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Figure 1: A visualization of a volumetric scan of a coral polyp. The left side applies a high-density contrast filter to isolate the underlying
skeletal structure, while the right side utilizes a targeted density window to expose the delicate, lower-density soft tissue of the coral. Interest-
ingly, anisotropic stinging cells (nematocysts) appear at the tips of the polyp’s tentacles. The raw memory footprint of the volume is 37 GB.

Abstract

The consolidation of real-time visualization around General Purpose Game Engines (GPGEs) has democratized access to
immersive technologies. However, as the scale and resolution of modern scientific datasets increase, the rigid abstraction lay-
ers of commercial engines introduce a layer of friction. Researchers are frequently forced to aggressively decimate data or
compromise on interactive frame rates to satisfy the constraints imposed by GPGEs. To bridge this gap, we present a be-
spoke, data-centric visualization engine designed to minimize the abstraction distance between scientific data and GPU hard-
ware. Jinsoku prioritizes a data-aware ingestion pipeline and explicit resource management, allowing developers to construct
highly specialized visualization pipelines. We validate our architecture through two distinct case studies. First, we demon-
strate that by bypassing GPGE overhead and leveraging hardware-level features like multi-view rendering and mesh shading,
Jinsoku accelerates the virtual reality (VR) inspection of a 38-million-triangle aerodynamic model by up to 75% compared
to commercial alternatives. Secondly, we present an out-of-core volumetric rendering pipeline for massive datasets from syn-
chrotron and CT-scanning, utilizing a bespoke sparse-bricking memory model that facilitates the loading of arbitrarily large
volumes that we were unable to load with standard tools. We argue that for high-fidelity visual analysis, returning to domain-
specific software architectures is an essential prerequisite for maintaining scientific integrity. Jinsoku is available on GitHub at
https://github.com/senbyo/jinsoku.

CCS Concepts
* Human-centered computing — Visualization toolkits; Scientific visualization;  Computing methodologies — Rendering;

1. Introduction

The acquisition of scientific data is continuously increasing in res-
olution and detail [Mar13], characterized not only by increasing
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size but by significant heterogeneity [KH13]. Modern scanning
and simulation modalities — ranging from computed tomogra-
phy (CT) to topology optimization — generate datasets with in-
creasingly finer resolution and larger vertex count. Crucially, this
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diversity extends to the data formats themselves; each modality
necessitates bespoke serialization and parsing routines that often
rival the visualization pipeline in implementation difficulty. This
drives requirements that are increasingly hard to accommodate by
general-purpose software, which typically does not support the ad-
hoc, proprietary, or optimized binary formats of domain-specific
research [HBB*15]. In this landscape, the central challenge for vi-
sualization research is no longer merely visualizing these datasets,
but architecting software that is capable of parsing and visualiz-
ing datasets without compromising their scientific fidelity through
aggressive decimation or simplification.

While commodity hardware has advanced significantly, provid-
ing hardware-accelerated ray tracing and massive parallel through-
put, the software layer has increasingly consolidated around Gen-
eral Purpose Game Engines (GPGEs) such as Unityl or Unreal En-
gine2 [KGKG?24]. These engines offer robust feature sets for en-
tertainment, but they impose heavy abstraction layers designed for
generic use cases [Ber25]. For high-density scientific visualization,
these abstractions make it increasingly difficult to work with data
that deviates from supported formats. This friction is evident both
in the generic memory management strategies, which struggle to
maintain the stringent frame rates necessary to avoid motion sick-
ness in immersive environments [MAJ*22], and in the systemic in-
ability to efficiently stream datasets that are larger than the available
physical memory [ZJAW2S5].

We argue that to close the gap between data acquisition and inter-
active visualization, we must move beyond the "black box" limita-
tions of commercial engines and return to bespoke, domain-specific
software architectures. To this end, we present Jinsoku, a visualiza-
tion engine designed explicitly to expose the domain-specific parts
of the application for modification. This enables us to effectively
modify the engine for different data formats and use-cases. Jinsoku
is designed as a thin layer on top of platform specific APIs to ensure
the ease of use, and to make sure that performance is not negatively
affected by gradual expansion of the engine layer over time.

