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Evaluation of Techniques for VR Visualizations of Airborne Bacteria in
Surgical Settings

CHENYI WANG

To achieve a safe and sustainable operating room environment, controlling airborne bacteria is essential. However,
there is a knowledge gap among medical staff regarding the spread of airborne bacteria and how they contaminate
the environment. VisBac is a software developed to utilize state-of-the-art virtual reality and visualization techniques
to transfer procedural knowledge of airborne bacteria control to medical staff. Users can explore a digital twin of an
operating room and observe airborne bacteria contamination in real time using either the particles visualization or the
streamlines visualization.

This thesis evaluates the effectiveness of these two visualization techniques in facilitating the transfer of procedural
knowledge. A comprehensive user study was conducted, involving two flow visualization tasks designed to assess each
technique’s ability to illustrate both local and global airflow patterns. The results indicate that the particles visualization
technique significantly improves accuracy in the local airflow pattern identification task and results in a lower perceived
workload in the global airflow pattern task. Participants reported that particles visualization provided clearer and more
intuitive visual cues, whereas streamlines visualization was perceived to have more visual clutter.

These findings suggest that the particles visualization is generally more effective for training medical staff in

understanding airborne bacteria control in operating room environments.

SAMMANFATTNING

For att uppnd en siker och hallbar miljo i operationssalen dr det viktigt att kontrollera luftburna bakterier. Det finns dock
en kunskapslucka bland medicinsk personal nér det géller spridningen av luftburna bakterier och hur de kontaminerar
miljon. VisBac dr en programvara som har utvecklats for att anvinda de senaste teknikerna for virtuell verklighet och
visualisering for att dverfora kunskap om kontroll av luftburna bakterier till virdpersonal. Anvindarna kan utforska
en digital tvilling av en operationssal och observera luftburen bakteriekontaminering i realtid med hjélp av antingen
partikelvisualisering eller stromlinjeformad visualisering.

I denna avhandling utvirderas hur effektiva dessa tva visualiseringstekniker &r for att underlitta Gverforingen av
procedurkunskap. En omfattande anvéndarstudie genomfordes med tva flodesvisualiseringsuppgifter som utformats
for att bedoma varje tekniks formaga att illustrera béde lokala och globala luftflodesmonster. Resultaten visar att
partikelvisualiseringstekniken avsevirt forbattrar noggrannheten i uppgiften att identifiera lokala luftlodesmonster
och resulterar i en lidgre upplevd arbetsbelastning i uppgiften att illustrera globala luftfiddesmonster. Deltagarna
rapporterade att partikelvisualisering gav tydligare och mer intuitiva visuella ledtrddar, medan stromlinjeformad
visualisering uppfattades som mer visuellt

Dessa resultat tyder pa att visualisering med partiklar i allménhet dr mer effektiv for att utbilda medicinsk personal i

att forsta kontrollen av luftburna bakterier i operationssalsmiljoer.
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1 INTRODUCTION

In Sweden, as reported by the Swedish Board of Health and Welfare, a significant concern in healthcare is the prevalence
of hospital-acquired infections, with over 1,500 patients succumbing annually [1]. A notable contributor to these
infections is airborne bacteria, particularly in surgical environments. A staggering 98% of bacteria found in surgical
wounds originate from the surrounding air [1], indicating a critical need for better environmental understanding and
control.

In light of these issues, Sadeghian et al. (2021) [27] presented a novel system referred to as VisBac for visualizing
unseen airborne bacteria. VisBac was designed to help medical professionals have a clearer image of the impact of
their behavior in the Operating Room (OR), thus increasing the opportunity to reduce the risks of infection caused
by airborne bacteria [27]. It implemented a digital twin of the OR and employed a virtual reality (VR) interface
for visualizing animations from a computational simulation of the airflow. In addition, VisBac provides various
visualization techniques, such as animated particles, animated streamlines, and airflow velocity vectors on a 2D slice.
This immersive approach offers an innovative perspective: by wearing a VR headset, medical staff can visually track
air movement and potential bacterial spreading paths during surgeries, a crucial step towards procedural knowledge
acquisition on airborne bacteria control.

Procedural knowledge, or the “know-how” of performing specific tasks, is foundational in the medical field, espe-
cially within the context of surgical procedures. Unlike declarative knowledge, which involves understanding *what’
information (e.g., airborne bacteria is a major cause of surgical infections), procedural knowledge encompasses the
"how’—the application of skills and steps in dynamic, real-world situations. In surgical settings, this might include
the sequence of actions to ensure a stable heart rate, the adaptation to sudden changes in patient condition, or the
application of specific techniques to minimize infection risks. Such knowledge is vital for ensuring patient safety
and the successful execution of surgical interventions. The goal of implementing visualization techniques with a VR
interface like those in VisBac is to enhance the acquisition and transfer of this critical procedural knowledge, enabling
medical professionals to internalize and apply complex procedures and safety measures more effectively.

While the VisBac system marks a significant advancement in visualizing airborne bacteria, its evaluation in terms of
usability and effectiveness, particularly in enhancing procedural knowledge, has been limited. Previous studies faced
constraints, including limited participant recruitment due to the outbreak of the COVID-19 pandemic. This thesis aims
at filling such gap by conducting a comparative analysis of various visualization techniques within the VisBac system

to assess their impact on the acquisition and transfer of procedural knowledge in surgical environments.

1.1 Research question

To assess the impact of VisBac’s flow visualization techniques on enhancing procedural knowledge in surgical settings,
this study focuses on their effectiveness in training people to understand airflow patterns in the OR. Specifically,
this thesis compares and identifies which techniques most effectively convey complex airflow patterns and potential
contamination pathways, thereby supporting medical professionals in applying this knowledge practically. Thus, given

this specific context, this research seeks to determine:

Which of VisBac’s visualization techniques—particles or streamlines—most effectively facilitates the
acquisition and transfer of procedural knowledge related to airborne bacteria control in surgical environ-

ments?
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The streamlines method displays the trajectory of airborne bacteria as lines animated at a constant speed to convey
directional cues. On the other hand, the particles method uses moving particles animated by the flow simulation data.
This research question is explored through comparative analysis, focusing on user performance across pattern-based
flow analysis tasks designed to mimic real-world scenarios encountered in surgical rooms. More specifically, the

following two tasks have been designed with different objectives and measures.

(1) Task 1: Local Airflow Pattern Identification

e Objectives: Evaluate the subject’s ability to predict a particle’s movement introduced at a known point within
a limited range, reflecting their understanding of local airflow dynamics.

e Measures: Performance is quantitatively accessed by the accuracy of predictions and the time taken to make
them. In this task, higher accuracy supports better performance of the technique, and shorter completion time
indicates greater intuitiveness of the technique.

(2) Task 2: Global Airflow and Contamination Path Analysis

e Objectives: Assess users’ capability to distinguish different bacteria spreading patterns in a simulated OR
environment, accounting for varying ventilation conditions.

e Measures: Given a fixed amount of time (ninety seconds), participants are allowed to observe the OR and
then required to answer a questionnaire with questions about airflow and contamination patterns. The accuracy
of their identifications, quantified by the number of correct answers, will serve as the primary measure of
performance. In addition, the task also measures the perceived workload through the NASA-TLX questionnaire,
with a higher score representing a higher perceived workload, indicating extra effort needs to be made to

complete the task.

