool.

2.3 Editing Modelling Operation Dependency

Beyond visualizing the complete network of dependencies among
modelling operations, users also constantly modify existing opera-
tions to iterate the design and reorder operations for organizational
purposes. After every modification made to the model, users need
to ensure the validity of all hidden operation dependencies, or the
model may fail to properly regenerate and cause an error due to
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Figure 3: Impact of upstream operation modification to downstream dependencies in a CAD model designed with four modelling
operations (top row - Operation Sequence) in AUTODESK FusIoN. Initially (middle row), the hole’s position is defined in “Sketch
2” by referencing two straight edges created by the “Extrude 1” operation. After “Sketch 1” is modified with an added fillet
(bottom row), one of the edges referenced by “Sketch 2” is replaced by a curved surface. As a result, the constraint for the
hole’s horizontal position becomes invalid, leaving the circle in “Sketch 2” unconstrained and decoupled from future geometric

updates.

broken dependencies. In this section, we review other research
efforts that focused on supporting specific modelling actions that
involve editing and restructuring these existing dependencies.

To assist users in resolving dependency-related errors following
operation edits, Hahnlein et al. approached the problem through
the lens of software debugging [34]. They prototyped a graphi-
cal debugging tool that compares model states before and after an
operation is modified. This tool helps narrow the user’s attention
to a small subset of upstream operations that the failed operation
depends on, especially those that introduce significant geometric
changes after the edit. However, this solution assumes access to a
CAD platform with version control, which records the full model
state after every user action, enabling fine-grained comparisons
across the operation sequence. In practice, this capability is gener-
ally not available in conventional product data management (PDM)
systems, which typically centralize versioning and only preserve
model states at major milestones, therefore not recording every
individual edits [61].

Beyond passively debugging errors as they arise, another line
of work considers how operations can be deliberately restructured
to improve the model’s clarity and resilience. While multiple mod-
elling workflows may lead to the same final geometry, some work-
flows are better at communicating the design intent and producing
models that are more robust to modifications [60]. A key goal when
the user is structuring the modelling operations is to decompose
a complex model into smaller modular subsystems, enabling col-
laborators to concentrate their attention on individual parts of the
model with reduced complexity [59]. To support the analysis and
restructuring of large CAD models, Bhaskara introduced the use of
a design structure matrix (DSM) to represent the interdependency
between modelling operations [8]. For a model constructed with n
operations, an n X n matrix effectively encodes these dependencies,

where a matrix element g;; in row i and column j is set to 1 if op-
eration j depends on operation i, or set to 0 otherwise [30]. Using
matrix partitioning algorithms, closely interdependent operations
are grouped into subsystems, and heavily referenced operations
are repositioned earlier in the operation sequence. Reordering and
grouping modelling operations in modular structures have the ad-
vantages of enabling better documentation of the design intent,
more effective impact analysis, and more efficient design reuse [8].
While this approach is promising, it has only been demonstrated
manually on a small-scale model, and its integration into practical
real-world workflows remains largely unexplored.

Unlike previous work that either focuses on localized error de-
bugging or high-level overview, our work aims to develop a compre-
hensive solution that addresses all the above-mentioned challenges.
Further, our approach is grounded in conventional, commercially
available CAD software, and we evaluate the effectiveness of our
tool with complex CAD models, not limited to simple demonstra-
tions.

3 Design Motivations

Modern CAD software enforces the validity of operation dependen-
cies to ensure that models can regenerate without errors following
user edits. However, as the volume of dependencies grows in a
model, these tools provide limited support for users to navigate this
intricate network of interdependent operations. As a result, users
often lack awareness of the underlying dependencies among opera-
tions when making design decisions (see Figure 2 for examples of
dependency visualizations in commercial CAD systems).

To better understand these challenges, Cheng et al. [18] con-
ducted a thematic analysis of online forum discussions and semi-
structured interviews, identifying three overarching categories
(traceability-, navigation-, and consistency-related) that span nine
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key challenges users face when managing dependencies in CAD. To
contextualize these challenges, they discussed them as dependency
management across multiple granularity levels in three different
ways: (1) between multiple part models and assemblies of parts, (2)
between modelling operations within a single part model, and (3)
between a sketch operation and multiple other part models that
reference the shared sketch.

Recognizing the complexity of dependency management in CAD
and the absence of universal solutions, as a starting point, our work
focuses on a subset of four challenges that specifically concern
the dependencies within a single part model: (1) difficulty in tracing
dependency chains, (2) broken dependencies, (3) lack of overview
of project structure, and (4) disorganized design history. As sum-
marized in Table 1, we reinterpret these challenges as gaps in user
awareness of operation dependencies at three different levels of
abstraction:

e Global level: Limited awareness of the overall depen-
dency structure. Users lack visibility into how individual
modelling operations fit within and impact the overall struc-
ture of the model (Challenge 1 in Section 3.1);

e Local level: Difficulty tracing local dependencies. It is
challenging to follow how dependencies form and propa-
gate from specific operations within a localized scope (Chal-
lenge 2 in Section 3.2); and

e Modular level: Lack of dependency-aware modular-
ization support. Existing tools do not effectively support
identifying and organizing closely related operations into
meaningful modular units (Challenge 3 in Section 3.3).

These challenges are particularly pronounced when navigating
large, complex, or unfamiliar models. This is a commonly encoun-
tered scenario in engineering design as engineers often work on
large-scale projects with multiple collaborators [52], and they often
revisit legacy models to reuse part of the design after a long time
since they were first built [35].

To address the three levels of challenges summarized above and
discussed in detail below, we establish three design goals (DG) that
guide the development of our add-in tool, CADModelScope:

DG1 Build global awareness of hidden operation dependen-
cies. The tool should present the complete network of hidden
dependencies across all modelling operations, and reveal the
structural significance of operations based on their degrees
of downstream dependencies (Challenge 1).

DG2 Support localized operation dependency tracing. The tool
should assist users in tracing upstream operations to diag-
nose errors, and in identifying downstream operations that
may be unintentionally impacted by changes (Challenge 2).
The tool should also support users to anticipate and avoid de-
pendency violations during operation reordering (Challenge
3).

DG3 Reveal the modular structure of modelling operations.
The tool should help users recognize the model’s high-level
functional units by grouping closely interdependent oper-
ations (Challenge 1). It should also guide the reordering of
operations to better reflect and preserve this modular struc-
ture (Challenge 3).
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We do not propose to replace the existing operation sequence with
our new tool; it is expected that the proposed solution would aug-
ment the current design workflow as an assistive add-in to a com-
mercially available CAD software.

