StressDiffVis: Visual Analytics for Multi-Model Stress Comparison
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Fig. 1: Case study of a truss bridge. (A) The tree view shows four alternatives with the left one as the base model. (B) Yellow region
indicating significant stress concentration in the diagonal supports of Model Agcep. (C) The difference-aware visualization of (C1)
Models Agcep, (C2) Ageps, and (C3) Acx 4, respectively, compared to the base model. (D) The comparison view presents the stress
data of the top four segments (corresponding to vertical supports) across alternatives, where green indicates stress magnitudes within
an acceptable range. (E) Four segments corresponding to the diagonal support of (B) exhibit high stress, indicated by the yellow.

Abstract—Structural analysis is essential in modern industrial design, where engineers iteratively refine geometry models based on
stress simulations to achieve optimized designs. However, comparing stress distributions across multiple model variants remains
challenging due to the complexity of stress fields, which are high-dimensional, unevenly distributed, and dependent on intricate geometric
structures. Existing tools primarily support single-model analysis and lack dedicated functionalities for multi-model comparison. As
a result, engineers must rely on manual, cognitively demanding visual inspections, making it difficult to systematically identify and
interpret stress variations across design iterations. To address these limitations, we propose StressDiffVis, a visual analytics approach
that facilitates stress field comparison across multiple structural models. StressDiffVis employs a volumetric representation to encode
stress distributions while minimizing occlusion, enabling voxel-wise difference analysis for model comparison. To support localized
analysis, we introduce model segmentation, grouping voxels with similar stress patterns across models. StressDiffVis integrates these
techniques into an interactive interface with a tree view, organizing models by the iterative design process, and a comparison view,
using a matrix layout for detailed comparisons. We demonstrate the effectiveness of StressDiffVis through two case studies illustrating

its utility in comparative stress analysis. In addition, expert interviews confirm its potential to enhance engineering workflows.

Index Terms—Stress analysis, comparative visualization, volume visualization
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1 INTRODUCTION

In modern industrial domains such as manufacturing and construction,
computer-aided structural design and stress simulation play a pivotal
role. Structural engineers begin by creating an initial model and iter-
atively refining it based on simulation results to address deficiencies,
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ultimately achieving an optimized design [5,52]. For example, if a
simulation under a specific load condition reveals a risk of fracture
at the midspan of a bridge, additional support should be introduced
at the midspan, or a more robust material should be used to enhance
structural stability. In recent years, automated optimization algorithms
have been increasingly employed to generate alternative solutions based
on identified structural deficiencies, enabling engineers to explore a
wider range of design possibilities [32,56]. However, engineers still
strongly demand informed decision-making support for selecting the
most suitable model variant through stress analysis comparison [1,40].

Despite its importance, this task remains under-supported. Existing
stress analysis software, such as ANSYS and ABAQUS, lacks the func-
tionality for comparing multiple stress fields across different model
variants, thus requiring users to rely on side-by-side visual inspection.
Akin to that in the “Find the Difference” game, engineers must man-
ually identify subtle variations in stress fields across similar models,
making the comparison process cognitively demanding and error-prone.
While various comparative visualization techniques for 3D models
have been proposed in academia, they primarily focus on parameter



comparison [29], model meshes [10], or structural geometry [14], with-
out integrating stress field analysis. Academic efforts have proposed
glyph-based approaches [30,36] to visualize differences in stress fields.
However, these approaches suffer from high interaction overhead and
visual clutter due to irregular glyph placement. Other techniques sim-
plify stress fields by extracting curves or slices [6,28]. However, these
abstractions sacrifice the structural context, which limits interpretability
in stress analysis.

Motivated by the observed limitations, we propose a visual analytics
approach that enables engineers to efficiently compare multiple struc-
tural models based on stress analysis. Developing such an approach is
non-trivial due to the following challenges.

First, stress is unevenly distributed across a model, requiring visual-
ization techniques that convey both global stress patterns and localized
stress concentrations. The complex geometry of structural models ex-
acerbates occlusion and navigation challenges in a 3D environment,
further complicating effective visualization design. Thus, a less ob-
structive visualization method coupled with a model navigation method
is needed to support both global and local stress analysis of a single
model. Second, when multiple models are involved, the comparative
analysis must integrate both global and local stress distributions to
facilitate meaningful comparisons. Manually inspecting models one by
one while mentally tracking stress variations across different scales is
cognitively demanding. To mitigate this challenge, a unified represen-
tation that explicitly encodes inter-model stress differences, combined
with a well-structured visualization, is essential to avoid turning the
comparison process into a “Find the Differences” task.

In this study, we propose StressDiffVis to address the aforemen-
tioned challenges. First of all, we transform the stress field of the
model into a unified volumetric representation. This way enables
the visualization of each model’s stress distribution using occlusion-
minimizing volume rendering [8]. Volumetric representation can also
facilitate the comparison of multiple models as it allows for the deriva-
tion of voxel-wise differences and, thereby, difference-aware volume
visualizations can be applied, again showing its advantage. Based on
the volumetric representation, we can further apply model segmen-
tation based on stress behaviors across models for localized stress
analysis and comparison. In each segment, voxels exhibit similar stress
patterns or variations across different models. By visually analyzing
segments, both intra-model variations and inter-model differences can
be effectively identified.

By coupling the volume-based solution and model segmentation, we
develop a visual analytics approach named StressDiffVis. It mainly
comprises two views, namely, the tree view and the comparison view.
In the tree view, all models to be compared are well-organized in a
tree structure following the iterative design process and are rendered
with volume visualization in either stress-aware or difference-aware
mode. In the comparison view, the model segments versus the model
variants are visualized in a matrix-based layout with each cell encoding
the segment stress patterns of a model variant. The row-by-row and
column-by-column juxtaposition supports both inter-model and intra-
model localized comparison. We present two case studies, one for
the iterative design of a wooden chair and the other for a truss bridge,
showing the effectiveness of StressDiffVis. We also perform expert
interviews, collecting positive feedback and further suggestions to
improve StressDiffVis. In sum, our contributions are as follows:

* We couple a volume-based solution and model segmentation for

comparing multiple models globally and locally on stress fields.

* We develop a visual analytics approach named StressDiffVis that

instantiates these approaches for engineers to efficiently compare
multiple structural models based on stress analysis.

* We evaluate StressDiffVis with two case studies and expert inter-

views, demonstrating StressDiffVis’s effectiveness.

2 RELATED WORK
We review prior studies on structure design, stress visualization, visual
comparison in structural design, and visual comparison of 3D fields.

2.1 Structure Design

Iteration is a common case in traditional structure design processes,
wherein designers typically refine and evaluate multiple alternatives

through discussion and testing before finalizing a structure [5,16,26,52].
This iterative process ensures that the final design meets structural
integrity, aesthetic, and functional requirements. To facilitate this
process, automated techniques have been developed to optimize struc-
tures, such as by reducing stress concentrations and minimizing mate-
rial costs [35,41,45,55]. Recent advancements in generative design
leverage computational algorithms to explore diverse design varia-
tions [5,40,48,52]. Ultimately, designers must evaluate multiple alter-
natives to identify the most suitable one.