1.2 Hypothesis

Existing research indicates that visualizations that reveal integral curves, such as streamlines, provide a clearer
representation of directional flow and have been shown to enhance user performance in understanding complex vector
fields. For example, Forsberg et al.’s [7] work supports the notion that thin-line representations can improve task
performance by providing precise directional information. Based on this evidence, the author hypothesized that the
streamlines method would outperform the particles method on both local and global airflow tasks. Specifically, I
expected that streamlines would offer more precise directional and trajectory information on bacteria spreading, thereby
supporting better task performance. However, the author also anticipated that the streamlines method would require
more completion time in Task 1 and result in higher NASA-TLX scores in Task 2 due to a higher chance of visual

clutter and the lack of speed information, which could cause confusion.

1.3 Scope and delimitations

This research is bounded by specific focus areas and inherent constraints that shape its outcomes and applicability.
Firstly, due to the computational demands of simulating airborne bacteria and airflow dynamics, the study relies on
pre-existing datasets from the original VisBac project as described in the 3.2 section. This necessitates a focus on a
limited set of scenarios, excluding the introduction of new, potentially informative scenarios such as varying room
layouts or emergency situations. While this limitation constrains the breadth of environmental conditions evaluated, it
ensures the feasibility of the project within its technical scope.

Furthermore, the participant demographic for this study is predominantly university students, rather than medical
professionals. This selection is primarily due to accessibility and time constraints. While this may affect the direct
applicability of findings to clinical practice, this study aims to bridge this gap as much as possible by providing
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foundational insights into the effectiveness of VisBac in procedural knowledge training, setting the stage for future
research with a more targeted participant group.

Future research could benefit by including a wider array of participants, particularly surgeons and surgical nurses, to
better assess the effectiveness of VR visualizations in professional settings. Additionally, expanding the scenarios to
include a variety of surgical environments and scenarios could further enhance the realism and applicability of the

research findings.

2 BACKGROUND AND RELATED WORK

To establish a robust foundation for this research, the author conducted an extensive review of the literature relevant to
the design, implementation, and evaluation of flow visualization techniques. This review encompasses a wide spectrum
of flow visualization methods, delving into the theories of perception that explains how these visualizations are
interpreted by the human brain. Furthermore, this review explores various methodologies and practices for evaluating
the effectiveness of these techniques in conveying complex flow information.

Flow data, typically generated through measurements or simulations, are recorded as vector fields. These fields serve
as the basis for flow visualization and analysis, where multiple methods could be applied [3]. The subsection that follows
will first introduce the mathematical foundations underlying vector fields, offering insight into their structural and
functional properties. The second subsection then provides a summary of the primary categories of flow visualization
techniques, highlighting their distinct advantages and disadvantages. Furthermore, a subsection examines the work that
measures the performance of flow visualization techniques, with a focus on the evaluation methodologies. The final
subsection, dedicated to related work, investigates studies closely aligned/related to this thesis, elucidating how their

methodologies and findings have shaped this thesis project.

2.1 Flow and vector fields

Vector field is a fundamental concept in mathematics. Vector fields serve as fundamental tools for understanding spatial
relationships and dynamic systems in mathematics. In essence, a vector field is a vector-valued function that assigns a
vector (with direction and magnitude) to any given point within a designated spatial domain.

A vector field F' can be expressed as an ordinary differential equation (ODE), which represents the rate of change of
some quantity (e.g., position) at a given point in space. Mathematically, this can be written as:

% — F(r)

Here, r represents the position vector, ¢ represents time, and F'(r) is the vector field function. This differential
equation describes how the position of a particle changes over time as it moves through the vector field.

Solving this ODE results in a function 7 (¢) that satisfies the equation. This function represents the trajectory or path
followed by the particle as it moves through the vector field over time. These trajectories collectively define the flow
patterns guided by the vector field. This integration process is also referred to as particle tracing in flow visualization

research. It can be represented using a line integral equation:

r(t) =ro —l—/t F(r(t")dt

where 7o is the initial point of the integration, ¢o represents the initial time, and ¢ represents the current time.
Vector fields exhibit both local and global features that are important for research. To be specific, local features
focus on the characteristics of the vector field in the immediate vicinity of a given point, including factors such as the

direction and magnitude of vectors in proximity, while global features encompass the broader dynamics across an entire
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spatial region. Common global flow features include properties like circulation, divergence, and curl, which reveal the
flow patterns and dynamics of the vector field on a larger scale. Understanding both local and global features of vector
fields is essential for various practical applications and further research endeavors. For example, in fluid dynamics,
knowing the local features of a vector field helps predict the behavior of fluid flow around obstacles or within complex
geometries. Meanwhile, understanding global features such as circulation provides insights into broader flow patterns,
facilitating the design of more efficient aerodynamic structures or the prediction of natural phenomena. In research,
a comprehensive understanding of both local and global features enables the development of advanced modeling
techniques, optimization strategies, and predictive algorithms across diverse fields, ranging from environmental science

to engineering design [39].

2.2 Flow visualization

Flow visualization is a research topic with a long history of applications in science and engineering [13], including
aerodynamics, mechanical engineering, and computer graphics. Prior to the widespread use of computers in this field,
flow visualization was conducted using experimental (also known as optical) methods. Techniques such as injecting
dyes or smoke from vents allowed researchers to achieve real-time visualization of flows. However, these approaches
were often expensive and not suitable for large-scale flow visualization. Beginning in the early 1980s, the application of
computers for visualizing flows, along with the development of Computational Fluid Dynamics (CFD), has significantly
advanced the research, leading to the development of new methods for displaying flow data on computers. Today, after
more than two decades of intensive research, the methods for flow visualization are categorized into four main types:

Direct methods, Geometry-based methods, Texture-based methods, and Topology (Feature)-based methods [21, 25].

2.2.1 Direct Methods. Direct Methods map vector field data directly to visual structures without revealing any
intermediate knowledge of the flow data. Commonly seen approaches are arrow plots, pseudocolor plots, and volume
rendering. These methods are straightforward to implement and furnish a rapid overview of vector fields. Nonetheless,
within the context of arrow plots, the magnitude can pose a challenge: small magnitudes may result in arrows shrinking
to points, whereas large magnitudes can cause arrows to overlap with adjacent ones, leading to ambiguous outcomes

[2].

2.2.2 Geometry-based Methods. Geometric-based flow visualization methods involve placing discrete geometry
within the vector field, with their characteristics designed to reflect the underlying properties of the flow. Significant
progress has been made in this field over the past two decades. Notably, research related to streamlines and streamsurfaces
has gained widespread popularity. To address the issues of occlusion and depth perception, previous work has explored
both efficient placement/clustering strategies [10, 31, 38] and advanced rendering techniques [5, 23, 40]. For more
detailed information on this topic, the reader is referred to a comprehensive survey paper [21] that reviews the progress

of geometry-based methods over the decades.

2.2.3 Texture-based Methods. Texture-based flow visualization methods utilize textures to depict flow characteris-
tics by generating and filtering a texture according to the local flow vector [13]. Methods such as the Line Integral
Convolution (LIC) [4], the spot noise [33], and “image-based” flow visualization [34] have demonstrated success
across various scientific and engineering applications. It is later extended to 3D flow visualization, such as the volume
LIC [26]. Its widespread popularity stems from features such as suitability for efficient parallel implementation on
graphics hardware [19] and the capability to utilize adaptive resolution. However, perception issues present significant
challenges. A survey study [13] analyzing texture-based methods revealed that, in 3D fields, these methods are generally

considered less intuitive than those based on geometric objects and particle animation.
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2.2.4 Topology-based Methods. Feature-based algorithms prioritize the visualization of specific aspects of the
data, such as vortices or topological features [9, 15, 29], over the visualization of the entire dataset. This focus can
significantly reduce the amount of data required for analysis [32, 36], making these techniques well-suited for large
datasets that encompass large timesteps. However, these methods generally involve a comprehensive search of the
domain prior to visualization, taking considerably more processing time. A detailed survey of the feature-based

approach is presented by Post et al. [25].