To motivate our envisioned usage scenarios, consider a hypo-
thetical mechanical engineer, Nova, who works on mechanical de-
sign using CAD software at a medium-sized engineering firm. The
company develops custom mechanical parts and frequently collab-
orates with external suppliers, a common practice in the industry.
In Nova’s daily work, they regularly engage with a high volume of
complex CAD models that may be developed solely by them, co-
developed with their colleagues, or received from external partners.

3.1 Challenge 1: Limited Global Awareness of
Dependency Structure

CAD models of complex mechanical parts often involve long se-
quences of interdependent modelling operations, which users must
understand to make informed design decisions. However, modern
CAD systems typically present these operations in a simple linear
sequence (see examples in Figure 2a(i) and c(i)), offering limited
visibility to their underlying dependencies and how modifications
may propagate through the model [47], like the ones visualized in
Figure 2d.

Many professional CAD users and teams follow top-down design
workflows, where users begin by establishing their design with one
or more key operations such as master sketches or layout sketches,
which act as reference points for subsequent features [3, 21, 68].
These foundational operations embed essential design intent and
underpin large portions of the model, which will be realized via
extensive downstream dependencies. Despite the importance of
these early sketches, as shown in Figure 2, modern CAD interfaces
present all operations of the same type with identical icons, without
any additional information to distinguish their structural signifi-
cance or dependency-related characteristics (e.g., the number of
downstream dependent operations). Therefore, in current practice,
users are forced to manually inspect each operation to infer which
ones carry substantial downstream influence, imposing a signifi-
cant cognitive burden. Especially when working with an unfamiliar
model, this lack of global structural awareness makes it difficult for
users to understand how different operations are interrelated and to
reason about the potential consequences of their actions [18, 57, 60].

Usage scenario. When Nova is asked to modify a legacy model
that they created long ago in response to a new regulation, they can-
not easily recall the details of the CAD model’s structure nor iden-
tify the relevant operations. Instead of manually searching through
the long linear sequence of operations that were not meaningfully
renamed when the model was first constructed, CADModelScope
streamlines this navigation process by automatically grouping oper-
ations into high-level modules (DG3), helping Nova quickly narrow
their focus to a smaller relevant set of operations in the sequence.
As made apparent by DG1, Nova can also identify operations with
many downstream dependencies (i.e., ones more likely to carry core
design intent) and prioritize them for closer inspection. Overall,
CADModelScope is expected to significantly reduce the number of
operations that Nova needs to examine to understand the overall
model structure.
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Table 1: Mapping of key challenges in dependency management from Cheng et al’s review [18] to our study. As we focus
exclusively on dependencies between operations, only relevant challenges are mapped to a level of abstraction; a dash (-)

indicates challenges that fall outside the scope of our study.

Category [18]  Challenge [18]

Dependency between Level of abstraction

Parts

Operations  Operations & parts

Traceability Difficulty in tracing dependency chains

Poor impact analysis

Broken dependencies

Lack of overview of project structure

Difficulty reorganizing models within the hierarchy
Disorganized design history

Messy navigation of the master sketch

Ambiguous dependency freshness

Dependency conflicts across versions

Navigation

Consistency

SENENEN

<

v Local

Local
Global

Modular

v
v
v

AN N NN

3.2 Challenge 2: Difficulty Tracing Local
Dependencies

When editing a CAD model, a user’s modification of a single opera-
tion can ripple through the network of downstream dependencies,
leading to errors or unintended geometric updates, as described
in Section 2.1. In practice, modifying an operation may alter the
topology or geometry of another operation, either in an intended
or an unintended way. There is then the risk that subsequent oper-
ations that depend on the altered geometry may fail due to missing
references, resulting in errors. But not all dependency-related issues
result in explicit errors (see Figure 3 for example). The modifica-
tion could also propagate unintended geometry due to reference
changes [34]. These unintended changes are often subtle, and can
result in consequential geometric changes to multiple downstream
operations [15].

What exacerbates the cognitive load of users when troubleshoot-
ing these issues is that all these affected modelling operations are
not necessarily positioned and visually appear to be in close prox-
imity in the operation sequence — they are often separated by
many unrelated operations (e.g., one operation that “Extrude5” in
Figure 2c(ii) depends on is 10 operations apart). Yet, most CAD
software offers limited support for screening only the affected op-
erations based on dependency. As a result, in order to trace depen-
dency issues, users are often forced to manually sift through a large
number of unaffected operations [18], making operation editing an
inefficient and cognitively demanding process.

Usage scenario. After Nova modifies an existing modelling oper-
ation, instead of repairing the broken model by manually tracing
the failure based on error messages, CADModelScope allows Nova
to visually trace the model’s dependency chain. They can quickly
identify both the upstream operations that the failed operation de-
pends on and the downstream operations that are impacted by their
edit in an unintended way (DG2). This focused view dramatically
narrows the scope of investigation, allowing Nova to effectively
diagnose issues and correct them, transforming a tedious and cog-
nitively demanding process into a more structured and manageable
task.

3.3 Challenge 3: Lack of Dependency-Aware
Modularization Support

In the design of complex products, CAD modellers are typically
encouraged to follow best modelling practices (e.g., modular design
strategy — grouping modelling operations that relate to individual
features of the product in distinct modules) to enhance maintainabil-
ity and facilitate future modifications [15, 21]. Before such grouping
can be created, however, related operations must be arranged in
successive positions in the operation sequence. While the same
CAD model can usually be constructed through multiple valid se-
quences of operations [63], reordering existing operations after the
fact is risky and error-prone, as explained in Section 2.1. Yet to effec-
tively convey design intent and improve model structure, reordering
operations is sometimes necessary. For instance, repeated sets of
operations can be effectively reused through modelling operations
such as pattern and mirror to reduce dependency complexity [4],
and operations that contribute to the same functional feature should
ideally be grouped together to support modular reasoning [57].

However, accurately identifying all operations that are relevant
to a functional unit of the model (rather than simply listing all de-
pendent operations, as in Challenge 2), requires considerable mental
bookkeeping, as these operations are often scattered throughout
the operation sequence. Attempting to reorder them into modular
groups can inadvertently violate implicit dependencies, leading to
model regeneration failures as described in Section 3.2, a common
source of frustration for CAD users [18]. In the operation sequence,
an operation can be reordered to an earlier position without error
if and only if it does not depend on any operations between the
new position and its original position in the sequence. Yet, the
dependencies that constrain this re-ordering movement are not
made visible in current CAD interfaces, and users are thus forced to
rely on trial-and-error to manually explore safe reordering options,
making it a time-consuming and error-prone process.