We validate our approach through two case studies, where Jin-
soku is used to (1) visualize large geometric data in virtual reality
(VR) and (2) visualize large out-of-core volume data. We demon-
strate this by stripping away carefully selected layers of modern
game engines. We expose the data-centric logic to the user, al-
lowing for direct alignment between the data and the rendering
pipeline. In the first case study (1), we achieve interactive per-
formance on datasets that are intractable in standard commercial
environments, building upon prior evidence that bespoke visual-
ization engines can outperform GPGEs in raw polygon through-
put [JJEB21]. In the second case study (2), we interactively visu-
alize massive volumetric data, which is simply not possible when
using standard GPGE or visualization tools, as they are not built
for out-of-core data streaming. Ultimately, we show that correctly
designed bespoke engines are a necessary prerequisite for closing
the gap between specialized scientific research and general-purpose
visualization software.

! https://unity.com/
2 https://www.unrealengine.com/

2. Related Works

The dichotomy between general-purpose software and bespoke
scientific tools is a recurring theme in visualization research.
While commercial game engines have democratized access to high-
fidelity rendering, recent work highlights the friction between their
entertainment-focused architectures and the rigorous data require-
ments of scientific inquiry.

2.1. The Hegemony of Game Engines

Early games were largely written from scratch with very little con-
tent and few roles in the development process other than that of the
programmer. However, since games generally require many similar
facilities, software layers emerged between the bespoke code for
the individual game and the APIs for graphics, sound, etc. These
layers are generally called game engines [MS16]. Platforms such
as Unity and Unreal Engine offer robust ecosystems for VR de-
velopment, handling input standards, and asset pipelines with ease.
However, their dominance comes at the cost of architectural opac-
ity. As noted by Kriiger et al. [KGKG24], the "black box" nature
of these engines often forces researchers to adapt their data to the
engine’s limitations rather than the inverse, introducing significant
overhead for high-order finite element data or non-standard topolo-
gies [CGS*13]. While plugins for tools like ParaView [JAG19] at-
tempt to bridge this gap, they often inherit the performance penal-
ties of the underlying abstraction layers [JJFB21], struggling with
the "Motion-to-Photon" latency constraints critical for comfortable
VR leading to the need for simplification of the data [MAJ*22].

2.2. Bespoke Scientific Visualization Engines

Despite the prevalence of General-Purpose Game Engines
(GPGEs), domain-specific architectures remain superior for spe-
cialized tasks. While consumer-grade hardware has democratized
scientific visualization, off-the-shelf software frequently struggles
with the scale, dimensionality, and specialized low-level render-
ing requirements — such as building unique data pipelines —
needed for complex scientific datasets. This limitation has driven
researchers across various fields to abandon generalized tools in
favor of developing bespoke visualization engines tailored to their
specific data and hardware needs.

For abstract and multi-dimensional data, custom encoding strate-
gies are required to move beyond standard XYZ-axes. Tools like
iViz [DDC*14] and SphereViz [SDCO7] were explicitly built to
map high-dimensional image and dataset groupings into immer-
sive 3D spaces, while other custom applications overlay complex
social data, such as geo-tagged posts, onto physical 3D topolo-
gies [MGHKI15].

In the medical, biomedical, and neuroscience domains, stan-
dard rasterization techniques fail to handle the nested, semi-
transparent surfaces of cross-sectional imaging. Consequently, be-
spoke volume-rendering platforms like DIVA [EGC*20] and Con-
focalVR [SLS18] have been created to provide real-time clipping
and exploration of cellular architectures. The functional superiority
of these custom tools is highly measurable: Usher et al. [UKF*18]
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demonstrated with NeuroTrace that bespoke environments signifi-
cantly reduce fatigue and error rates in neuron tracing compared to
desktop or general-purpose solutions.

Similarly, engineering and materials science rely on custom en-
gine solutions to navigate vast databases and inspect physical sim-
ulations. NOMAD VR [GK19] exemplifies how custom render-
ing tools allow for the visualization of massive material science
datasets across heterogeneous hardware, from standard displays to
Cave Automatic Virtual Environments (CAVE) setups to mobile
Head-Mounted Displays (HMDs). This tailored architecture pro-
motes an inside-out exploration style that accelerates the detection
of chemical and structural anomalies. In applied engineering, be-
spoke environments allow for scale-accurate prototype inspections,
such as realistic oceanic and acoustic simulations for yacht de-
sign [MEC14], which can entirely replace expensive physical pro-
totyping [Wol19].