2.3 Evaluating visualization techniques

Every year, new information visualization methods and techniques emerge, with the majority focusing on computational
performance. However, only a few report their effectiveness through user studies. Ware addressed this issue in 2008,
highlighting several key concerns in flow visualization research [35]. These include the lack of attention to vision
science, limited discussion of related perceptual theory, and the necessity of evaluating the effectiveness of display
techniques. The author argues that developing a perceptual theory is essential for advancing visualization research. By
integrating human perception theory into data visualization, researchers can generate testable predictions about effective
data mapping displays. This approach leads to a deeper understanding of data patterns and enhances visualization
effectiveness [35].

When evaluating the effectiveness of information visualization techniques, user experiments that measure time
and correctness in performing context-related tasks are commonly seen and believed to be reliable. Laskowski and
Plaisant categorized three levels of evaluation of visual analytics: component, system, and work environment [14]. At
the component level, the lowest, the paper decomposed information visualization into interaction techniques, visual
representations, and interface designs, finding that controlled experiments with users are generally useful in evaluating
these isolated components. Metrics such as effectiveness (e.g., percentage of correct answers) and efficiency (e.g.,
time to complete a task) are often applied in these user studies. However, the paper also notes that the traditional task
designs at the component level are overly simplistic, featuring only "locate" and "identify" tasks. It argues that more
complex tasks such as "compare," "distinguish," and "rank" should also be included since they more closely mimic
real work environment tasks [14].

Although meaningful metrics for evaluating visualization techniques are challenging to establish, efforts have been
made to propose criteria. Luzzardi et al. (2004) [18] link typical interface usability knowledge from the Human-
Computer Interaction field with the evaluation of the expressiveness, semantic content, and interaction facilities of
visualization techniques. They devised a set of criteria for the evaluation of visual representations and interaction
mechanisms provided by information visualization techniques. According to the criteria, the first and main aspect
to be evaluated in a visualization technique is the codification of information, as our perception of information is
inherently based on how data is mapped to visual objects. Another critical aspect is spatial organization, including how
easily an information element can be located within the display and the user’s awareness of the overall distribution
of information elements. Challenges arise when occlusion occurs (some objects are obscured by others) or when the
layout does not follow a logical order.

These works highlight the importance of this thesis research. Evaluating a visualization technique should be
considered a critical process in its development. This evaluation examines effectiveness and usability from a user’s
perspective rather than a developer’s, providing insights into how humans perceive and decode visual cues. These
insights help in developing or fine-tuning better visualizations.
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2.4 Related Work

Sadrizadeh et al.’s work [28] and Sadeghian et al.’s work [27] serve as the foundational pillars for this thesis project.
Sadrizadeh et al.’s study simulate the spread of airborne bacteria in an OR during an ongoing surgery, using commonly
seen ventilation systems. Their numerical simulations revealed that multiple factors can interfere with the airflow from
ventilation systems and increase contamination risks. For example, a surgeon’s bending posture could obstruct the path
of clean air, escalating contamination levels within the operating room (OR).

To transfer this abstract knowledge to medical staff, Sadeghian et al. applied state-of-the-art simulation and visual-
ization techniques to develop the VisBac tool. They simulated the spread of bacteria in the OR using three different
ventilation systems: temperature-controlled (TcAF) ventilation, laminar airflow (LAF), and mixing ventilation. Ventila-
tion systems play a crucial role in an operating room by controlling the air quality and reducing the risk of airborne
infections. Temperature-controlled airflow ventilation helps to maintain a consistent temperature and reduces the spread
of contaminants. Laminar airflow ventilation creates a unidirectional flow of air, which helps to sweep away airborne
particles. Mixing ventilation dilutes contaminated air by mixing it with clean air, reducing the overall concentration
of bacteria. To design the visual representation of the airflow simulation data, they conducted focused user studies
with computational fluid dynamics experts. Furthermore, their study also considered the actual tasks and needs of
their target users, such as understanding and communicating how room layout, work practices, and ventilation design
influence infection risk, which is crucial for both medical (nurses and physicians) and technical staff (ventilation
system engineers). Their prototype, developed using the Unity Engine', underwent several validation stages through
small-scale expert interviews. In its final iteration, which underpins this thesis, users could interact with the software to
alter their view, including switching datasets and visual representations and navigating in the virtual space via natural
locomotion and teleportation. All components of this thesis, including the VR setup and software functionalities,
originate from the initial VisBac project, with modifications made to perform user study tasks. These changes are
detailed in the Methods section.

VisBac runs on HTC VIVE? VR equipment. Upon launching the application, the user is positioned in the virtual
OR and can move and look around freely within a predefined physical boundary (play area). In addition to navigating
by natural locomotion (walking), users can teleport to a designated position by pressing the teleport button on the
right-hand controller. Once the button is pressed and held, a marker appears on the floor, indicating the position that
the user is pointing at. The teleportation is executed once the user releases the button, provided that the destination is
within the OR boundary and free of any colliders. Two other buttons located below the teleportation button enable the
snap turn of the viewing angle, allowing the participant to turn their view 45 degrees left or right when pressed. On the
left controller, a circular menu offers several control options; one of them toggles the play or pause of the visualization
animation. For the user study of this thesis, other options on the menu are hidden to reduce unnecessary distractions,
and therefore, their functionalities are not described in detail here.

VisBac’s virtual OR is a digital replica of the New Karolinska University Hospital in Solna, Sweden. The OR
measures 8.5 m (length) x 7.7 m (width) x 3.2 m (height) [27]. The base models of the virtual OR contain 9 medical
staff members, 2 surgical lamps, 4 operation tables, and 2 pieces of medical equipment. In addition to the base models,
three sets of central diffusers and ventilation exhaust meshes exist to provide visual clues of which ventilation system is
being applied. By default, when the user switches the ventilation system via the left-hand circular menu, the additional

meshes change accordingly. An isometric overview of the three configurations of the OR is presented in Figure 1.

"Unity Technologies, Unity, Version 2018.4 (Unity Technologies, 2019), https:/unity.com/.
2HTC Corporation. https://www.vive.com/


https://unity.com/

Chenyi Wang

Q Surgical lamp

Equipment
Operating table

Surgical staff

(b)

Figure 1: An isometric view of the OR in its three configurations with: (a)TcAF, (b)mixing, and (c)LAF ventilation
systems.

The three visual representations in VisBac can be categorized into direct and indirect representations, each serving
to elucidate different aspects of airflow dynamics and bacteria spread. For direct representation, the vector field data
(consisting of position, velocity, temperature, etc.) are directly mapped to static visual elements, displaying both the
vector data through the orientation of visual elements and the scalar data through the scale of visual elements and their
color. Conversely, indirect representation reveals information about the vector field through dynamic visual elements,
such as streamlines and particles. These techniques utilize particle datasets derived from the CFD simulation to animate
the movements or paths of thousands of particles emitted from pollution sources.