Usage scenario. Consider a scenario when Nova is tasked to im-
prove a model’s maintainability and comprehensibility to support
future reuse and collaboration by modularizing the operation se-
quence. This task involves reordering operations so that operations
contributing to the same functional feature appear together and are
structured into groups (or folders in some CAD software) that reflect
the model’s high-level design intent. CADModelScope significantly
reduces the mental bookkeeping required by displaying a view that
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clusters closely interdependent operations — offering a dependency-
aware recommendation for forming modular groupings (DG3).
Then, as Nova reorders operations, CADModelScope continuously
visualizes and updates the relevant dependency chains, enabling
them to restructure the operation sequence while maintaining a
clear understanding of the underlying dependencies (DG2). This
support enables Nova to modularize the model with confidence and
efficiency, turning an error-prone and cognitively demanding task
into a guided and dependency-aware design activity.

4 Prototype: CADModelScope

Based on the three design goals outlined in Section 3, we have
designed an application for a commercially available CAD package.
Our application implements three complementary graph visualiza-
tions to present the hidden dependencies of modelling operations
in CAD models:

e An Operation Overview showing all modelling operations
and their connections through dependency (DG1);

e A Local Dependency View showing a structured view
of upstream and downstream operations presented for a
selected operation (DG2); and

e A Modular View showing closely interdependent opera-
tions grouped in clusters (DG3).

Details of each of the three graph representations are presented in
Sections 4.1 to 4.3, and the implementation of CADModelScope and
its interaction with the Fusion Ul is described in Section 4.4. The
CAD models presented in this section are used solely for demonstra-
tion purposes, and applications of the CADModelScope prototype
do not limit to any specific models.

4.1 Global Overview of Operation Dependency

As previously introduced in Section 2.1, parametric CAD models
are constructed through a sequence of modelling operations, where
every operation may reference (i.e., depend on) one or more geo-
metric entities generated by upstream operations. As shown in
Figure 4, we build the Operation Overview by representing these
dependencies with a directed acyclic graph, where each graph node
is a modelling operation, and each graph link indicates the depen-
dency between two modelling operations, with the link direction
representing directional dependence (reading as “X depends on Y”).
Additionally, as shown in the Operation Overview in Figure 1, the
size of all nodes is scaled by the nodes’ in-degree (i.e., the number
of incoming links to a node), where a bigger node visually indicates
the fact that more modelling operations depend on it. Nodes that
are more closely connected (i.e., operations that are more interde-
pendent on each other) are displayed in the same colour, which will
be described in greater detail in Section 4.3.

In order to implement this graph representation, we iterate
through each modelling operation in the sequence to identify and
map its geometric references to their parent operations. For an
operation sequence with n modelling operations, every operation
0; may depend on one or more operations o;, where j < i < n. We
first query the set of geometric entities (including faces, edges, and
vertices) generated by each operation o; at the model state imme-
diately before the creation of o0;. This model state includes all the
entities that are available for reference in the definition of 0;, and
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we map each entity to the modelling operation that generated (or
last modified) it. Any reference to these existing geometric entities
establishes a dependency. This procedure is repeated for every oper-
ation o; in the operation sequence, as geometry IDs are reassigned
after the addition of every operation to accommodate the added,
removed, and modified geometric entities (see Section 2.1). Overall,
constructing the complete dependency graph for a CAD model
requires "("2_1) queries of geometric entities created by individual
modelling operations.

4.2 Local View of Operation Dependency Chains

Using the complete network of operation dependencies built in Sec-
tion 4.1, we further support localized dependency tracing through a
Local Dependency View. This interactive tree view visualizes both up-
stream and downstream operation chains relative to a user-selected
operation in the CAD model. Conceptually similar to the parents-
children view in CATIA (see Figure 2d), this view provides a fo-
cused linear layout of relevant operations. Leveraging the Operation
Overview introduced in Section 4.1, we extract the minimal rele-
vant subset of operations directly and indirectly connected to the
selected operation. As illustrated in Figure 5, upstream and down-
stream operations are laid out to the left and to the right of the
user-selected operation, respectively. When multiple operations
directly depend on the same operation concurrently, they are ar-
ranged in parallel to reflect their equivalent level in the dependency
hierarchy.

When an operation o; is selected in the Operation Overview and
“anchored” for analysis, operations that o; directly depends on and
operations that directly depend on o; form its one-hop neighbour-
hood (i.e., nodes located at a shortest distance of one link from
0;). Users can expand the view to include multi-hop neighbour-
hoods by controlling the depth of exploration through a slider in
the CADModelScope UI (see Figure 1). While adjusting the hop size
reveals longer dependency chains, it may also introduce additional
branches (increasing the graph’s height) and more intersecting
links (increasing visual complexity) in the layout. Instead of en-
forcing a fixed or theoretically optimal hop size, or displaying all
dependencies at once, we enable users to adjust the hop size (i.e.,
the dependency “Depth” shown in Figure 1) dynamically.

Although our Local Dependency View does not eliminate the chal-
lenge of visual clutter caused by densely intersecting links as seen
in CATIA, users can always re-anchor the view on any operation
to continue tracing dependencies with a lightweight exploratory
workflow that balances clarity with depth. In addition, we incorpo-
rate interactive features to mitigate this issue. When users select
an operation, its directly connected dependencies are highlighted
to support focused analysis with reduced clutter, as shown in Fig-
ure 5b. Also, text labels retain consistent cluster-based colouring
across views, reinforcing contextual awareness and coherence with
the Operation Overview and the Modular View of CADModelScope.

4.3 Modular View of Operations in Clusters

In addition to localized dependency tracing (Section 4.2), we also
offer a high-level modular view of the network of operation depen-
dencies. Using the full operation dependency graph constructed
as described in Section 4.1, we apply clustering algorithms (also
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known as community detection in network analysis [2, 25]) to gen-
erate a Modular View of the model. Through community detection,
the algorithm identifies groups of closely related graph nodes (as
clusters or communities) with dense intra-cluster connections but
sparse inter-cluster connections. In the context of CAD, we inter-
pret each resulting cluster of modelling operations as a feature of
the model. As illustrated in Figure 6, this approach allows the auto-
matic identification of meaningful features of a CAD model based
on the underlying interdependency between modelling operations.
Notably, tested with the sample model shown in Figure 6, a general-
purpose clustering algorithm is capable of generating clusters that
closely align with the original design intent of the sample model,
as annotated in a prior study [23].