In this study, we explore visualization techniques to evaluate multiple
alternatives, with a particular focus on geometric structure designs
relying on stress analysis.

2.2 Stress Visualization

Stress visualization plays a crucial role in structural analysis, enabling
engineers to interpret the simulation results of structural modifications
with the aid of finite element analysis. Contour plots are widely used
to visualize scalar stress fields and are standard in tools like Abaqus
and ANSYS. They map stress magnitudes to surface colors with color
gradients, offering an intuitive overview of stress distributions. Direct
volume rendering (DVR) enables the visualization of internal stress
variations within a volumetric domain [12, 17, 25], providing more
comprehensive insights. To preserve directional information of stress,
glyph-based visualization [24,30,36,38] and line-based visualization [4,
11,26,34,43] are developed. Glyphs are 3D geometric icons that encode
tensor attributes through their shape, size, color, and orientation. Line-
based approaches use streamlines whose tangent directions represent
principal stress directions, while thickness and color encode stress
magnitude.

This study focuses on mechanical structure design, where the analyst
needs to evaluate the overall distribution of stress magnitudes, with
particular emphasis on high-stress regions and stress concentrations.
We adopt von Mises stress [31] as a scalar measure to assess stress mag-
nitudes. Von Mises stress abstracts away directional information and
assumes isotropic, ductile material behavior. While it does not account
for anisotropy or tension—compression asymmetry, this assumption
remains appropriate for most structural analysis scenarios [3,35,41,55].
We employ volume visualization and leverage the discrete, regular,
and computable nature of volume representations to enable effective
multi-alternative comparative analysis.

2.3 Visual Comparison in Structural Design

Visual comparison is essential for informed decision-making [7,27,44].
During structural design, the geometric structure, stress distribution,
and quantitative metrics evolve and require comparison.

Geometric structure. During manual design and automated opti-
mization, model structures continuously evolve. Various approaches
have been developed for geometric structural comparison [2, 10, 14,37],
typically merging models and employing color encoding to highlight
differences. For example, 3D Diff [13] categorizes model differ-
ences into four types—unmodified, modified, added, and conflicting
regions—and applies distinct colors for differentiation.

Stress distribution. Comparative visualization of stress distribu-
tions in geometric models remains underexplored [22]. Existing stress
analysis software (e.g., ANSYS and ABAQUS) lacks native support
for comparative stress distribution analysis across multiple alternatives,
often relying on juxtaposed pairwise comparisons. Related techniques
in biomedical visualization provide valuable insights, with glyph-based
methods being the most common [30,42,53]. These approaches encode
local differences by placing glyphs on the model, but they introduce sev-
eral challenges: (1) cognitive load for glyph interpretation, (2) frequent
perspective adjustments (e.g., zooming and rotation), and (3) irregular
glyph placement, which hampers effective stress pattern analysis. Be-
yond glyph-based techniques, Dick et al. [11] proposed a line-based
encoding to visualize normal and shear stress differences in femurs
before and after implant surgery. However, it is limited to pairwise
comparisons, restricting its applicability in multi-alternative scenarios.

Quantitative metric. For handling numerous alternatives, defining
quantitative metrics facilitates exploration, filtering, and comparison.
Dream Lens [29] exemplifies this approach. However, such methods



risk information loss by abstracting away the 3D geometry and spatial
context of stress distributions.

Our study focuses on comparing stress distributions in the context of
structural design. In the following part, we discuss how this comparison
can be supported from a visualization perspective.

2.4 Visual Comparison of 3D Fields

In this study, we focus on structural analysis and design, where compar-
ative analysis of stress distributions is crucial. The stress distribution of
a 3D structure can be viewed as a 3D field. Gleicher [19] summarized
visual designs of comparison into three categories, namely, juxtaposi-
tion, superposition, and explicit encoding. Below, we narrow down our
scope to discuss how visual comparison design and strategies can be
applied to the comparison of 3D fields.

Juxtaposition. The category means that the targets to be compared
are placed side by side, and the user compares them by scanning them.
Such a manner can be commonly seen in existing stress analysis soft-
ware (e.g., ANSYS and ABAQUS). In this way, users need to maintain
different objects in their minds, which makes it difficult to expand to
multiple objects. The occlusion nature in 3D environments further
makes the comparison ineffective. Some studies have proposed effec-
tive means that ease the issue of occlusion and improve scalability. For
example, slices from 3D scalar fields can be extracted as representatives
for comparison [28]. Furthermore, 1D lines can be extracted from 3D
scalar fields using space-filling curves, such as the Hilbert curve, and
aligned within a 2D layout for side-by-side comparison [6,49]. While
these methods effectively preserve voxel-level spatial adjacency during
the transformation from 3D to 2D, they fail to maintain the structural
context necessary for understanding semantic regions within the model.

Superposition and Explicit encoding. The direct superposition of
multiple fields often causes visual confusion, making it difficult to dis-
tinguish the individual fields. To solve this problem, researchers often
use glyphs to summarize the difference between the data from different
fields [30,42,53]. Such a manner can be considered a combination of
superposition and explicit encoding. For example, Zhang et al. [53]
designed a glyph that exploits the shape, size, and orientation channels,
and the glyphs from different fields can be superimposed to show dif-
ferences between fields. As noted earlier, glyph-based methods involve
high cognitive load, frequent view changes, and irregular placement,
making stress analysis difficult.

In this study, we explore an alternative explicit encoding approach
for comparing stress distributions. After voxelizing the stress fields,
we compute pairwise differences and encode them directly to reveal
spatial variations. To enable effective comparison across multiple
design alternatives, inspired by the Select Subset and Scan Sequentially
strategies [19], we further propose a model segmentation technique and
a matrix-based view that juxtaposes alternatives and segments. This
approach supports both localized and global stress analysis at both
intra-model and inter-model levels.

3 BACKGROUND

This section introduces the concepts used in this paper, the collaboration
with domain experts, and finally, the requirement analysis.

3.1 Concepts

We formally define the key concepts used throughout the paper.

* Nodal stress data. Nodal stress data refers to the set of stress
values computed at discrete nodes within a finite element model.
These data capture the localized stress distribution across the
structure and serve as the basis for evaluating mechanical per-
formance, identifying critical stress concentrations, and guiding
design modifications.

* Base model. The base model is the initial, unmodified three-
dimensional geometric representation of a structure, serving as
the reference configuration for subsequent modifications. It de-
fines the spatial and structural characteristics of the design and
undergoes finite element analysis (FEA) to generate baseline
nodal stress data, which informs the necessity and direction of
structural modification.