VisBac’s 2D vector slice (Shown in Figure 2c) is a direct representation technique, utilizing 3D arrows to indicate
airflow direction and velocity on a designated vertical slice of the OR. Each arrow’s orientation represents the airflow
direction at its location, with its length indicative of the relative speed. The colors of these arrows, ranging from blue
(cold) to red (warm), denote the air temperature. Additionally, procedural animations are implemented on the arrows,
where white color pulses move at a constant speed from the base to the tip of the arrows to assist viewers in imagining
the airflow pattern across the slice. By positioning the slice at the OR’s center, this method aims to showcase the
ventilation system’s impact on airflow patterns, offering a static yet informative snapshot of environmental conditions.

VisBac’s other two visual representations are indirect and relate to particle set data. The animated particles method

(Shown in Figure 2b) processes particle data (consisting of particle locations at different time instances) to interpolate
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Figure 2: Visualizations of airflow within an OR as depicted in the VisBac tool: (a) animated streamlines
method providing dynamic trajectories of bacteria-carrying particles; (b) animated spherical particles method
illustrating the spatial distribution and speed of bacteria; and (c) velocity vectors on a 2D slice offering a static
and direct representation of airflow direction and temperature variations.

and display the real-time positions of each particle in every frame, showcasing immediate spread patterns. Particle
colors transition from red to blue, indicating speed from slowest to fastest. Powered by Unity’s built-in particle system
using a default spherical geometry, these particles are rendered as opaque objects, with nearer ones occluding those
farther away, thus enhancing depth perception. The streamlines method (Shown in Figure 2a), on the other hand, maps
out the particles’ paths over time, emphasizing the trajectory and spread of bacteria within the OR. These lines are
generated by sampling all the locations of each particle across its lifespan, each serving as a vertex in Unity’s built-in
line renderer component. For performance optimization, lines not in the viewer’s field of view are culled to decrease
the rendering workload. A custom shader allows color customization (featuring a background layer and a pulsating
layer) and supports a procedural pulse animation at a constant speed, revealing the particle’s moving direction along
these lines.

While VisBac’s visualization methods have been designed to suit the purpose of visualizing and understanding
bacteria spreading patterns, they still have some inherent shortcomings. Firstly, the 2D vector slice method displays only
a single, fixed vertical cross-section of the 3D airflow, potentially neglecting the complexity of air movement across
the entire OR. To be able to view the velocity vectors across the entire OR, an additional user interface that allows
users to move the 2D slice in 3D space would be required. Secondly, while the spherical particle method received
positive feedback for its ability to indirectly depict the density of airborne bacteria particles within a specific area
[27], it falls short in tracking the precise movement paths of these particles. Thirdly, although the streamline method
effectively visualizes the path of bacteria movement, it can suffer from occlusions and prevent correct depth perception
[23]. In addition, unlike the particle method, which conveys speed information through color mapping, the streamline
method’s constant-speed pulse animation does not offer speed insights. Inevitably, every visualization comes with
intrinsic limitations. This is also seen as a trade-off brought about by design choices. However, the extent to which
these known drawbacks impact user performance in pattern-based flow visualization tasks remains unexplored and thus
necessitates a quantitative study to be assessed. This gap emphasizes the importance of this thesis research, aiming to
empirically assess the influence of different visualization techniques on users’ ability to interpret complex airflow data
within surgical settings.

Although, to the author’s knowledge, no previous work has directly applied flow visualization techniques to airborne
bacteria visualization in surgical settings, there exist studies that evaluate and compare different information visualization
methods through comprehensive user studies. An example is the study conducted by Kim et al. (2010) [11], which,
while not directly related to VisBac, offers invaluable insights into the structuring of task designs and the formulation of

user study methodologies. The authors evaluated the effectiveness of visualization techniques for schematic diagrams
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in maintenance tasks. Kim et al. define effectiveness in terms of enhancing user understanding and reducing task
completion time by preserving contextual information across schematic and wiring diagrams. Their user study, focusing
on individuals skilled in technical diagram analysis, utilizes task-oriented metrics such as speed and accuracy. They
ground their task designs in cognitive design principles and employ Analysis of Variance (ANOVA) tests to identify
significant differences between conditions.

Concerning the evaluation of flow visualization techniques, a study carried out by Laidlaw et al. (2001) [12], involved
a quantitative analysis comparing six visualization methods for 2D vector field data. They designed three tasks to
evaluate the methods’ performance, which included locating critical points, identifying the type of a critical point, and
predicting a particle’s end location. Their results indicated superior user performance with methods that clearly display
vector directions, represent integral curves, and mark critical points. Extending these insights to 3D, Forsberg et al.
(2009) [7] conducted a comprehensive user study comparing four different 3D flow visualization methods. Through a
series of tasks, participants evaluated the effectiveness of these methods and provided valuable insights into the factors
influencing user performance. Their findings emphasized the importance of clear, occlusion-free representations,
accurate depiction of speed and direction, and reduced utilization of 3D cues (texturing, shading, etc.) for enhancing
user engagement and task accuracy. These two pivotal studies not only form the basis of the task designs for this thesis
but also provided preliminary insights suggesting that the animated streamlines method might outperform the animated
particles method in tasks, as streamlines can offer more precise directional information and represent integral curve
information better than the particle method. However, according to previous work, the streamline method could also
impede user performance due to unresolved occlusion issues when rendering lines. These insights have shaped the

hypothesis and task design for this thesis, specifically in the context of VisBac’s application scenario.

3 METHODS

The experimental design draws upon insights from previous works and the context of the VisBac project. Notably,
previous research on the quantitative evaluation of 2D vector field visualization methods [12] and 3D vector field
visualization methods [7] influenced the task design. These insights emphasized that the task should be testable (simple
and quick enough for subjects to perform enough times and provide meaningful statistics) and should be motivated by
real application scenarios (representative of what users of a visualization typically do). In addition, the design of the
tasks is influenced by the work of Liu et al. [17], where they categorized the investigation scope of flow visualization

tasks into local and global scopes.

3.1 Scoping

The scope of the user experiment is limited by several factors. Firstly, the dataset is limited. To ensure the visualization
reveals real application scenarios, the data is simulated with high computational cost, making it unlikely that new data
could be simulated within the thesis project’s timeframe. Therefore, the trials for the tasks are based on the original
VisBac datasets, which limits some possible task designs. For example, tasks cannot assess participants’ understanding
of how opening doors impacts the contamination process. Additionally, the datasets are simulated with the same posture
for all medical personnel in the virtual OR. This makes it impossible to implement tasks that test the understanding of
how different postures of medical staff affect the spread of airborne bacteria.

Secondly, to ensure an equitable comparison, it is essential that all visualization techniques demand comparable
user effort. This means the task procedures across different methods should be uniform. However, the 2D vector slice
method poses a challenge for maintaining this balance. For instance, while Task 1 — predicting a particle — simply
requires users to observe and navigate using visual cues for the indirect methods, the vector slice method necessitates an

additional interface for users to manipulate the slice’s position for a full perspective. This disparity in user interaction
10
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Figure 3: An overview of the three emission sources of the dataset in VisBac: (a) emission source is everyone’s
feet, (b) emission source is everyone’s head, (c) emission source is the surgeon’s face.

effort inhibits direct comparisons between methods. Furthermore, the original dataset of VisBac contains only the 2D
slice vector field data at the center slice, making a global view of this method technically impossible. Consequently, to
achieve fairness in evaluation, this study will concentrate exclusively on indirect representation techniques, specifically

focusing on the animated particles and the streamlines methods.