To achieve automatic identification of operation clusters, we
adopt a popular clustering algorithm, namely the Louvain algo-
rithm [9]. This algorithm has been shown to be capable of per-
forming fast, yet high-quality, community detection, even for large
graphs [2]. The algorithm starts with assigning a different cluster
to every graph node, and clusters are then iteratively aggregated to
increase the graph modularity, a metric that quantifies the quality
of a particular partition by comparing the density of links within
clusters against links between clusters [9]. Once the modelling
operations are grouped into clusters, we reconstruct the link con-
nections between clusters. In the Modular View, a directed graph
link is added from cluster A to B if at least one operation in cluster
A depends on at least one operation in cluster B. The thickness of
inter-cluster links is scaled according to the number of links be-
tween cluster members in the Operation Overview, while node size
indicates the number of operations contained within each cluster.

Further, clustering results do not come with labels for individ-
ual clusters. As we do not assume rich semantics from user input,
we do not perform keyword extraction to label clusters based on
user namings of modelling operations in the CAD model. Instead,
for every cluster of modelling operations, we capture a screenshot
of the CAD model which highlights the geometries generated by
operations within the cluster (see Figure 6), providing a contextu-
alized view for the graph nodes. While we do not automatically
extract labels from the models, users are still encouraged to rename
individual clusters of nodes as part of the design comprehension
process.

4.4 Implementation

We implemented CADModelScope as an add-in for AuTopEsk Fu-
sION (V.2602.1.25), using its Python application programming in-
terface (API).* We chose Fusion for our prototype implementation
because of the availability of API support for scalable querying
of operation dependencies, as outlined in Section 4.1, and a free
research license. Through the APIL, any CAD model created in Fu-
SION can be algorithmically processed, allowing us to extract both
its geometry and the sequence of modelling operations for analy-
sis. The add-in can be assessed through an icon added to Fusion’s
existing UI, which triggers the backend analysis of the currently
opened CAD model and launches a pop-up window with the three

“https://help.autodesk.com/view/fusion360/ENU/?guid=GUID-A92A4B10-3781-4925-
94C6-47DA85A4F65A
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interactive graph visualizations of the modelling operations de-
scribed in earlier subsections. The pop-up window is displayed
as an in-app palette,” implemented as an interactive HTML page
that communicates with the Fusion backend API via JavaScript
functions, and all graph components are visualized using the D3.Js
JavaScript library [11]. This setup enables real-time updates and
interaction between CADModelScope and the CAD model in Fusion.
Throughout the duration of the user session in CADModelScope,
all information retrieved from FusIoN is stored temporarily as in-
memory variables, and no database or persistent storage is required.

Importantly, the three views provided by CADModelScope are
designed to work in coordination with each other and with Fu-
SION’s native design workspace. User interactions are synchronized
across all components, as shown in Figure 7. For example, when
a modelling operation is selected in the operation sequence at the
bottom of the FusionN’s design workspace, or when a sketch or
reference plane is selected in the native side-panel browser, Fusion
automatically highlights the geometric entities generated by the
selected operation in blue, visually indicated on the model. At the
same time, nodes that are relevant to the selected operation in all
three views of CADModelScope are also selected and highlighted.
This interaction works both ways, as activities in our add-in palette
also trigger backend messages to be sent to Fusion’s native UI and
update the selection of operations. However, if the CAD model
is modified with operations added, deleted, or edited with altered
dependencies, CADModelScope needs to be refreshed to fetch the
updated data from Fusion.

5 Evaluation

To evaluate the effectiveness of CADModelScope, we conducted a
user study with 10 participants, all with mechanical engineering
backgrounds and prior CAD experience (see Section 5.1 for details).
Participants were asked to complete tasks similar to the envisioned
usage scenarios described in Section 3, which were designed to
reflect realistic and complex design challenges. Following task com-
pletion, we collected structured feedback from the participants to
better understand the tool’s impact. In general, our evaluation was
guided by the following three research questions (RQ):

RQ1 What challenges do users face when navigating modelling
operations in commercial CAD software? How do these align
with challenges reviewed in Section 3, and what additional
challenges emerge in practice?

RQ2 How does CADModelScope address current limitations in
CAD modelling? What new workflows or strategies does it
enable that are not supported by existing CAD platforms?

RQ3 What are the trade-offs between efficiency, accuracy, and
cognitive effort when using CADModelScope compared to
relying on native features in commercial CAD software?

5.1 Participants

Through the authors’ professional network, we recruited 10 par-
ticipants for the user study via LinkedIn.® Two participants were

Shttps://help.autodesk.com/view/fusion360/ENU/?guid=GUID-6C0C8148-98D0-
4DBC-A4EC-D8E03A8A3B5B
®https://www.linkedin.com
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excluded from analysis due to their observed inability to meaning-
fully approach Task 2 and 3 without the tool. Table 2 summarizes
the background of the remaining eight participants. All participants
either had an academic background in mechanical engineering or
were working as a mechanical engineer in industry, with real-world
project experience in CAD modelling.

As we will describe in Section 5.3, the final sample of eight par-
ticipants was sufficient to address all three research questions and
to reach saturation in observed behaviours. Specifically, the partici-
pants collectively demonstrated all the user challenges reviewed in
Sec. 3 (RQ1), demonstrated a diverse range of interaction strate-
gies and workflows when using CADModelScope (RQ2), enabled
meaningful comparisons with the control conditions (RQ3), and
provided rich qualitative feedback. While additional participants
may surface further edge-case behaviours or novel strategies, such
data would be unlikely to substantially alter the patterns and con-
clusions reported in this paper.

Table 2: Participants’ background information.

IDT  Participation CAD experience (years)

Fusion  Other CAD
Al In-person 0 SoLIDWORKS (3)
A2 Virtual 5 INVENTOR (4), SOLIDWORKS (3)
A3 In-person 3 CATIA (2), SoLiIDWORKS (1)
A4 Virtual 5 ONSHAPE (5), SOLIDWORKS (2), CREO (1)
B1 Virtual 3 INVENTOR (4), ONSHAPE (2), SOLIDWORKS (<1)
B2 In-person 1 SOLIDWORKS (3)
B3 In-person 0 SoLIDWORKS (2), ONSHAPE (2)
B4 In-person 3 None

T The first letter indicates the participant group described in Section 5.2.2.