* Modification. A modification is a targeted design alteration ap-
plied to the base model with the aim of improving structural

performance. Modifications may involve geometric adjustments,
material changes, or reinforcement additions, each of which af-
fects the stress distribution and mechanical response of the model.
¢ Design alternative. A design alternative denotes a specific modi-
fied variant of the base model, incorporating one or more design
modifications. It is also essentially a geometric representation.
Note that the base model is also one of the alternatives. Since all
alternatives originate from the same base model and are derived
through incremental modifications, they exhibit an inherent hier-
archical relationship. That is, an alternative may inherit structural
characteristics from its predecessor while introducing new design
modifications. Each alternative is independently subjected to fi-
nite element analysis (FEA) to obtain updated nodal stress data,
enabling comparative evaluation across different design iterations.

3.2 Collaboration with Domain Experts

Over the past six months, we have collaborated with three domain ex-
perts with extensive experience in structural analysis and design. Expert
1 (E1) has 20 years of experience in structural analysis and leads a team
of 20 researchers or engineers developing computer-aided engineering
(CAE) software for stress-based analysis. Expert 2 (E2) and Expert 3
(E3) have 2 and 5 years of experience in civil engineering, respectively,
with substantial expertise in structural design. During the collaboration,
we held meetings every two weeks with the three experts to discuss
stress-based structural design. The discussions covered various aspects,
including but not limited to design workflows, application scenarios,
software tools, and visualization approaches.

In the early stages of the collaboration, we identified a key challenge
in structural design: iterative design is usually required, but there is a
lack of an effective means for comparing multiple designs (alternatives).
In the later stages, our discussions focused on this challenge. After
reviewing existing comparative visualization and stress visualization
techniques, we opted to design a visual analytics approach to address
the challenge. We asked E3 to provide a simple model (a wooden chair)
and its variants so that we could design and develop a visual analysis
approach. We iteratively proposed solutions—including algorithms, vi-
sualizations, and interactions—through sketches and system prototypes,
continuously gathering expert feedback to refine the requirements.

3.3 Requirement Analysis

The requirements can be summarized into two aspects, namely, stress
analysis and comparative analysis.

Stress Analysis. Stress analysis is the most fundamental part of the
entire design process. As the 3D model can be geometrically large and
structurally complex, stress analysis should be performed from overall
and localized perspectives.

* R1: Overall stress analysis. An overall perspective on stress
distribution is critical for assessing the structural integrity of a
model. Engineers and designers need an intuitive visualization
of stress distribution to identify load-bearing structures, evaluate
overall material efficiency, and detect potential failure zones. Both
high- and low-stress regions provide critical insights, guiding
decisions on material improvement and structural reinforcement.

¢ R2: Localized stress analysis. While an overall view provides
a broad understanding, detailed analysis of high-stress areas is
equally important. Stress concentrations often occur near joints,
sharp edges, or load-bearing points, where material failure is most
likely. A localized visual analysis helps designers focus on these
critical areas, enabling precise modifications that enhance struc-
tural durability and safety. Without such an analysis, small yet
significant design flaws may persist, compromising performance.

Comparative Analysis. Effective comparative analysis is a critical
step toward informed decision-making. Given the variations in stress
distribution within a single alternative and between different alterna-
tives, the comparative analysis can be further refined into the following
two requirements.

* R3: Intra-Model comparison. Within a single alternative model,
stress distribution can vary significantly across different regions
due to geometry, material properties, and applied loads. Ana-
lyzing these variations through visual comparison is crucial for



identifying potential weak points, ensuring balanced load distri-
bution, and optimizing material usage. For example, areas with
excessive stress may require reinforcement, while regions expe-
riencing minimal stress could be redesigned to reduce material
consumption. By providing a visual representation of stress dif-
ferences within the model, engineers can make more informed
design modifications to enhance structural efficiency and integrity.

* R4: Inter-Model comparison. When multiple alternative models
are considered, a comparison across alternatives is necessary
to determine the most viable one. Different alternatives may
exhibit varying stress patterns and structural efficiencies, making
it essential to visualize these differences clearly. For example,
one design may reduce peak stress concentrations but require
more material, while another may achieve a more uniform stress
distribution with lower weight. By systematically comparing
these factors, engineers can identify the optimal balance between
performance, cost, and integrity.

4 SYSTEM

This section introduces StressDiffVis, a novel system for effective
comparative stress analysis of multiple designed models.

4.1 System Overview

StressDiffVis mainly serves as an additional interface to facilitate users
in performing comparative stress analyses of models during the model
design process (Figure 2A).

The visual interface of StressDiffVis mainly comprises two coor-
dinated views: the tree view (Figure 2C) and the comparison view
(Figure 2E). In the tree view, the user can import alternatives, and these
alternatives are organized as a tree-structured layout, following the
design inheritance relationship between alternatives. Each alternative
with stress distribution is transformed into a volumetric representa-
tion (Figure 2B). By default, a stress-aware volume visualization is
used to present the stress distribution within alternatives. The user
can turn to difference-aware volume visualization for analyzing the
stress differences among alternatives. The comparative view facili-
tates a finer-grained comparison of multiple alternatives. The model
is segmented into multiple parts based on their stress data across all
alternatives so that each model segment will exhibit similar stress per-
formance (Figure 2D). Afterwards, the stress data of segments across
alternatives are visualized in a matrix-like visualization, supporting
segment-to-segment and alternative-to-alternative comparison.

The three computational modules, namely, volumetric transforma-
tion, differential computation, and model segmentation, are running in
a backend server, supporting seamless interactions in StressDiff Vis.

4.2 Transformation

First of all, for each alternative imported into the StressDiffVis, the
nodal stress data associated with the geometric representation should
be transformed to a volumetric representation. The data transformation
pipeline of StressDiffVis is illustrated in Figure 2B. For simplicity, the
geometric representation is depicted in 2D as a triangle in Figure 2B,
although the actual process operates in 3D.

Nodal stress data for each alternative are obtained via finite element
analysis (FEA), which generates a set of nodes within the geometric
representation and estimates the stress value of every node, as depicted
in the upper triangle of Figure 2B. To convert this data into a structured
volumetric representation suitable for analysis, we apply tricubic in-
terpolation directly to the nodal stress data, generating a smooth and
continuous stress distribution over a voxel grid, as shown in the lower
triangle of Figure 2B. Once the interpolation is completed, we get
volumetric stress data, the primary data foundation of StressDiffVis.

The reasons for using the volume-based representation are as follows.
First, compared to contour plots, the volume visualization can reveal
critical internal stress regions (such as stress concentrations inside thick
components) and reduce the need for users to frequently navigate and
zoom to explore high-stress regions. Second, the volumetric repre-
sentation provides a common spatial framework, making the stress
difference across different alternatives to be calculated.
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Fig. 2: Pipeline of StressDiffVis illustrated with a chair design. (A) A chair
with a blue border (the base model) is being modified, generating multiple
alternatives. (B) For each imported model, the geometric representation
with nodal stress data (top) is transformed into a volumetric representa-
tion with interpolated stress value (bottom). (C) The tree view renders the
volumetric representation using either stress-aware or difference-aware
volume visualization. (D) The segmentation process divides the geomet-
ric structure into multiple segments. (E) The comparison view supports
segment-by-segment and alternative-by-alternative comparison.