3.2 VisBac Dataset

A dataset in VisBac is divided into two key components: the emission source (source of pollution) and the applied

ventilation system. There are three emission sources in the VisBac dataset:

e Everyone’s Feet: This emission source includes particles originating from the regions near the feet of all surgical
staff.

e Everyone’s Head: This emission source includes particles originating from the regions near the heads of all
surgical staff.

e Main Surgeon’s Face: This emission source is singular and located at the main surgeon’s face.

An overview of the three emission sources is illustrated in Figure 3. For each emission source, there are three datasets,
each simulated with a different ventilation system. This results in a total of nine datasets. Table 1 provides an overview

of all nine datasets, categorized by their emission sources and ventilation systems.

3.3 Task Design

The study involves two distinct tasks designed to assess participants’ interpretation of 3D flow visualizations within an
operating room setting. These tasks aim to evaluate the effectiveness of different visualization techniques and their
ability to convey both local and global flow patterns. To ensure a comprehensive evaluation, both tasks are conducted
within-subject, meaning each participant completes all trials, allowing for direct comparison of their performance

across different conditions.

3.3.1 Task 1. Inspired by Forsberg et al. (2009) [7], who aimed to test how well subjects understand "chunks of 3D
flow [sic]" through several foundational tasks, one pivotal task involves assessing particle advection between two points
within a vector field. Subjects are presented with two points in 3D space and are tasked with determining whether an

integral curve, representing the path a particle would follow in the vector field, advects from one point to the other. In
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Table 1: Overview of the nine datasets in the VisBac project, categorized by emission source and applied
ventilation system. The emission sources include particles originating from everyone’s Feet, everyone’s Head,
and the main surgeon’s face. Each emission source is simulated with three different ventilation systems.

Dataset Ventilation System | Pollution Source
LAF-face LAF the surgeon’s face
LAF-head LAF everyone’s head
LAF-feet LAF everyone’s feet
Mix-face Mixing the surgeon’s face
Mix-head Mixing everyone’s head
Mix-feet Mixing everyone’s feet
TcAF-face TcAF the surgeon’s face
TcAF-head TcAF everyone’s head
TcAF-feet TcAF everyone’s feet

Figure 4: Focus volumes, which are 1x1x1 cubes with outlined borders and a darkened background, are used in
Task 1: (a) focus volume on the particles visualization, and (b) focus volume on the streamlines visualization.

flow visualization, to "advect" means to transport a substance or particle along the flow of a vector field. This requires
participants to understand the particle’s dynamics driven by the vector field. Achieving higher performance in this task
demonstrates the visualization’s effectiveness in illustrating local flow patterns and directional cues in complex 3D
vector fields.

Building on Forsberg et al.’s methodology, Task 1 introduces modifications suitable for the VisBac environment.
A focus volume, as shown in Figure 4, features a darkened background and a cyan-colored outline. It confines the
visual display of streamlines or particles to a specific 3D volume within the OR. Focus volumes enable subjects to
concentrate on local flow features akin to the controlled space used in Forsberg’s study. The task comprises 12 trials,
each spotlighting a distinct 3D area of interest within various datasets. Participants are required to observe the visual
representation of particle paths within this focused volume and decide whether the particle advection follows a path

between the given points.

Stimuli. In task 1, there are 6 conditions. The conditions include different combinations of emission sources (head,
feet, and main surgeon’s face) and visualization techniques (particles and trails). The ventilation system is the same for
all conditions, which is the mixing system. For each condition, two different stimulus sets (focus volume locations)

are used, resulting in a total of 12 trials. One of the stimulus sets for each condition is designed to be a false stimulus
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set, where the correct response is "No". To ensure the trials are balanced and to eliminate ordering bias, the trials are
randomized using a Balanced Latin square, which is shown in Table 2. The Latin square determines the ordering of the
12 trials for each participant, and this order is repeated twice per participant. For example, one possible order of trials
for participant 1 might be A1, B2, C1, D2, E1, F2, followed by A2, B1, C2, D1, E2, F1 (where the letter represents the
condition and the number represents the stimulus set). For participants 7 through 24, the table is looped, meaning the

order is repeated.

Table 2: Balanced Latin Square for Ordering Trials in Task 1 and Task 2. Each letter (A-F) represents a different
condition. The numbers (1-6) represent the sequence of trials for each participant. This order is repeated twice
for each participant to complete the 12 trials.

Participant/Trial | 1 | 2 | 3 |4 |5 | 6
1 A|B|D|F|E|C
2 B|F|A|C|D|E
3 FIC|B|E|A|D
4 C|E|F|D|B|A
5 E/D|C|A|F|B
6 D|/A|/E|B|C|F

Procedure. Participants first view three example trials, after which the formal trials begin. When a trial starts, a
focus volume is generated and the participants are teleported to the front of it. Meanwhile, a timer begins. Participants
are asked to view the visualization inside the focus volume and are allowed to navigate freely. The question they are
asked to answer is, “Will the red point advect the blue point?". Participants use the buttons on the left controller to
answer the question. When they provide an answer, the timer stops and both their answer and the completion time
for the trial are recorded. Then the system proceeds to the next trial or ends the task based on whether there are any

upcoming trials.

Measurements. In this task, qualitative evaluation metrics include the accuracy of participants’ responses and the
time to complete each trial. Accuracy, in this context, is defined as the number of correct trials divided by the total
number of trials. Meanwhile, completion time measures how quickly participants can interpret the visualization and
make a decision. Together, these two metrics provide insights into the effectiveness and intuitiveness of the visualization
techniques. To be specific, high accuracy indicates that the visualization effectively conveys the flow patterns and
dynamics, allowing participants to interpret the particle paths correctly. Shorter completion times suggest that the

visualization is intuitive and easy to understand, enabling quick decision-making.

3.3.2 Task 2. While Task 1 focuses on straightforward, repetitive assessments of local flow features, Task 2 delves
into more complex scenarios presented over fewer trials. This task tests the subjects’ ability to identify overarching flow
patterns within OR scenarios, specifically those influenced by various ventilation systems. In terms of understanding
global airflow patterns in an OR, it is important to have knowledge of the ventilation system, which directs the path
of the airflow. Normally, ventilation systems remove contaminated air through exhausts (outlets); these exhausts are
also presented in the original VisBac. However, to ensure a controlled environment, any potential indirect visual
clues, including the mesh models of the ventilation equipment, are hidden in the visualization. Thus, to complete the
task, participants have to find the answers by tracing the particles/streamlines. This tracing process best reflects a

visualization technique’s ability to convey airborne bacteria contamination path information.
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Stimuli. In Task 2, there are 6 conditions. These conditions include different combinations of ventilation systems
(LAF, mixing, and TcAF) and visualization techniques (particles and streamlines). The emission source is the same for
all conditions, which is the main surgeon’s face. This emission source is chosen because it only has one center for

emission (as can be seen in Figure 3c), compared to the other two, which have multiple centers.

Table 3: Questionnaire used to test subjects’ understanding of the ventilation system and global flow character-
istics in the OR.

No. Question Response Options

Q1 How many ventilation exhausts are there in the OR? 0, 1,2,3,4,5,6

Q2 At the center of the OR (where the main surgeon Up, Down
stands), does the general airflow go up or down?

Q3 Which room object in the OR blocks/redirects the Choose one of the objects from a picture with labels
airflow the most?

Q4  Which personnel in the OR (apart from the main sur- Choose one of the personnel from a picture with labels
geon) blocks/redirects the airflow the most?