5.2 Study Design

The study was carried out in a controlled laboratory environment
using a Windows desktop computer with AuTopEsk Fusion in-
stalled locally. The experimental set-up consisted of a 27-inch mon-
itor, a keyboard, and a mouse. Three out of the ten participants
participated virtually through Zoom,” where they were asked to
remote control the experimenter’s computer screen on a 27-inch
monitor. Throughout the study, all verbal communication between
the participant and the experimenter was audio recorded, and par-
ticipants’ on-screen activities were recorded for later analysis. The
user study lasted approximately one hour, and each participant
received compensation of $15. This study was approved by our
University’s Research Ethics Boards. The study consisted of three
main phases: (1) a brief tutorial to convey key features of both
Fusion and CADModelScope, (2) the main task session where par-
ticipants performed a series of modelling tasks, and (3) a post-study
interview to gather qualitative feedback.

5.2.1 Pre-study tutorial. Before beginning the main tasks, partic-
ipants received a short tutorial introducing the core features and
modelling operations available in Fusion relevant to our experi-
ment. Then, the key features of CADModelScope were demonstrated
to the participants using a sample CAD model. This ensured that

https://www.zoom.com
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participants were adequately familiar with both the CAD environ-
ment and our tool. After the tutorial, participants were also given
time to freely explore the interface, ask clarifying questions, and
interact with the tutorial model to gain hands-on experience.

5.2.2  Experiment procedure. Next, participants were asked to com-
plete three modelling tasks using two publicly available CAD mod-
els adapted for the study (see Table 3 for a summary and Section 5.3
for more details). These tasks aligned with the three envisioned
usage scenarios described in Section 3, and were presented to all
participants in the order listed in Table 3. Prior to the experiment,
we confirmed that none of the participants had prior familiarity
with the models used in the experiment. Participants were randomly
assigned to one of two groups:

Group A Completed Tasks 1 and 2 with CADModelScope, and
then completed Task 3 without it;

Group B Completed Tasks 1 and 2 without CADModelScope,
and then used CADModelScope for Task 3.

This crossover design ensured that each participant served as both
a control and a treatment case, while also allowing all participants
to experience and provide feedback on CADModelScope.

Throughout the experiment, participants had unrestricted access
to all features of FusioN and could ask the experiment administrator
questions about either Fusion or CADModelScope. However, no
direct guidance was given on how to solve the tasks. Based on two
pilot studies, we set a 10-minute time limit per task. If participants
were unable to complete a task within this allotted time, they were
asked to stop and proceed to the next task.

5.2.3  Post-study interview. Following the experiment, we conducted
a semi-structured interview to gather qualitative insights into par-
ticipants’ experiences with CADModelScope. The discussion was
guided by the following open-ended questions:

o In your day-to-day design work, how often do you encounter
scenarios similar to those in this study, and how do the study
tasks compare in complexity?

e What were your overall impressions of our tool?

e Were there any specific features that you found useful or
non-useful? How would you suggest improving the tool?

5.3 Results

In this section, we present our findings by first summarizing ob-
servations of the participants’ task completion processes in Sec-
tion 5.3.1 to 5.3.3 in relation to the three RQs. Then, we discuss
general user feedback in Section 5.3.4.

5.3.1 Navigate to identify specified operations. In Task 1, partici-
pants were tasked to identify the sketch that outlines the guitar’s
tuning head geometry, as shown in Figure 8b and c. This target
sketch was the 61st in the sequence of 191 operations, one of 69
total sketches.

Exhaustive navigation without tool support (RQ1). With FusioN’s
built-in features only, three Group B participants relied on brows-
ing through every sketch sequentially or at random, with Fusion
highlighting the corresponding entities as they clicked. This ex-
haustive search without a clear initial point of exploration proved
error-prone: two overlooked the target sketch on their first pass,
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Table 3: Tasks assigned to participants for evaluation.

No. Context Task Description Model No. of Operations  No. of Bodies™
1 Overview Identify the operation that defines a specified key dimension of the model (scenario ~ Guitar* 191 64
in Section 3.1)
2 Restructuring  Identify all operations that contribute to a specified model feature and reorder ~ Same as above
them to appear next to each other for modularization (scenario in Section 3.3)
3 Editing After editing a specified dimension, correct all errors and unintended changes  Cooling pipe [23] 50 6

in the model without removing or adding operations and without changing the

original edit (scenario in Section 3.2)

A body is a solid defined by a set of boundary surfaces that enclose a watertight volume. While a large number of operations indicates a complex modelling process, a

large number of bodies indicates a complex product.

A publicly available model found from the Autodesk Community Gallery: https://www.autodesk.com/community/gallery/project/77980/1940-gibson-1-00.

(a)

(d)

(c)

Tuning Head

e

T L

Figure 8: CAD model of a guitar used in Tasks 1 and 2. (a) Full guitar model. (b) Body renamed as the guitar’s “neck”, with the
tuning head labelled for Task 1. (c) Target sketch participants were tasked to locate in Task 1. (d) All operations contributing to

the guitar’s neck highlighted for Task 2.

and visual clutter often made highlighted geometry difficult to
interpret (Challenge 1 in Section 3.1). Participant B3 attempted a
more targeted approach by selecting a face on the tuning head,
prompting Fusion to mark the operation that last modified it, and
inspecting nearby sketches in the sequence. While this method is
an improvement from brute force search, it is unreliable since geo-
metric adjacency does not necessarily align with operation order.

Context-aware navigation with CADModelScope (RQ2). With ac-
cess to CADModelScope, three Group A participants instead used
Modular View to narrow the search to the cluster that included
the tuning head (DG3), then traced operation dependencies in
the Local Dependency View (DG2). Notably, participants adopted a
slightly different strategy in selecting the initial anchored opera-
tion: A1 chose the operation that last modified a geometric entity
near the tuning head; A2 anchored a random sketch within the
cluster; and A3 selected the operation with the largest node size in
the Operation Overview (DG1). However, all three participants ulti-
mately converged on similar exploration patterns, suggesting that
CADModelScope can accommodate diverse entry points while still
guiding users toward consistent and reliable results. A4 completed
the task without using CADModelScope, adopting a strategy similar
to those observed in Group B.