4.3 Tree View

The tree view presents multiple alternatives in a hierarchical tree-
structured layout, following the inheritance relationship of the alter-
natives. It provides two rendering modes for alternatives, namely,
stress-aware and difference-aware volume visualization. Below, we
introduce the tree structure layout, stress-aware volume visualization,
and difference-aware volume visualization.

4.3.1

To support iterative design, it is important to represent the evolution
of design alternatives. This goal aligns with analytical provenance
visualization [9, 33, 50], which has explored various ways to capture
and organize iterative processes.

Following prior studies [21, 39], we adopt a tree-based layout to
represent the design process, where each node denotes an alternative,
and edges capture inheritance relationships between them. To visualize
this tree structure, we adopt a left-to-right hierarchical layout combined
with a grid-based arrangement. Each “child” alternative is positioned
to the right of its “parent” alternative and is connected via a straight
line or Bézier curve to illustrate the hierarchical relationship. Each
node supports two rendering modes to visualize the corresponding
alternative’s stress, which will be introduced later.

Users can add or remove design alternatives. The first alternative,
corresponding to the base model, is placed at the top-left corner by de-
fault. By clicking the button located below or to the right of an existing
alternative, users can append a new alternative to its bottom or right,
respectively, thereby explicitly defining the inheritance relationship.
This approach facilitates the flexible management of the design process.

Hierarchical Tree-structured Layout

4.3.2 Stress-aware Volume Visualization

By default, the volumetric stress data of each alternative is rendered
within the node by volume visualization, which allows users to perceive
stress distribution in detail within a 3D geometric model.



Volume rendering. We employ ray marching [20] for volume vi-
sualization. In this approach, a ray is cast from each screen pixel into
the volumetric stress data that encodes the 3D stress field of the model.
As the ray traverses the volume, it samples stress values from inter-
sected voxels in a front-to-back manner. These sampled values are then
accumulated to compute the final pixel value, which is subsequently
mapped to a specific color with transparency using a transfer function.

Transfer function. In stress analysis, high-stress regions are of
primary interest because they are critical for structural improvement.
Thus, the transfer function is designed to enhance the visibility of the
high-stress regions. Specifically, we adopt the Viridis color scheme,
which is colorblind-friendly and features a blue-to-yellow gradient. We
assign yellow hues with higher opacity to the voxels with the failure
stress value, indicating regions with an increased likelihood of failure.
Conversely, low-stress regions are mapped to blue hues with lower
opacity, with zero-stress areas rendered fully transparent, leaving users
to focus on critical stress concentrations.

4.3.3 Difference-aware Volume Visualization

The difference rendering mode can be triggered by selecting a reference
alternative in the tree view. By visualizing the difference between the
reference and other alternatives, users can compare alternatives by
perceiving the difference in stress distribution between them.

Differential computation. Owing to the unified volumetric repre-
sentation, the stress difference can be computed as follows. We denote
the reference alternative @ and other alternatives A = {ay,ay, ... ,am},
where d ¢ A. The volumetric stress data of the reference is denoted as
V, while the volumetric stress data of the other alternative a; is denoted
as V;. The differential stress between d and a; denoted as AV;, can be
computed as V; © V. Particularly, © means the voxel-wise subtraction
operation based on voxel spatial alignment. Here, we assume that all
models are pre-aligned, meaning that their geometric representations
across alternatives share a consistent spatial frame with the reference.
Mathematically, for each voxel located at (x,y,z), the resulting voxel
value is computed as:

AVi(x,3,2) = Vi(x,3,2) =V (x,,2),

where V;(x,y,z) and V(x,y,z) denote the voxel values at the same
spatial coordinates in V; and V, respectively. Notably, voxels with a
value equal to zero, indicating an empty region outside the model, are
excluded from the computation. In this way, we ensure that differential
computation is performed on the regions shared by the models, which
are assumed to be the primary focus of the structural improvement pro-
cess. Finally, we obtain volumetric difference data {AV},AV;,...,AV,,}
for difference-aware volume visualization.

Transfer function. In this context, regions with large stress dif-
ferences are of primary interest as they indicate significant deviations
from the reference alternative, either due to substantial improvement or
deterioration. In contrast, regions with small differences are of lesser
concern as they exhibit minor variations relative to the reference. To
effectively convey these distinctions, the transfer function employs
a gradient color mapping as follows. Larger positive differences are
assigned redder hues with increasing opacity, highlighting regions of
deterioration. Conversely, lower negative differences are assigned to
deeper blue hues with higher opacity, emphasizing regions of improve-
ment. Near-zero differences are mapped to transparent gray, thereby
reducing their visual prominence and ensuring focus remains on areas
with meaningful change.

4.4 Comparison View

The comparison view enables users to systematically analyze and com-
pare stress differences across multiple alternatives. To facilitate a
localized comparison of stress differences, the model is partitioned into
multiple segments based on the stress patterns across all alternatives.
Given the structure difference between alternatives, the segmentation
is performed on their shared structure instead of the base model. The
resulting segments, along with the voxels within them, are visualized
through an alternative-segment matrix, allowing for row-by-row and
column-by-column comparison of stress differences across different
segments and alternatives. We detail the segmentation algorithm and
the design of the alternative—segment matrix below.

4.41

Following the Select Subset strategy proposed by Gleicher [19], model
segmentation is primarily introduced to facilitate localized stress analy-
sis. For intra-model analysis in a single alternative, we want to identify
those geometry regions where voxels exhibit similar stress values. Fur-
thermore, for inter-model comparison, we want the segmented regions
to exhibit stress similarity in each alternative, respectively. In this way,
a comprehensive alternative comparison can be performed by compar-
ing the stress within individual segments one by one. For example, a
part that shows high stress (indicated by high voxel values) in the first
alternative but low stress in others indicates that some modification of
the first alternative introduced localized structural weaknesses. Thus,
we propose the following model segmentation approach.

Recall that the volumetric representations of multiple alternatives
are denoted as {V|,V5,...V,,}. we define a vector v for each voxel
at position (x,y,z) as v= (Vi (x,¥,2),V2(x,¥,2), ..., Vim(x,5,2)), where
Vi(x,y,z) represents the voxel stress value in i-th alternative a; at (x,y,z).
Similarly, we define a vector Av for each voxel at position (x,y,z) as
Av = (AV(x,,2),AVa(x,9,2), . .., AV (x,¥,2)), Where AV;(x,y,z) rep-
resents the voxel stress difference in i-th alternative a; at (x,y,z).

The first step is discretization, which aims to obtain a meaningful
representation of every voxel.

Stress-aware discretization. For stress value, we discretize voxel
stress values into high-stress or low-stress labels based on a given stress
threshold As. Ay is determined based on the distribution of stress values.
For each voxel at location (x,y,z) in the i-th alternative, the stress value
Vi(x,y,z) is descretized as follows:

I {71, Vi(x,y,2) < Ag /* low stress */

! 1,  Vi(x,y,2) > As /* high stress */
After discretization, each voxel is represented by a discrete vector
v = (11, L,y l).