The complexity of scientific data often necessitates collabora-
tive analysis, a feature that requires highly specialized network-
ing architectures to synchronize massive datasets across custom
engines. Bespoke tools support multi-user environments either lo-
cally or remotely. In a local context, CAVE systems allow multi-
ple researchers to physically occupy the same space; developers of
NOMAD VR noted that this setup is particularly successful for ex-
perienced users guiding novices toward regions of interest. For re-
mote collaboration, tools like ConfocalVR and TeraVR [WLL*19]
enable multiple users to co-annotate data over the internet. In one
study, TeraVR allowed three researchers across different cities and
countries to co-annotate in real-time, reducing annotation time to
20% of a single user’s time without sacrificing quality.

In the cultural heritage domain, bespoke pipelines have enabled
the rendering of massive point clouds and photogrammetry datasets
that would overwhelm standard game engine importers [SW15].
Bespoke engines have allowed researchers to digitize fragile arti-
facts [GCM*15], build interactive exploration pipelines with con-
textual hotspots [JMR17], and reconstruct ancient historical sites
with thousands of simulated agents [KJK*15].

Collectively, the above-mentioned work argues that for data at
the extremes of scales, complexity, or collaborative need, the "do-
it-yourself" approach yields functional benefits that far outweigh
the initial development costs. However, there seems to be scatter-
ing, where each domain and each dataset ends up with its own visu-
alization engine, which then needs to be supported and maintained.
We attempt to consolidate this need into one visualization engine,
effectively reducing the maintenance cost, while still providing the
flexibility to adapt the visualization engine to specific domains.

2.3. Advances in High-Performance Rendering

Our work builds upon recent hardware-level advances that are of-
ten slow to propagate to commercial engines. The introduction
of the Mesh Shading pipeline [Kubl18a] represents a paradigm
shift from vertex-bound processing to compute-centric geom-
etry synthesis, allowing for per-cluster culling that is essen-
tial for massive Computer-Aided Design (CAD) and biological
datasets [Kub18b]. Parallel to this, advances in sparse volumet-
ric data structures—specifically Sparse Voxel Octrees (SVOs) and
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brick-based equivalents—have enabled out-of-core rendering of
terabyte-scale volumes [LK10].

The visualization of high-resolution volumetric data is a foun-
dational challenge in computer graphics, traditionally addressed
through ray marching and texture-based volume rendering. While
standard approaches work well for bounded domains, modern sci-
entific datasets acquired through scanning, often exceed the mem-
ory capacity of commodity GPUs. To address this, out-of-core tech-
niques like Sparse Voxel Octrees (SVOs) [LK10] and hierarchical
data structures like OpenVDB [Mus13] have become industry stan-
dards for offline rendering. However, integrating these structures
into real-time, and VR-capable pipelines remains a challenge. Re-
cent work by Zellmann et al. [ZJAW25] demonstrates that leverag-
ing low-level compute APIs to implement hierarchical compression
(e.g., NanoVDB) can enable interactive path tracing of massive
volumes. Our engine adopts a similar philosophy but specializes
the memory layout further: rather than a generic tree structure, we
utilize a domain-specific "brick-based" sparse binding that aligns
directly with the distinct morphological features of the data, min-
imizing the traversal overhead typically incurred by generic VDB
structures. By integrating these techniques directly into a bespoke
Vulkan backend, Jinsoku bypasses the generic abstraction layers of
GPGEs, affording the user control over memory residency, and the
topological layout of the data.

3. Jinsoku: Data-Centric Engine

Jinsoku— named after the Japanese word for swiftness and
speed—is a real-time visualization engine built from scratch as an
abstraction layer on top of the platform-specific APIs needed for
generating and presenting images to a screen. The consideration
behind abstracting away the platform specific APIs is that it enables
extension by plugging in new APIs on demand. Currently, only
one graphics programming API is implemented, namely Vulkan
[Bail8]. Vulkan was chosen, as it affords cross-platform capabil-
ities and because its explicit nature enables us to make more in-
formed decisions concerning the specific application. These deci-
sions can result in better performance, which is important when
Jinsoku has to work with large and detailed scientific datasets. The
engine is created as a library to be included in the target applica-
tion. This enables scientists and researchers to focus on data in-
gestion and designing the visualization pipeline for their specific
dataset, rather than having to learn all the ins and outs of modern
GPU programming.