Workflow comparison (RQ3). These field observations suggest
that CADModelScope can enable a more structured, context-aware

navigation compared to the exhaustive sequential or random brows-
ing typical with traditional tools. While their search was more
effective, Group A participants using CADModelScope (1 = 253
sec, 0 = 144) generally took more time than Group B without
CADModelScope (1 = 152 sec, ¢ = 93.5) to complete the task
(U = 4.0,p = 0.343), which might reflect the additional effort
required to interpret the clustering representation. These findings
suggest that CADModelScope’s advantages scale with model com-
plexity, where the overhead of cluster interpretation is expected
to be offset by reduced reliance on exhaustive exploration and
error-prone search.

5.3.2  Restructuring operation sequence into modular units. In Task
2, participants had to identify and group the 23 operations that
construct the guitar’s “neck” (Figure 8b). In the original operation
sequence, these operations were split into two groups, separated
by unrelated operations (Figure 8d). Participants needed to reorder
and merge the split operations into one contiguous group without
introducing dependency-related errors.

Manual modularization without tool support (RQ1). Since Fusion
lacks built-in features for post-hoc modularization, Group B par-
ticipants (without access to CADModelScope) relied on a stepwise,
entity-based search. Specifically, three participants began by se-
lecting a geometric entity on the guitar’s neck to then locate the
operation that last modified it, before expanding the search outward
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to nearby operations in the sequence. However, as they progressed,
these participants frequently lost track of their tentative grouping
range, and two participants reverted to exhaustive browsing by
inspecting nearly every operation. This manual modularization
process required considerable mental bookkeeping from the partici-
pants (Challenge 3 in Section 3.3). While feasible for our study, this
approach would not scale to larger models with relevant operations
sparsely located.

Verification-based workflow with CADModelScope (RQ2). With
access to CADModelScope, Group A participants instead used the
Modular View to verify pre-clustered operation groups (DG3). A2
and A4 began by directly inspecting the cluster nodes, whereas A1l
and A3 started by selecting a relevant geometric entity and then
locating the corresponding cluster node. After completing the first
grouping, A2 and A3 identified the second cluster node via graph
links in the Modular View, while Al anchored the last operation
of the first group in the Local Dependency View to trace the first
operation of the second group (DG2).

Workflow comparison (RQ3). Overall, CADModelScope shifted
the operation modularization process from an exhaustive search for
relevant operations to a verification of clustering results, reducing
the navigation overhead. Within the 10-minute time constraint,
Group A participants using CADModelScope (11 = 0.859, o = 0.0188)
achieved higher accuracy on average than Group B without CAD-
ModelScope (1 = 0.761, 0 = 0.265), although this difference was not
statistically significant (U = 10.5, p = 0.538).2 Notably, three Group
A participants were misled by CADModelScope’s clustering result,
including three irrelevant operations that were clustered with rele-
vant ones and incorporated without sufficient verification. However,
since CADModelScope’s clustering algorithm is dependency-aware,
reordering did not introduce dependency-related errors. This find-
ing highlights the risk of misinterpretation of unsupervised clus-
tering results, but it also demonstrates the resilience provided by
dependency-aware clustering in complex models even in the face
of errors in interpretation.

5.3.3  Error resolution after operation edit. In Task 3, participants
were presented with a CAD model along with a brief description
of its design intent, as shown in Figure 9. Participants were then
asked to correct any unintended geometric changes that occurred
after a dimensional edit (labelled in Figure 9d), without adding or
deleting operations and without modifying the edit itself. Unlike
reference errors that trigger explicit messages, these unintended up-
dates occurred silently, introducing no regeneration errors and thus
requiring participants to first detect the problem before resolving
it.

Exhaustive playback without tool support (RQ1). After visually
detecting the unintended geometry by rotating the model, Group
A participants, without access to CADModelScope, had no direct
way to trace the problem’s source, since FusioN only identifies
the operation that last modified it (Challenge 2 in Section 3.2). As

8The correct final grouping should contain 23 operations, and accuracy was calculated
as (23 - number of extra operations - number of missing operations) / 23.
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Cooling Pipe

Dimension
modified

Unintended
(d) change to
be fixed

Figure 9: CAD model of a cooling pipe with a base support
used in Task 3. The auxiliary tubes illustrate how holes in
the support accommodate cylindrical tubes passing through
the main section. (a) Orthogonal and (b) side views of the
model before editing; (c) orthogonal and (d) side views after
editing.

a workaround, all four Group A participants relied on step-by-
step playback of the operation sequence,’ an exhaustive process
to visualize how the model changes after every operation. Three
participants then misinterpreted an unrelated sketch as the source
of the problem, and only two completed the task within 10 minutes.

Targeted tracing with CADModelScope (RQ2). With CADMod-
elScope, participants also began with visual inspection of the model
but then used the Modular View to narrow their focus to a sub-
set of relevant operations (DG3). Within the cluster that included
the unintended geometry, they anchored an operation in the Local
Dependency View to trace upstream and downstream dependen-
cies (DG2), avoiding an exhaustive review of the entire sequence.
By the end of the 10-minute limit, three participants successfully
completed the task.

Workflow comparison (RQ3). When resolving modelling errors in
CAD, CADModelScope enabled a targeted, dependency-based work-
flow, in contrast to the exhaustive playback of the full operation
sequence observed from those using native tools. In our study, com-
pletion rates were higher with access to CADModelScope. Notably,
when both groups misinterpreted the same unrelated sketch, Group
B participants could still recover by tracing dependencies locally
with the support of CADModelScope, whereas Group A participants
were forced to re-inspect other operations without CADModelScope.

°In FusioN’s terminology, this corresponds to moving the “timeline marker”:
https://help.autodesk.com/view/fusion360/ENU/?guid=ASM-USE-TIMELINE
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This advantage is expected to become increasingly important as rel-
evant operations grow sparser within longer operation sequences.

5.34 General user feedback.

Realism and modelling context. Participants generally reported
that the study tasks reflected realistic professional and technical
challenges. While some participants noted that the models they
typically encounter are less complex than those used in the study
(B1, B3), others emphasized that it is common to “end up having
really long [operation sequences] so it gets a bit difficult to keep track of
the different operations” (B4). In particular, participants reported that
debugging modelling errors is a routine part of modelling, especially
in one’s early career before developing the habit of planning ahead
(A1, A4). These downstream errors often propagate to the point
that “[the CAD software] will literally not render [and] crash” (A3),
and as one participant admitted, they “probably don’t always fix it
the best way” (B1).