Difference-aware discretization. We discretize voxel stress differ-
ences into degraded or optimized labels based on whether the difference
is positive or negative. Given the stress difference AV;(x,y,z) at voxel
(x,y,7) in the i-th alternative, we assign:

/= {—17 AV;(x,y,z) <0 /* optimized */

! 1, AVi(x,y,z) >0 /* degraded */
After this process, each voxel is represented by a discretized vector
AV = (11, D, .., 1)

Second, a recursive region-growing algorithm is employed, consid-
ering both spatial proximity and consistency in stress-related features
of voxels. The algorithm begins by scanning voxels in lexicographic
(x,¥,2) order to find the first unlabeled voxel, which is assigned a
unique label to initiate a new segment. Next, the algorithm performs
a queue-based breadth-first search to iteratively examine each neigh-
boring voxel. A neighbor is added to the current segment only if it is
unlabeled and its inclusion maintains the consistency of the segment.
A segment is considered consistent if all discretized vectors within the
segment are the same.

Although perfect in theory, the consistency condition is too strict,
making the region-growing process easily terminated, leading to frag-
mented and overly fine segments. To improve robustness, we introduce
an intermediate range, in which the voxel stress values or voxel dif-
ferences are relabeled as 0, representing an intermediate state. The
intermediate range for stress-aware discretization is [A; —0.02x FS,
As +0.02x FS], where FS denotes the failure stress value. The in-
termediate range for difference-aware discretization is [—0.02x FS,
0.02x FS]. In this way, slight errors are allowed, for example, “opti-
mized” voxels and “no difference” voxels can be in the same segment,
making the region easier to grow. The revised consistency condition is
as follows: a segment is considered consistent if in each dimension (i.e.,
for each design alternative), the label difference between all discretized
vectors within the segment does not exceed 1. For the pseudocode,
please refer to Appendix B. In addition, in stress-aware segmentation,
there may be some voxels that do not exist in certain alternatives. These
non-existent voxels do not affect our goal of obtaining segments with
stress similarity and thus are labeled as O to promote the region-growing
process. We have also provided a segment ranking feature based on
two key metrics: variance and magnitude. Please refer to Sec. 4.5.

Segmentation



Fig. 3: Design illustration of the comparison view. (A) Three alternatives
are placed at the top as column headers with stress-aware volume
visualization. (B) In a matrix-based layout, each column is an alternative,
each row is a segment, and each cell visualizes the segment’s stress in
an alternative. Within each cell, the voxels in 3D space are mapped onto
pixels in 2D space with the same color but without transparency. (C) The
user selects a segment and (D) groups segments by clicking the button.

4.4.2 Visualization

Following Scan sequentially strategy [19], we design an alterna-
tive—segment matrix for both alternative-to-alternative and segment-to-
segment comparisons.

Matrix layout. Each column represents an alternative, while each
row corresponds to a distinct segment, as shown in Figure 3. To pre-
serve the geometric context, a segment snapshot is appended to the
end of each row, highlighting the segment’s spatial location within the
alternative model. Each cell encodes the stress data, either the stress
value or stress difference, of the corresponding segment within an alter-
native. This layout enables the simultaneous comparison of multiple
segments and alternatives in a well-organized 2D space, mitigating
visual occlusion issues inherent in 3D representations.

Voxel-to-Pixel mapping. To visualize voxel data within a segment,
we project the 3D voxel grid into a 2D layout, mapping each voxel to a
pixel within the corresponding matrix cell, as illustrated in Figure 3A
and B. Given two segments and three alternatives (Figure 3A), we
extract voxel values at the same spatial coordinates across alternatives
and assign them to the corresponding 2D position in each cell. Each
pixel retains its original voxel value, using the same color scheme in
the tree view but with full opacity, as shown in Figure 3B. Notably, non-
existent voxels generated by the stress-aware segmentation are encoded
in light gray to visually indicate their absence within the segment in
a given alternative. For example, as shown in Figure 6B1, the pixels
corresponding to Models Aq+g+ and A+ appear gray, indicating non-
existent voxels in these models. In contrast, the same pixels appear
green in Models Apsp+ and Ac#, suggesting that this region exists
only in these two alternatives and exhibits a moderate stress level.
Since the column width is fixed, the row height encodes the number
of voxels in a segment. The number of voxels may vary significantly
between segments, resulting in cells that are either excessively long
or too short—both of which hinder effective analysis. Hence, we
apply a logarithmic transformation followed by min-max normalization,
mapping cell heights to a perceptually balanced range, ensuring all
segments remain visually accessible.

Voxel values are spatially continuous in 3D but become discontinu-
ous when projected into 2D, leading to a visually noisy appearance. To
enhance visual continuity, we employ a pixel ordering strategy based
on principal component analysis (PCA). Specifically, we apply the
principal components analysis to voxel vectors within each segment,
obtaining the one-dimensional projection of each voxel. As voxel vec-
tors are constructed from the stress data across alternatives, any two
voxels with close projections will tend to have similar stress data, in
either scheme. Ordering the pixels based on the projection can improve
the visual coherence within each cell. For an explanation of our choice
of PCA-based ordering and a comparison of different pixel ordering
strategies, please refer to Appendix A.

4.5 User Interactions

To enhance user exploration of segments and the analysis of localized
stress distributions, we implement the following interactive features.

Segment pinning and highlighting. In the comparison view, users
can select segments by clicking the selection buttons located at the
beginning of each row (Figure 3C). Once selected, the corresponding
segments are pinned to the top of the matrix for improved visibility. At
the same time, these segments are highlighted in the volume visualiza-
tions in the tree view, while unselected segments are visually filtered
out, allowing users to focus on relevant structures.

Manual segment grouping. Default segmentation primarily consid-
ers spatial proximity and stress-related features but does not account for
structural semantics. For instance, it may fail to classify the four legs of
a chair as a single segment. We provide users with the ability to manu-
ally group segments. This operation builds upon segment pinning: once
segments are pinned, users can click the grouping button located to the
left of the selection buttons (Figure 3D) to combine them into a new,
unified segment. This flexibility allows users to define semantically
meaningful segments beyond those automatically generated.

Segment ranking. The comparison view provides a segment ranking
feature to help users identify and prioritize segments of interest based on
two key metrics: variance and magnitude. These metrics can be applied
to either voxel stress values or voxel stress differences, depending on
which kind is associated with each voxel.

The variance metric quantifies the fluctuation of voxel values across
all alternative models, highlighting segments that exhibit substantial
variations. It is computed as the statistical variance of voxel values
aggregated within each segment. When applied to voxel stress values,
it reveals regions with unstable stress distributions. When applied to
voxel stress differences, it identifies segments where stress changes
significantly across alternatives. The magnitude metric captures the
overall intensity of voxel values within a segment. When applied
to voxel stress values, it highlights regions experiencing high stress.
When applied to voxel stress differences, it identifies segments with
substantial stress variation. Since stress difference values can be either
positive or negative, magnitude is particularly defined as the average
absolute voxel value across all alternatives.