Q5  For each question: how confident are your answers?  1-7 Likert Scale (1 being not confident at all, 7 being

strongly confident)

Procedure. For each trial, a participant is given ninety seconds to navigate in the OR and examine the visualization.
This fixed-duration approach is inspired by Liu et al. (2011) [17], which they found to be effective in discerning subtle
differences in visualization effectiveness, thus suitable for complex, judgment-intensive tasks. After the observation
period ends and the screen transitions to black, participants complete a questionnaire outside of VR. The questionnaire,
shown in Table 3, tests their understanding of the airflow in the OR and its global flow characteristics. It also asks
participants to rate their confidence in their answers. In addition, it includes questions from the NASA-TLX questionnaire
[8], which uses a Likert 7-point scale to assess task load across six dimensions: mental demand, physical demand,

temporal demand, performance, effort, and frustration.

Measurements. Quantitative measures for this task involve the accuracy and confidence of participants’ responses
as well as NASA-TLX scores. Accuracy is determined by the correctness of answers to the questions, thus higher
accuracy would indicate the method better conveys the global flow patterns. Higher confidence in answers suggests
that the visualization conveys a clearer message to the user and is more likely to be accepted by participants. On the
other hand, a lower NASA-TLX score would indicate that a method is more intuitive and requires less cognitive burden
on participants. These metrics together provide a comprehensive evaluation of the visualization techniques’ ability to

support the understanding of complex 3D flow in an OR.

3.4 Subjects

A pilot study was conducted prior to the formal study, featuring four participants (two of whom are experts in Fluid
Dynamics). For the formal user study, 24 participants were recruited among KTH Royal Institute of Technology
students via an online recruitment platform. Participants who acknowledged the content of the study and volunteered
to participate were included in the subject pool. There was no requirement for the level of experience (in either VR and
fluid dynamics), but participants had to agree to participate in the test using VR equipment.

Prior to the experiment, participants undergo two tests: a color perception test [6] and a depth perception test [22].
Participants with difficulties differentiating colors or perceiving 3D depth are excluded from the subject pool. The
reason for conducting these tests is to ensure participants have normal depth and color perception, as visualization

performance will be affected if participants cannot perceive color or depth correctly. All participants passed these tests.
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Participants’ demographic data, including age, gender, experience with VR, and knowledge of flow visualization/fluid
dynamics, were recorded. All participants signed a consent form prior to participation. Participants were also informed
of their rights to withdraw from the experiment at any time and have their data deleted, according to the GDPR
regulations [24]. The duration of the test was around 45 minutes, including the briefing, the experiment, and the
debriefing (a post-study interview). Participants are compensated with coffee and dessert for their involvement in the

study.

3.5 Procedure

At the beginning of the study, demographic data, including age, gender, VR experience, and knowledge of flow
visualization/fluid dynamics, are collected, and informed consent (a signed consent form) is obtained. The experimenter
informs participants of their rights to withdraw at any time and have their data deleted according to the GDPR
regulations.

Before starting the tasks, participants are asked to use the VisBac system to familiarize themselves with the controls,
including teleportation and snap turns. They are allowed to ask any questions or request help during this process. Once
participants feel comfortable navigating and using the controls in VR, they are taught about the requirements of Task 1.
Specifically, they are asked to interpret the visual elements in the focus volume and determine if the red point (a static
sphere in red color) will advect to the blue point (a static sphere in blue color), responding using the buttons on the left
controller whenever they are ready.

Participants then proceed to three tutorial trials with data irrelevant to the actual trials. During these tutorials,
participants can ask the experimenter questions about the task, though the experimenter does not provide guidance
on how to perform the task to avoid introducing bias. When participants feel ready, they move on to the actual trials.
Participants are informed they can pause or stop the study if they feel unwell or do not wish to continue. During
the trials, participants navigate freely within the physical boundary set in the testing room. Upon completion of all
trials, participants remove the headset and take a short break while the experimenter explains Task 2 and shows the
questionnaire in Table 3. For each trial in Task 2, a 90-second timer starts when the trial begins, and the visualization
elements are displayed across the entire OR without any focus volume. Participants can navigate and look around
freely within the physical boundary. When the timer is up, the VR view fades to black, and participants remove the

headset to answer the questionnaire on a laptop.

Table 4: Post-Study Interview Questions

No. Question

1 Score all the visual features of the two visualization methods, 1 being the least informative (helpful) and 5
being the most informative.
Particles: Color, Animation On, Animation Off, Spherical Shape, Amount
Trails: Color, Animation On, Animation Off, Line Shape, Amount

2 Can you elaborate on your opinion on the pros and cons of these two visualization methods in terms of
helping you to interpret the airflow?

3 If you can change/add anything (visual elements/interaction) to these two methods, what would you
change/add? And why?

4 How did you decode the visual information (shape, color, animations) into the answers? What is your

observing pattern for the tasks, if any?

After completing all trials for Task 2, participants participate in a post-study interview. This interview is used to

collect qualitative data, which supplements the quantitative data gathered during the tasks. Participants are asked to
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evaluate the visual features of the two visualization methods, provide their opinions on the pros and cons of each
method, suggest any changes or additions to the visualization methods, and explain how they interpreted the visual
information. The questions for the post-study interview are presented in the Table 4. For the feature ranking question,
the author divided each visualization into five unique features: Color, Animation On (the state when animation is
playing), Animation Off (the state when animation is paused), Shape (the visual representation of a single element,
such as size and width), and Amount (the number of visual elements). The answers to these questions provide a
deeper understanding of participants’ perceptions and experiences with each visualization method. By scoring the
visual features, participants highlight the most effective aspects, while open-ended questions allow them to discuss
strengths, weaknesses, and potential improvements. This qualitative feedback is crucial for understanding the subjective

experiences of participants and identifying areas for improvement in the visualization techniques.

3.6 Data Analysis

To analyze the data collected from the two tasks, descriptive statistics, including mean and standard deviation, were
calculated. These statistics summarize the accuracy, time of completion, and NASA-TLX workload scores of the two
visualization methods. Furthermore, independent two-sample t-tests were employed to compare the means of two
independent groups (particles and streamlines visualization techniques) to determine if there is a statistically significant

difference between them. The t-test provides a t-statistic and a p-value to help infer the results.

4 RESULTS

The purpose of this study was to determine which of VisBac’s visualization techniques—particles or streamlines—most
effectively facilitates the acquisition and transfer of procedural knowledge related to airborne bacteria control in
surgical environments. To address this research question, two tasks were designed and evaluated: Local Airflow Pattern
Identification and Global Airflow and Contamination Path Analysis. The following sections present the key findings

from the formal user study.

4.1 Participants

A total of 24 participants took part in the study. The demographic information of the participants is as follows: the
mean age of the participants was 26.9 years (Min: 23, Max: 44, SD: 5.44), with a gender distribution of 14 males and
10 females. Eighteen participants (75%) had prior experience with VR, and five (21%) had background knowledge in

flow visualization.

4.2 Task 1 Results

The Local Airflow Pattern Identification task evaluated participants’ ability to predict particle movements within a
limited range, reflecting their understanding of local airflow dynamics. Performance was measured by the accuracy
of answers and the time taken to make them. The accuracy of answers showed a significant difference between the
particles (mean = 0.78, SD = 0.17) and streamlines (mean = 0.65, SD = 0.17) visualization techniques. Specifically,
the particles technique resulted in significantly higher accuracy compared to the streamlines technique (t = 2.565,
p-value = 0.013), as shown in the left part of Figure 5 In contrast, the completion time did not show a significant
difference between the two visualization techniques (t = -0.087, p-value = 0.9310), indicating that participants were

equally efficient in completing tasks using both visualization methods, as shown in the right part of Figure 5.
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Task 1: Accuracy by Visualization Technique Task 1: Completion Time by Visualization Technique
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Figure 5: Comparison of accuracy and completion time in Task 1 by visualization technique. The particles
method supports better accuracy (p < 0.05) on the task while maintaining a similar completion time.
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Figure 6: Comparison of error of counting exhaust in Task 2 by visualization techniques. The streamlines
visualization supports significantly lower error (p < 0.01).
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Accuracy of Answer by Question and Visualization Type
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Figure 7: Comparison of accuracy of Questions 2, 3 and 4 in Task 2 by visualization techniques. No significant
difference between the two methods is found.