Positive reception of CADModelScope features. Overall, partici-
pants responded positively to CADModelScope. The Modular View
was the most frequently described as a useful and intuitive start-
ing point for navigation (A1, A3, B3, B4), particularly compared to
“manually going through every single [operation]” (A3). The Local
Dependency View was valued for tracing dependencies backward
(A3), and interactive features such as synchronized highlighting
across views in CADModelScope and FusioN’s native UI further sup-
ported navigation (A2). Importantly, participants reported that the
tool raised their awareness of the hidden operation dependencies
they would otherwise overlook when modelling (A3, B3).

Suggestions for refinement. Participants also offered constructive
suggestions for improving CADModelScope. A recurring concern
was that the tool occupied too much screen space from the mod-
elling workspace, where several participants recommended a toggle
or collapsible interface, especially for smaller displays (A2, A3, A4).
Other usability improvements suggested included listing clusters
by their first appearance in the operation sequence (A3), enabling
renaming of operations directly in CADModelScope (B4), adjusting
the relative size of views (B2), and preserving custom cluster names
after updates (A3). While not yet implemented in the current proto-
type, these refinements are all technically feasible. Finally, A4 and
B4 suggested that CADModelScope is more valuable for large and
complex models with many bodies and dependencies, but offers
less benefits for small models. At the same time, B2 anticipated that
“it’s helpful definitely, but it takes practice”.

6 Discussion

In this section, we first outline design guidelines and implications
derived from our findings to inform future tool development (Sec-
tion 6.1). Building on the positive feedback from our study, we then
explore the potential of extending this currently underutilized, yet
valuable, approach of representing parametric CAD models through
their underlying operation dependencies used in CADModelScope
for broader applications (Section 6.2), and conclude by reflecting
on the limitations of our study (Section 6.3).
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6.1 Design Guidelines and Implications

Awareness of the underlying model representation. While paramet-
ric CAD offers powerful capabilities for creating complex products,
commercial CAD systems provide limited support to help users
understand the underlying model representation (i.e., the dependen-
cies among modelling operations). Indeed our participants reported
a lack of awareness of the model’s hidden structures which often
remain obscured in the linear sequential presentation of operations.
Since a sequential list does not capture the complexity of inter-
dependencies, CADModelScope visualizes and juxtaposes related
operations, supporting users to navigate relevant information more
effectively. This parallels work in HCI on increasing the discover-
ability of hidden structures to support debugging in both CAD [34]
and programming environments [39], and this also highlights how
making hidden mechanisms visible is a critical foundation for future
innovation.

In collaborative design, CAD models serve as boundary objects
that embed and mediate shared representations across perspec-
tives [27, 62]. By making operation dependencies visible, CADMod-
elScope enhances the communicative power of CAD as a boundary
object by presenting the underlying design intent of a CAD model
that is otherwise implicit. Explicitly visualizing the design intent as
a network of operation interdependencies helps users reconstruct
how the model was originally conceived and anticipate how it will
be impacted by subsequent modifications [28, 51]. This constructed
understanding contributes to a shared mental model of the design,
whether across multiple collaborators or by the same individual
over time, which can improve collaboration quality [48] and better
support decision-making [5].

Clustering as context for information foraging. As observed in
our user study, the capability of CADModelScope to cluster closely
interdependent operations into groups was particularly useful and
well received by participants. From the perspective of information
foraging theory, the Modular View improves information profitabil-
ity — the ratio of valuable information gained to the effort required
to obtain it [53, 54]. In the context of CAD, rather than scanning
a long linear sequence of similar-looking operations, the Modular
View in CADModelScope enables users to navigate cluster nodes
that correspond to functional units of the model. By labelling each
cluster with a screenshot of the geometry it produces, the Modu-
lar View reduces the cost of identifying where relevant operations
reside. This shifts the search space from potentially hundreds of in-
distinguishable operations to a handful of meaningful cluster nodes,
enabling users to focus their navigation effort more strategically. In
doing so, the Modular View increases the efficiency of information
foraging and supports more effective navigation in complex CAD
models.

Integration, interactivity, and customization as key design princi-
ples. Participants in our study emphasized that they valued CAD-
ModelScope for its seamless integration with FUsION’s native inter-
face and its interactive features. For advanced applications such as
CAD, close integration with users’ known CAD system is critical, as
it synchronizes new capabilities with existing tools from the CAD
system and reduces the friction of transitioning between the two
interfaces [34]. At the same time, interactivity provides users with
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a stronger sense of control [44], which was especially important
given that operation interdependencies are otherwise hidden in
Fusion.

However, our evaluation revealed a perceived lack of customiz-
ability of CADModelScope. In complex CAD-related tasks, users
often develop individualized modelling strategies and interpreta-
tions of design intent [23], making it difficult for a single default
visualization to meet all needs. For example, users may differ in how
they prefer operations to be clustered, a discrepancy also observed
in software engineering contexts [69]. While the current prototype
does not enable users to edit the clustering results, future develop-
ment should improve the flexibility in adjusting the Modular View.
Furthermore, customization extends beyond interface flexibility
to include tailoring assistance to different levels of user expertise.
For instance, novice users who often struggle with help-seeking in
CAD [38] may benefit from more proactive guidance, while experi-
enced users may prefer more lightweight, on-demand assistance
that does not interrupt their workflow. Echoing prior work [34],
our participants expressed that customizable, on-demand assistance
would make the tool more broadly useful.

6.2 Operation Dependency as an Effective
Representation of Parametric CAD Models

Through the implementation of CADModelScope and our evalua-
tion study, we demonstrated that representing a parametric CAD
model as a dependency graph of its constituent modelling opera-
tions makes hidden design structures visible. Beyond navigation,
this representation opens the potential to apply the same idea to
support other CAD-related applications. By foregrounding these
interdependencies, CADModelScope highlights how HCI-informed
visualizations can transform how users interact with complex para-
metric models.

Documentation generation. The operation dependency graph,
which encodes the underlying structure of CAD models, offers a
foundation to facilitate the generation of model documentation
that conveys a model’s function and design intent. Such graphs not
only help unfamiliar users to navigate the operation sequence, but
they also assist model authors in structuring documentation around
clusters of related operations. In the absence of well-maintained
documentation, users often rely on reopening the CAD file and
manually inspecting the operation sequence and resulting geome-
try. This approach becomes inefficient for large or complex models,
due to long loading time and the cognitive burden of interpreting
all the design details [37]. In software engineering, researchers have
shown that documentation can be more effectively generated by
analyzing graph-based representations of code structure instead of
solely processing sequential source code [1, 24, 29, 42]. A similar
principle applies in CAD, where prior work demonstrated that ex-
tracting low-level design intent from the network of interdependent
operations can support the automated generation of meaningful
documentation with predefined templates, but these approaches
often lack interpretability and flexibility for end users [19, 45, 51].
Our Modular View in CADModelScope can build on this idea by iden-
tifying and grouping closely interdependent operations, providing
a high-level abstraction of the model’s structure. These clusters
can form the basis for concise yet comprehensive documentation,
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capturing the key functional features embedded in the model while
offering greater visibility and control in the documentation genera-
tion process.