By integrating these two complementary metrics, the ranking func-
tion directs users’ attention to segments with meaningful stress patterns,
enabling more targeted structural analysis.

4.6 System Architecture

StressDiffVis is implemented as a web-based application adopting a
decoupled front-end and back-end architecture to ensure modularity.
The back-end server is built using the Python Flask framework, and is
primarily responsible for volumetric data processing, model segmenta-
tion, and differential computation. In particular, model segmentation
is optimized through the use of Numba, a Python library that acceler-
ates computation-intensive loops via JIT compilation to fast machine
code. To enhance computational efficiency, the server supports parallel
processing for differential computation tasks. For operations such as
segment selection, the system leverages the NumPy library to perform
efficient voxel-level operations, including array filtering and mask-
based manipulations. The front end is developed using TypeScript and
the Vue 3 framework. The 3D visualization component is implemented
with Three.js, which provides efficient support for DVR.

All development and testing were conducted on a desktop system
running Windows 10, equipped with an Intel Core 17-13700K 3.40 GHz
CPU, NVIDIA GeForce RTX 3070 (8 GB) GPU, and 64 GB of RAM.

5 EVALUATION

The effectiveness and utility of StressDiffVis were evaluated through
two case studies and interviews with E1 and E3. Both case studies
followed the same procedure. First, we introduced the visual designs
and interactions of StressDiffVis. Second, the expert selected a struc-
ture model to optimize it regarding the stress analysis with a series of
structural modifications. AutoCAD was provided to the expert as a
modeling software, allowing the expert to perform structural modifica-
tions. Abaqus was used to perform FEA, generating the nodal stress
data. StressDiffVis serves as a comparative stress analysis tool to help
the expert evaluate and compare the generated alternative models. After
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Fig. 4: Case study regarding a wooden chair. (A, B, C, and D) Stress-aware volume visualizations of Models A, Ay, Ag, and Ac, respectively.
(B1, C1, and D1) Difference-aware volume visualizations to highlight deterioration or improvements of (B), (C), and (D), compared to (A). (E) The
top four segments, corresponding to the middle section of the chair legs, are identified as regions with deterioration in Model Az. (E1 and E2)
Difference-aware volume visualizations of Models Az and Ay, compared to Model A, with filtering to include only the top four segments. (F) The
bottom segment is improved in Model Ap but deteriorates in Model Ap. (F1 and F2) Difference-aware volume visualizations of Models Az and Ay,
compared to Model A, with filtering to include only the bottom segment. (G) Difference-aware volume visualization of Model Agp, compared to Model

A. (H) Loading conditions applied to the wooden chair.

each case study, we conducted an interview to collect expert feedback
regarding StressDiffVis’s practicality and effectiveness.

For better illustration, we use “Model” followed by a letter to distin-
guish different models, such as “Model A” and “Model B.” To indicate
additional modifications, we adopt subscripted notation. For example,
“Model Ac” represents a variant of “Model A” with modification C
added. In this way, “Model A” can be considered as removing modifi-
cation C from “Model A¢.”

5.1 Case |: Comparative Stress Analysis of a Wooden Chair

The first case study focused on a wooden chair provided by E3. The
objective was to optimize the chair’s structure by analyzing its stress dis-
tribution, identifying critical high-stress regions, and iteratively refining
the design for structural reinforcement.

Parameter setting. The wooden chair was constructed from spruce,
which has a density of 500 kg/m>. As wood is an orthotropic material,
its mechanical properties vary significantly along different anatomical
directions. However, following [23], to simplify the stress analysis
and facilitate efficient computation, an isotropic approximation was
employed. The elastic modulus was set to E = 3.98 x 10° Pa and
Poisson’s ratio to v = 0.192. While this approximation introduces
simplifications and may deviate from the precise stress behavior of
anisotropic materials, it preserves the relative spatial distribution and
trend of stress concentrations, which are the primary focus of our visual
analysis. Such trends remain meaningful for comparative purposes,
especially in early-stage design evaluations. The failure stress value
is set as 1.2 x 107 Pa. For loading conditions, a maximum occupant
weight of 130 kg was considered to account for overweight individuals.
In addition, a horizontal force of 450 N was accordingly applied to
the backrest. The direction, placement, and magnitude of the applied
forces were illustrated in Figure 4H.

Overview. After importing Model A (the base model) and loading
the corresponding stress data, E3 obtained the initial visualization (Fig-
ure 4A). Model A was rendered in the tree view using volume rendering,
providing an overview of the stress distribution. E3 observed that the
seat of the chair appeared blue and nearly transparent, indicating mini-

mal stress in this region. In contrast, significant stress was identified at
the backrest of the chair and at the ends of the legs (i.e., the feet and
hinges). Since E3 was primarily concerned with high-stress regions,
low-stress regions were deemed less relevant for further analysis. E3
decided to optimize the structural design of the chair’s backrest and
legs to achieve a more balanced stress distribution and enhance overall
structural integrity.

Reinforcing chair backrest. To reduce the stress of the chair’s
backrest, E3 introduced two armrests to Model A, resulting in Model
Ap. A preliminary observation in Model Ay was a lighter color in
the backrest of the chair compared to Model A, suggesting a stress
reduction (Figure 4B). However, the extent of the optimized region
was still hard to recognize. Consequently, E3 selected Model A as the
reference model for further comparative analysis. The system computed
voxel-wise stress differences between Model A and Model Agp. The
resulting difference visualization (Figure 4B 1) indicated an extensive
region of blue difference voxels, confirming a significant improvement
on the backrest. Moreover, the extent of the optimized region was
identifiable, extending from the bottom of the backrest to both ends of
the lower rail. Based on these findings, Model A effectively met E3’s
requirements for optimizing the chair’s backrest.

Reinforcing chair legs. To optimize the stress distribution of the
chair legs, E3 designed two alternatives, Models Ap and Ac, by in-
corporating additional stretchers connecting the front-back chair legs
and left-right chair legs, respectively. Similarly, E3 imported Models
Ap and A¢ and their corresponding stress data into the system, as
shown in Figure 4C and D. However, the precise effect of the additional
stretchers in Models Ap and A¢ remained unclear. Consequently, E3
selected Model A as the reference model, and the differential computa-
tion was performed. The resulting difference visualization in the tree
view (Figure 4C1 and D1) highlighted a blue region at the hinge and
foot of Model Ap, indicating stress reduction in these regions. This
corresponds to the critical high-stress regions in the chair legs of Model
A that required structural improvement. In addition, stress increased in
the middle section of the chair legs in Model Ap (Figure 4C1). This
suggests that the stretchers connecting the front-back legs effectively
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redistribute the excessive stress in the chair legs. This redistribution
allowed forces to be more evenly distributed across the chair legs,
improving the structural integrity.