4.3 Task 2 Results

The Global Airflow and Contamination Path Analysis task assessed participants’ ability to distinguish different bacteria
spreading patterns in a simulated OR environment. Performance was measured by the accuracy of identifications and
the NASA-TLX workload scores. For the accuracy of the questions in Table 3, trials using the streamlines technique
had a significantly lower mean error (2.41 to 3.31) in identifying the number of exhausts (Q1) compared to the particles
technique (t = 3.238, p-value = 0.0015), as shown in Figure 6. The mean error was calculated by the average of the
absolute differences between the participants’ responses and the correct answers.

However, there was no significant difference between the two visualization techniques in identifying the center flow
direction (Q2; t = 0.559, p-value = 0.5768), the room object (Q3; t = 1.341, p-value = 0.1822), or the medical personnel
(Q4; t=1.167, p-value = 0.2452). This comparison result of Q2-Q4 is shown in Figure 7.

In terms of confidence in the answers, there was no significant difference in confidence levels between the two
visualization techniques for identifying the exhaust count (Q1; t = 0.619, p-value = 0.5365), the center flow direction
(Q2; t = 1.061, p-value = 0.2903), or the medical personnel (Q4; t = 0.478, p-value = 0.633). However, trials using
the particles technique reported significantly higher confidence (5.96 to 5.14) in identifying the room object (Q3; t =

3.746, p-value = 0.0002). This comparison result of confidence in answers is shown in Figure 8.
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Confidence of Answer by Question and Visualization Type
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Figure 8: Comparison of confidence of answer of Questions 1-4 in Task 2 by visualization techniques. A significant
difference (p < 0.01) was found between the two methods in the confidence of Question 3.

The workload associated with each visualization technique was measured using the NASA-TLX questionnaire with
a Likert 7-point scale across six categories. The results indicated a statistically significant difference in perceived
workload scores between the particles and streamlines techniques (t = -2.449, p-value = 0.0158), with the particles
technique resulting in a lower perceived workload. The mean workload scores were 19.649 (SD = 5.749, SE = 0.7615)
for the particles technique and 22.316 (SD = 5.874, SE = 0.7781) for the streamlines technique. This comparison result
is shown in Fig 9.

4.4 Post-Interview Results

The material of the qualitative data consists of a digital transcript capturing all participants’ opinions expressed during
the post-study interviews. The processing involved statistical analysis of rankings, linking the results to participants’
opinions. For other questions, key terms such as "visual clutter" were coded and analyzed to identify commonalities
among participants’ responses. The goal of this analysis of the qualitative feedback is to uncover insights and trends.
Firstly, as shown in Figure 10, the result of participants’ rankings for features shows that the Animation On feature
for particles received a higher ranking, reflecting its importance in visualizing airflow effectively. Conversely, the
Animation Off feature for particles received low ratings, highlighting its limited help. The number of particles was
also rated positively, suggesting it contributes significantly to understanding airflow patterns. For the streamlines,
participants found color and shape to be effective features, while the Animation On and number of streamlines were
also highly valued. However, visual clutter was a common issue with streamlines, as noted by many participants.
Statistical analysis reveals that there is a statistically significant difference between the two visualization methods in

terms of the Animation Off (t = -2.7704, p-value = 0.008) and Number (t = 2.3858, p-value = 0.021) features.
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Workload (NASA-TLX Scores) by Visualization Method
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Figure 9: Comparison of NASA-TLX score in Task 2 by visualization method. The streamlines method supports
a significant lower perceived workload (p < 0.05).

Secondly, participants’ opinions on the pros and cons of the two visualization methods were coded to extract
keywords and then summarized. For particles, the most mentioned pro is their clarity and intuitiveness. For example,
participants expressed the opinion that particles are:

e “Easy to find if the flow goes up/down." (Participant 7)
e “Easier to see which object/person blocks the airflow because particles stay/bound on surfaces.”" (Participants 5,
10, 17, 18)

On the other hand, the most mentioned con of particles is the density and color issues. For example, participants
mentioned that:

e “There are not a lot of particles around the vent" (Participant 5)
e “Speed information is not clear due to the lack of distinguishable red particles." (Participant 1)

e “Color is not very standing out." (Participant 11)
For streamlines, the most mentioned pro is their ability to reveal clear path information. Participants mentioned that:

o “It helps to know very precise directions; it is clear to find the beginning and the ending." (Participant 2)

e “It is helpful for identifying vents and easy to trace a particle." (Participant 5)
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Subjective Feature Ranking for Particles and Lines
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Figure 10: Comparison of participants’ overall subjective rankings for the key features of both visualization
techniques based on how helpful they are. The results show that the streamlines visualization ranks significantly
higher in terms of animation off (p < 0.01), while it ranks significantly lower in terms of number (p < 0.05).

Meanwhile, the most mentioned con is the visual cluttering when there are too many lines. For example, participants

complained that:

e “It is a bit confusing when you have a lot of them, since it’s difficult to tell the density." (Participant 2)
e “Lines can get chaotic." (Participant 23)

e “It would be better for viewing general flow if the amount is reduced." (Participant 18)

Thirdly, for the change/add question, participants provided several recommendations for improving the visualization
methods, particularly focusing on speed and visibility adjustments, as well as interaction and information enhancements.
In particular, participants suggested incorporating controls to adjust the animation speed of particles and streamlines to
facilitate better observation (Participants 1, 2, 5, 7, 8, 10, 20). Although this feature is already implemented in the
VisBac software, it is hidden to maintain task simplicity and minimize interaction workload. However, this finding
suggests that speed control is a crucial feature that should be utilized in actual training sessions. Additionally, enhancing
color differentiation, such as increasing the number of red particles, was proposed to better represent speed and
direction (Participants 1, 5, 7, 9, 10). Adjusting the particle count to improve clarity and reduce visual clutter was also
recommended (Participants 1, 5, 10, 21). Furthermore, participants emphasized the need for blending more information
to understand particle behavior (Participants 2, 8) and suggested implementing features that color particles upon impact
or add arrows to indicate direction when paused (Participants 10, 20). These suggestions provide valuable insights into
enhancing the overall effectiveness and intuitiveness of the visualization methods.

4.5 Summary of Key Findings

The results of this study show that the particles visualization supports significantly higher accuracy in the Local Airflow

Pattern Identification task (Task 1). However, there was no significant difference in completion time for this task.
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In the Global Airflow and Contamination Path Analysis task (Task 2), the streamlines visualization was associated
with a significantly lower error in identifying the number of exhausts, while having significantly lower confidence in
identifying the room object that blocks/redirects the most amount of airflow. In terms of the perceived workload of
Task 2, the particles visualization resulted in a significantly lower perceived workload.