Semantic version comparison. Modern CAD platforms with ver-
sion control typically offer comparisons based on the operation
sequence, contrasting individual parameters, geometric differences,
or a combination of both [12, 70]. However, these comparisons
often lack contextual insights into how changes affect the model as
a whole. Without effective change summarization, the current best
practice of manually reviewing all edits, every time a version is
revisited, is tedious and inefficient [17], especially when resolving
differences across branched versions as they are merged [12, 26]. By
contrast, software engineering has long leveraged semantic version
comparison, which emphasizes the functional implications of code
changes rather than surface-level textual difference [36]. This is of-
ten achieved through graph-based analysis of code dependency and
hierarchy [6, 55, 69]. Similar graph-based analyses have also been
implemented to manage and compare design versions of artifacts
that can be represented as a graph of design components [66, 67].
Inspired by these approaches, CADModelScope’s graph-based repre-
sentation of operation dependencies can similarly enable semantic
version comparison in CAD, as illustrated in Figure 10. Instead of
focusing solely on parameter or geometric differences that may be
captured in an Operation Overview, the Modular View in CADMod-
elScope further contextualizes the version differences at the level of
functional features, helping users reason about the broader design
impact of operation edits.

Model retrieval. Another relevant line of research has focused on
the effective querying and retrieval of CAD models from databases
to support design reuse. Prior work has attempted to infer design
intent and construct semantic representations from modelling oper-
ation parameters [7], the network of constraints between assembly
components [31], and the model geometry and topology [43, 64].
While these approaches have shown promising results in retrieving
similar models from sample user queries, they can lack transparency
in how retrieval decisions are made, offering limited interpretability
for the end users. Building on our work in this paper, the interac-
tive visualization included in CADModelScope helps users explore
and understand networks of interdependency within a CAD model.
This interpretive layer can be further leveraged to align the re-
trieval process with the underlying model semantics, enhancing
both precision and usability.

6.3 Limitations and Future Work

This paper presents an exploratory study toward visualizing the hid-
den network of interdependency within a CAD model, and demon-
strates how such visualization can enhance design efficiency, par-
ticularly when navigating complex and unfamiliar models. While
the current work establishes a promising foundation, it has sev-
eral limitations that offer opportunities for future expansion of the
prototyped CADModelScope.

Assembly associativity. This study focused exclusively on part
modelling. However, real-world CAD workflows also involve as-
semblies composed of multiple parts [61]. In assemblies, parts are
connected through joints or mates that constrain their relative
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Figure 10: A schematic graph-based analysis for semantic version comparison of a CAD model. In the left and middle graphs,
each node represents a modelling operation, and each link represents the dependency relation between nodes. The right graph

presents a concise summary of the comparison results.

motion. Although the assembling process differs from part mod-
elling, the associativity formed among components can also be
represented as a network of constraints. We hypothesize that CAD-
ModelScope’s graph-based analysis approach could be extended
to visualize assemblies by treating these constraints as links in a
network, and performing community detection on such a network
could reveal the modular structure of an assembly, supporting user
comprehension and navigation of the model. Future work should
explore adapting CADModelScope to assemblies and empirically
evaluating its effectiveness through new user studies.

Inclusion of user-generated semantics. The current implementa-
tion of CADModelScope generates graph representations exclusively
from parametric modelling operations and geometry, without in-
corporating the semantic information that users sometimes embed
during the design process. For example, users may group operations
into folders or rename operations to convey design intent. Such
semantics could be integrated into the graph structure by introduc-
ing weighted links between grouped operations or by leveraging
renamed operations for automatic labelling of clusters via key-
word extraction. The integration of user-provided metadata can
potentially lead to clusters that are more intuitive and interpretable,
and advanced semantic analysis techniques may even reveal latent
relationships among operations, further enriching the clustering
results. Prior work has shown that the incorporation of semantics
is effective for expressing design intent in CAD modelling [20, 33],
suggesting a promising direction for CADModelScope.

Limitations in lab study. In our user study, we evaluated CAD-
ModelScope with a modest participant sample using publicly avail-
able online models, which introduces several limitations. The com-
plexity of these models was constrained by both the limited avail-
ability of highly complex models online and the challenge of cre-
ating evaluation tasks that realistically reflect professional pain
points. Future work could draw on commercial product designs of
greater complexity. Participants were confronted with unfamiliar
CAD models. While encountering unseen models is a common
experience in practice, future studies should also investigate how

CADModelScope may function when users engage with familiar
models where prior knowledge shapes interpretation. Additionally,
our tasks were intentionally explicit and isolated to enable clear
comparisons, whereas real-world design iterations rarely come with
explicit instructions [65] and often involve multiple instances of
the challenges we identified. A project-based or longitudinal study
could better capture CADModelScope’s value in more realistic and
iterative workflows. Finally, larger-scale user studies may improve
the reliability and generalizability of our findings, surface additional
user behaviours, and enable statistical assessments of usability (e.g.,
readability [49, 50], cognitive load [40], ease of operation [32]) to
complement our formative results.

7 Conclusion

In this work, we addressed the challenge of navigating complex
CAD models by visualizing the hidden interdependencies among
modelling operations. We began with an analysis of how operation
dependencies shape critical tasks such as navigation, modulariza-
tion, and debugging of operations in CAD, as well as the difficulties
users face when these dependencies remain concealed in modern
commercial CAD systems. Building on this understanding, we de-
veloped CADModelScope, a multi-level graph-based visualization of
operation dependencies that is integrated into AUTODESK FuUsION.
Through a qualitative lab study, we examined how participants
located and interpreted operations with and without CADMod-
elScope, and how our tool fostered greater awareness of hidden
model structures to support more structured navigation workflows.
Our findings contribute implications for the design of future CAD
support tools, and more broadly, highlight the importance of mak-
ing underlying system mechanisms visible to support sense-making,
collaboration, and effective use of complex software systems.
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