In contrast, Model A¢ exhibited minimal difference compared to
Model A (Figure 4D1). This outcome stems from the applied loads,
including vertical forces from the seated user and horizontal forces
on the chair back. The front-back stretchers in Model Ap effectively
resisted horizontal loads, whereas the left-right stretchers in Model A¢
offered no benefit under these loading conditions. The difference was
also slighter compared to the differences shown in Figure 4B1 and C1.
As a result, Model A¢ was excluded from further analysis, and Model
Ap was retained for the structural improvement of the chair legs.

Combination of reinforcement. Based on the above analysis, E3
concluded that Models Ap and A effectively optimized the chair legs
and backrest, respectively. However, upon further inspection in the
comparison view (Figure 4E and F), E3 observed two distinct kinds of
segments, each exhibiting opposite effects.

Within the top four segments (Figure 4E), the difference voxels in
Model Ap appeared predominantly red, whereas those in Model Ap
were mostly white. This indicated that Model Ap contributed to stress
deterioration in this region, while Model Ay had minimal impact. E3
selected the top four segments shown in Figure 4E as a segment group.
By activating this group and filtering its voxels in the tree view, E3
obtained the affected region (Figure 4E1 and E2) and confirmed that
the region of deterioration in model Ap corresponded to the middle
section of the chair legs, aligning with the previous analysis.

In contrast, in the lower segment (Figure 4F), the difference voxels
in Model Ap were predominantly blue, while those in Model Ap were
red, indicating that Model Ap improved this region while Model Agp
worsened it. After filtering and rendering the voxels in this segment
(Figure 4F1 and F2), E3 found that Model A significantly deteriorated
the upper section of the chair’s back legs and the hinge. Since this
region already exhibited high stress in Model A, further deterioration
led to an even more uneven stress distribution in the chair legs.

To mitigate the negative impact of Model Ag, E3 designed a com-
bined Model, Agp, which integrates Models Ap and Ap by incorporat-
ing both back-end stretchers and armrests to balance their effects. E3
imported Model Apg into the system and used Model A as the refer-
ence to generate the difference rendering for Model Ap(), as shown in
Figure 4G. The results indicated that Model Ap( significantly improved
the stress distribution in both the chair legs and backrest. However,
an increase in stress was observed in the middle section of the chair
legs. Since this region originally exhibited low stress in Model A, E3
considered this deterioration acceptable. Consequently, E3 achieved an
optimized structural design for the wooden chair.

5.2 Case Il: Comparative Stress Analysis of Truss Bridge

The second case study focused on the structural improvement of a truss
bridge model provided by designer E1. The objective was to reduce the
material cost of the model while retaining safety by preventing fracture.

Parameter setting. The truss bridge model was constructed from
reinforced steel, with a density of 7850 kg/m>, Young’s modulus of
2.1 x 10! Pa, and a Poisson’s ratio of 0.3. The failure stress value is set
as 1.4 x 108Pa. The applied load consisted of a uniformly distributed
vertical force of 4.5 x 10° N acting perpendicular to the bridge deck,
in addition to the gravitational load.

Model introduction. During the design process, E1 tried to modify
or remove some of the supports to reduce the material. For illustration,
we introduce the following notations (Figure 5). The base model is
denoted as Apsc#p#pr. The letter A represents the skeleton of the truss
bridge, and the letters B, C, E, and D represent the support members.
Hereafter, we refer to the support member as the support for brevity.
The symbol # represents the thickening of the supports. For example,
B* denotes the supports thickened from B. B denotes the three middle
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Model Ac’e Model Ac*
ey —

| .
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Fig. 6: Case study of a truss bridge. (A) Stress-aware volume visual-
ization of Models Agspy, Acig, Age, and A+, where stress variants are
difficult to distinguish. (B) In the segments corresponding to connections
between supports and upper chord beams, Models A+ and A+ exhibit
stress deterioration. (B1) Voxels are absent in Models A+ and A+
(gray), but present with moderate stress in Az, and Ag: (green).

vertical supports. C denotes the two middle diagonal supports. D
denotes the two vertical supports, and E denotes the two diagonal
supports, both located at the far left and right ends of the bridge.

Removing supports V.S. thinning supports. Initially, E1 designed
three alternatives, namely, Models Apcep, Apgspr, and Acsps (Fig-
ure 1A). In the first one, all supports were thinned, while in the latter
two, diagonal or vertical supports were selectively removed, respec-
tively. In the stress visualization of Model Agcrp, E1 observed distinct
yellow regions in the diagonal supports E, indicating significant stress
concentration (Figure 1B). In the other alternatives, no clear stress
concentration patterns were observed.

To examine stress distribution changes, E1 selected the base model
as the reference to compute stress differences and generate difference-
aware visualizations (Figure 1C). First, in Model Agcgp, a significant
stress increase was observed in the diagonal supports, whereas the ver-
tical supports exhibited minimal differences (Figure 1C1). The reduced
thickness of vertical supports (i.e., supports B and D) has a negligible
impact on stress distribution. E1 confirmed that diagonal supports ex-
perience greater horizontal shear than vertical ones. Second, in Model
Apsp#, where diagonal supports are removed, substantial stress con-
centrations emerge in the vertical supports and the lower chord beam
(Figure 1C2), indicating a loss of structural integrity. Third, comparing
Model A+ g+ to the base model reveals that removing the vertical sup-
ports increases stress in the lower regions of both the diagonal supports
and the lower chord beam (Figure 1C3).

To more clearly analyze vertical and diagonal supports, E1 turned
to the comparison view, where the alternatives were segmented based
on stress distribution. Based on the performance of the segmentation
results, E1 selected A; = 0.57 x FS as the stress threshold. By ranking
segments according to their variances, E1 noticed the segments cor-
responding to the vertical supports (Figure 1D). Although the stress
largely increased in Model Apsp+, the magnitude remained within an
acceptable range, as indicated by the green color. E1 then ranked the
segments based on their magnitude. Segments exhibiting notably high
stress levels within the diagonal support regions were identified (Fig-
ure 1E). E1 then grouped these segments together and pinned them
at the top. Another pattern emerged clearly: in Model Agcgp, these
segments appeared yellow with high stress.

Notably, among all alternatives, only this model exhibited such high
stress in these regions, reinforcing previous findings. To further inves-
tigate this stress concentration, we examined the corresponding pixel
positions in other alternatives. Specifically, in Models Ag#c#g#p# and
Ac#p#, these regions consistently appeared green, indicating low stress.
This suggests that the removal of the thickened vertical support in
Model Ap#c#g#p# does not lead to stress increase in the diagonal sup-
port. Consequently, the thickened vertical support in Model A gsc# g+ pr
may be considered removable.

E1 retained Models Agsp# and A+, as they reduced material costs
while exhibiting an acceptable stress distribution. In contrast, Model
Apcep was discarded due to its high-stress concentration.