Participants’” qualitative feedback analysis revealed several key insights. For particles, the Animation On feature was
highly ranked, and the number of particles was positively evaluated for its role in understanding global airflow patterns.
In contrast, the Animation Off feature received low ratings. On the other hand, the color and shape of streamlines
were generally accepted by most participants, but visual clutter was a common issue. This visual clutter of streamlines
was evident in the statistical analysis, which showed significant differences between the visualization methods for
the Animation Off and Number features. Participants identified the clarity and intuitiveness of particles as major
advantages, while density and color issues were noted as disadvantages. For streamlines, the clear path information
was praised, but visual clutter was the biggest drawback. To improve the visualizations, participants suggested adding

controls for animation speed, enhancing color differentiation, and adjusting the number of elements to reduce clutter.

5 DISCUSSION
5.1 General Discussion

The results of this study are directly relevant to the research question regarding the facilitation of procedural knowledge
transfer. The particles visualization technique’s higher accuracy and lower cognitive load suggest that it is more
effective in helping users understand complex airflow patterns in a surgical setting. This is the first step for airborne
bacteria control in surgical environments. The findings from Forsberg et al.’s study [7] also support these results by
demonstrating that visualization methods that enhance clarity and reduce occlusion are generally more effective for
complex tasks. This aligns with the observation that particles, which offer a clear and intuitive representation of airflow,
are more effective in tasks requiring an understanding of both local and global airflow patterns.

The results only partially support the hypothesis that the streamlines visualization technique is more accurate
but requires more effort. Specifically, the particles technique showed higher accuracy in the Local Airflow Pattern
Identification task (Task 1). This suggests that particles may offer more intuitive or clearer visual cues, possibly due to
their ability to represent finer details of airflow dynamics.

In Task 2, the streamlines technique was found to be more accurate only in identifying the number of exhausts. This
could be because precision in direction and display of trajectory, which are critical for streamlines, are not the most
critical factors for understanding airborne contamination in OR. For questions involving the advection path (Task 1),
the room object/personnel blocking the airflow, and the center flow direction (Task 2), the particles technique’s ability
to provide a holistic view of the airflow and its ability to show the detailed interaction with objects/personnel might
have been more beneficial.

The author’s study also found that the particles technique resulted in a significantly lower perceived workload in
Task 2, as indicated by the NASA-TLX scores. This finding aligns with the hypothesis, suggesting that particles create
less cognitive load and are easier to understand. According to the analysis of post-study interview results, particles
are perceived to have less visual clutter and the animation of particles is more intuitive than the animation of lines,
reducing the effort for users to understand airborne bacteria movements. Interestingly, this difference in effort level
(time of completion) was not observed in Task 1, where both techniques had minimal visual clutter. This indicates that
for local flow tasks, both visualization methods are sufficiently clear and do not overwhelm the user.

The practical implications of these findings are that training programs for surgical staff should consider integrating

particles visualization to enhance their understanding of airflow patterns and improve airborne bacteria control practices.
22



Evaluation of Techniques for VR Visualizations of Airborne Bacteria in Surgical Settings

For most of the knowledge related to understanding local and global flow features, especially how contaminated airflow
is guided through ventilation systems and how airborne bacteria particles contaminate room objects or personnel,
the intuitiveness of a visualization technique is generally preferred over the precision, thus making particles a more

suitable option.

5.2 Limitations

There are several potential threats to the validity of the results. This subsection explains these limitations and discusses
how they were addressed or how they should be addressed in future studies.

Firstly, the author does not have domain expertise in CFD and ventilation systems, which could introduce potential
bias to the study. To address this issue, the author interviewed two domain experts to validate that the domain-related
knowledge in the user study was correctly applied.

Secondly, the subjects in the user study are college students rather than medical professionals. VisBac is designed
for medical professionals, thus missing participants who have a medical professional background could potentially
introduce bias to the result. However, the author believed that this study pushes forward the process of evaluating
VisBac, and it opens more space for future studies to do more thorough and comprehensive testing.

Thirdly, in Task 1, the trials are manually selected based on criteria ensuring all trials contain a similar number of
visual elements (particles or streamlines). The trials are manually designed due to the use of the original VisBac, as this
research project aims to evaluate VisBac as it currently exists. Consequently, the flow is based on real simulations rather
than procedurally generated ones, which could ensure a similar amount of elements. This limitation could potentially
be addressed by incorporating a more complex algorithm to generate vector fields based on the actual operating room
environment while at the same time making sure the visual elements are evenly placed in the focus volumes.

Fourthly, in Task 2, the trials cover only the scenario where the pollution source is the main surgeon. This scenario
was chosen because it is the simplest. Considering the time limit for the task, a more complex scenario might cause
both visualization techniques to perform poorly, which would affect the goal of examining the differences between
the two methods in interpreting global flow. Future work could improve the evaluation by incorporating a variety of
scenarios, including more complex ones. In actual training, it is important that the visualization includes as many
practical scenarios as possible to provide users with a holistic view of bacterial spreading cases.

Finally, the particle visualization itself could bring potential issues. VisBac’s particle visualization was built on
the hypothesis that the amount of bacteria each particle carries is the same. Additionally, the size of the particles is
too large, as in real life, these particles are too small to be visible. These design considerations were applied to better
visualize the airflow, but they could introduce bias to the results. This issue should be addressed through the combined

efforts of CFD experts and visualization experts.

5.3 Future Work

Future work could focus on several aspects. Firstly, enhancing the display of particles. According to user suggestions,
particles’ dynamic animation and their ability to clearly show interactions with objects and humans are strong reasons
for their preference. Thus, implementing additional animation or color changes within key areas (such as around
the surgical table or surgical staff) could potentially enhance the detailed understanding of how bacteria spread and
contaminate the OR. Secondly, reducing the visual clutter of the streamlines could also be beneficial. For example, one
participant suggested reducing unnecessary lines that do not show the most relevant contamination paths. The idea
of displaying only crucial information and limiting unnecessary details when rendering streamlines has been widely
explored in other flow visualization research [16, 20, 21, 30, 37]. It is likely that these research findings could help

solve the issue of visual clutter in streamlines within VisBac. Thirdly, future research could evaluate the long-term
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learning outcomes of VisBac, especially with medical professionals. By understanding how the learning outcomes
from visualization transfer to actual bacteria control practices, we can further promote the progress of incorporating

innovative tools such as VisBac into standard medical training programs.

6 CONCLUSION

In this study, the author investigated the effectiveness of two visualization techniques — particles and streamlines
— in facilitating the acquisition and transfer of procedural knowledge related to airborne bacteria control in surgical
environments. The results indicated that the particles visualization technique supports significantly better accuracy
in the Local Airflow Pattern Identification task (Task 1) and resulted in a lower perceived workload, as measured by
NASA-TLX scores in the Global Airflow and Contamination Path Analysis task (Task 2). These findings suggest that
particles visualization provides clearer and more intuitive visual cues, which enhance the understanding of complex
airflow dynamics.

Comparing the two visualization techniques, it was found that the streamlines technique is better only in identifying
the number of exhaust vents in the virtual operating room. This suggests that the overall high-precision display of
directional cues and the complete view of the particle paths are not the most important factors for tasks related to
understanding airborne bacteria spreading in the OR. In fact, as the analysis of the post-study interview result suggested,
the visual clutter of the streamlines technique is the bigger drawback that makes the particles technique a better option.

Future studies should investigate the long-term retention of knowledge and skills learned through flow visualization
to thoroughly examine the impact of the visualizations on procedural knowledge transformation. Furthermore, there is
still room for improvement in the efficacy and intuitiveness of visualization techniques for understanding airborne

bacteria contamination in operating rooms.
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