Thinning supports further. E1 further explored whether the
bridge’s material could be further reduced. E1 removed the supports at
the bridge ends from Models Agtp# and Ac#g#, respectively, obtaining
Models Ag+ and A+. E1 wanted to check whether either of these mod-
els was available. E1 first encountered difficulty in figuring out how
stress increases compared to the previous models (Figure 6A). Thus, E1
turned to analyze the segments. By ranking the segments according to
their variances, E1 identified the segments where the stress of Models
Apys and A+ largely increased compared to Models Agep# and Agup+.
For example, shown in Figure 6B, the connections of the supports and
the upper chord beam in both Models Ag+ and A+ exhibited obvious
stress concentration. Stress concentration at the connection is more dan-
gerous than that at the supports, as connections are fatigue-prone parts.
Finally, E1 believed further reduction of materials is undesirable and
decided to test Models Apgsp# and Aqxg+ under other load conditions.

5.3 Expert Interviews

‘We conducted one-on-one interviews with domain experts after the case
studies to gather feedback on StressDiffVis.

Effectiveness. Experts acknowledged the practical value of StressD-
iffVis in facilitating stress comparison and guiding structural improve-
ments, highlighting its potential impact on engineering workflows.
E3 noted that the system effectively revealed stress differences be-
tween structures, stating, “It saves me from playing ‘spot the difference’
between stress plots.” Furthermore, both experts confirmed that the
multi-alternative comparative visualization provides a capability that is
currently lacking in CAE post-processing tools.

Visualization. They appreciated StressDiffVis’s visual design. Fol-
lowing a brief introduction, they readily understood the visual design.
E3 highlighted the volume visualization alleviates occlusion issues
common in contour plots, reducing the need for continuous camera ma-
nipulation. E1 emphasized the utility of the alternative-segment matrix,
along with model segmentation, in facilitating localized, occlusion-free
comparisons. He remarked, “The matrix allows me to efficiently detect
localized stress variations across multiple alternatives.”

Suggestions. Experts suggested the inclusion of numerical stress
information. E3 acknowledged that while the current color and opac-
ity encodings effectively differentiate between high- and low-stress
regions, as well as stress variations, incorporating numerical stress
values would enhance his ability to assess improvements and determine
whether further refinements are warranted. E1 similarly emphasized
the importance of numerical data. He noted that although some regions
may exhibit visible stress deterioration, their actual stress values might
remain low and non-critical. To address this, he suggested introducing
an option to filter out low-stress regions, thereby emphasizing regions
where high stress has worsened.

6 DISCUSSION

This section discusses the implications, scalability, generalizability, and
limitations of StressDiffVis, and potential directions for future research.

Implications. To the best of our knowledge, StressDiffVis is the
first visual analytics approach for comparative stress analysis across
multiple design alternatives. It addresses a key limitation of existing
stress analysis platforms, which primarily evaluate models side-by-
side and lack support for systematic stress distribution comparisons
during design iterations. By combining volumetric representation with
model segmentation, StressDiffVis enables engineers to explore stress
distributions and variations between alternatives from both localized
and global perspectives, offering deeper insights into structural behavior
and facilitating more informed decision-making.

Scalability. While real-time rendering of complex, large-scale struc-
tural models is beyond the scope of this work, StressDiftVis is designed
to integrate seamlessly into engineering workflows. In the structural
analysis of a large-scale model, for example, an entire automobile,
engineers typically focus on critical substructures (e.g., the chassis and
suspension) rather than analyzing the entire model at full resolution.
To accommodate this workflow, only key structures are imported into
StressDiff Vis, ensuring efficient exploration. Furthermore, the model
segmentation process is optimized for interactive use through Numba
JIT compilation. In Case I, segmentation is completed within 13 sec-
onds for five chair alternatives, each with over 1.46 million voxels.

In Case II, segmentation is completed within 30 seconds for six truss
bridge alternatives, each with over 4.2 million voxels. These results
demonstrate that StressDiff Vis maintains acceptable responsiveness
across models of varying complexity, making it suitable for practical
engineering analysis.

Generalizability. The proposed visual analytics pipeline, which
encompasses volumetric transformation, differential computation, and
model segmentation, is inherently independent of specific simulation
software or geometric models. Thus, StressDiffVis demonstrates high
generalizability across various structural design scenarios and model
types. It can be seamlessly integrated into existing engineering work-
flows, supporting comparative stress analysis across diverse structural
designs without requiring significant modifications.

Lesson Learned. We want to share two lessons for the visualiza-
tion community. On the technical side, our work demonstrates that
CAE simulation data can be structured into voxel-based representations
to support localized difference analysis. This strategy is applicable
to other domains, such as fluid dynamics, thermal analysis, and elec-
tromagnetic field studies, where comparison across model variants is
equally critical. On the methodological side, we observe that while
many industrial tools have matured over decades, there remain un-
tapped opportunities for visual analytics to enhance their effectiveness.
We encourage researchers to explore such under-addressed areas where
visualization can bring new value.

Limitations and Future Work. Despite its effectiveness, StressDif-
fVis also faces limitations, revealing potential areas for future research.

Directional Stress Analysis. This study focuses on scalar stress
measures, which limits its applicability in scenarios where directional
effects are critical. As part of future work, we aim to support full stress
tensor analysis and anisotropic material modeling. Visualizing and
comparing tensor fields introduces challenges, requiring new encoding
strategies and interaction techniques. Potential directions include the
use of tensor invariants, principal stress directions, or interactive pro-
jection methods to enable interpretable, comparative visualization of
directional stress patterns across design alternatives.

Model segmentation. The model segmentation in StressDiffVis pri-
marily focuses on voxel-level stress similarity and spatial continuity
without considering structural semantics. As a result, semantically
related but spatially disconnected components—such as symmetrical
elements (e.g., chair legs)—are treated as independent segments. This
may lead to redundancy and fragmented segments, potentially com-
plicating interpretation. Future work could explore the integration of
semantic-aware segmentation. By leveraging advanced 3D computer
vision models [46] or geometry-based models [15], semantically related
segments could be merged, improving the clarity and interpretability
of the analysis. In addition, the segmentation currently uses a default
lexicographic scan to initialize region growing. Allowing user-defined
seeding could offer more flexibility in guiding segmentation, and we
consider this a potential future extension.

Virtual/Augmented Reality. Virtual Reality (VR) and Augmented
Reality (AR) technologies provide immersive perception and intuitive
interaction, enhancing users’ spatial awareness and efficiency in com-
plex data analysis [18,47,51,54]. To the best of our knowledge, the
application of VR/AR for stress analysis remains unexplored. We plan
to extend StressDiffVis into a VR/AR environment to further support
immersive and interactive stress analysis.

7 CONCLUSION

This study presents StressDiffVis, a visual analytics approach for com-
paring stress distributions across multiple design alternatives. Devel-
oped through expert-informed collaboration, the system addresses key
requirements in stress analysis and comparative evaluation. We employ
a volumetric representation to enhance the visibility of stress distri-
butions and leverage voxel-wise differential computation to visualize
stress differences. To support localized stress analysis, we utilize stress-
based model segmentation. We also organize alternatives and their
segments in a matrix layout, where the volumetric data of each seg-
ment is mapped into a 2D pixel representation, enabling occlusion-free,
inter-model and intra-model stress comparison. Two real-world case
studies and expert interviews demonstrate the system’s effectiveness in
structural design analysis.
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