3.1. Architecture

Figure 2 is an overview of Jinsoku’s architecture and its integra-
tion into an application. Jinsoku’s design philosophy is to expose
exactly what the application needs to visualize data in any format.
The engine includes triangle mesh processing to facilitate loading
of standard formats, but also exposes the loading to the applica-
tion so that it can overwrite it if needed. Jinsoku runs natively in a
headless mode. This enables us to toggle and choose between dif-
ferent presentation modes, such that we can, for instance, present
to desktop, VR, or mobile as requested by the user.

To facilitate the seamless integration of data-specific visualiza-
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Figure 2: Our engine’s integration into a visualization application. The Application Layer is the specific application used for visualization.
It uses a Custom Renderer and a Custom Loader (as in our Case Study 2) and makes our engine aware of the Custom Renderer via the
configuration file that also provides details about the scene being visualized. In the Engine Layer, the green blocks show the program logic,
the actual functionality of the engine. In the APl Layer, the purple blocks contain the external dependencies that the engine layer abstracts
away. The two red blocks show the parts of the engine that are built as interfaces. We have a Graphics Context Factory that spits directs and
creates the appropriate graphics context for the platform that the engine is running on, enabling the features requested in the configuration
file, and picking the most appropriate Renderer. The Presentation Instance provides an interface that defines where the rendered images are
presented and depends on the platform. The API Layer shows the platform specific layers. Metal is shown here as an example of another

graphics AP, currently only Vulkan is supported.

tion when Jinsoku is utilized as an external library; we diverge from
the monolithic "Uber-Loader" pattern common in legacy game en-
gines [Gre19]. Instead, we expose a customizable data-interception
interface directly through the engine API. This architecture em-
ploys a Chain of Responsibility pattern, providing runtime call-
backs that allow the Application Layer to intercept and entirely
overwrite geometry loading, as well as dynamically select the op-
timal Renderer. This decoupling is critical for hardware-level op-
timization. By isolating the loading logic at the architectural level,
we ensure that specialized data types can be transparently managed
from disk to the GPU, entirely unconstrained by the engine’s in-
ternal abstractions. As noted by Akenine-Moller et al. [AHH*18],
volumetric ray-marching, for instance, requires significantly differ-
ent memory access patterns compared to rasterization. Therefore,
exposing the loading phase as a library hook empowers the user to
dictate exact memory layouts tailored to their specific data struc-
tures.

Rather than hard-coding a specific render loop, we treat render-
ers as modular plugins that self-register upon application startup.
Each renderer implementation (e.g., a standard Vertex Shader
pipeline or a Mesh Shader pipeline) exposes a Registry Class con-

taining its hardware requirements and a relative priority score. At
runtime, Jinsoku iterates through this registry, filtering for pipelines
supported by the host GPU and selecting the candidate with the
highest priority. This enables us to automatically negotiate the op-
timal execution path—defaulting to high-throughput Mesh Shading
on modern hardware, while seamlessly falling back to standard ras-
terization on legacy systems—without requiring manual interven-
tion from the application developer. The render loop is contained in
a Renderer, a class that can be overwritten by the application layer.
This allows the application to write its own providing full trans-
parency and control over how the data is visualized and uploaded
to the GPU.

Once the necessary parts of the engine are extended to handle the
data in question, the application can be managed from a configura-
tion file, making the application accessible and usable for collabo-
rating scientists who wish to use it for visualization. The configura-
tion file is written in the Lua scripting language. The configuration
file can be used to set the scene and prioritize difterent Renderers.
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Figure 5: A render from inside a VR headset showing both the left
and right view of the wing. VRS is enabled with a circular pattern

that moves outwards from the middle of the image, reducing the
number of fragment calls as we move further out. This is indicated

. __— he ch i lor.
Figure 3: The wing model seen up close (rendered with Jinsoku), by the change in color

showing the view that we used to record frame time.

dering pass was chosen. The forward rendering path processes
each object that we wish to render, one at a time, for each light
source in the scene. For most visualization tools, one light source
is enough. To facilitate a more intuitive interaction the model was
visualized in VR.

To further enhance performance, we enable two hardware ex-

tensions that increase the triangle throughput. The rstis Variable
Rate Shading (VRS), this feature essentially allows us to render
images to a frame buffer that emulates a varying pixel resolution.
We use a circular fall-off as we move out towards the periphery of
the eye. The circle is at the center of the image, expecting users to
always look straight ahead, and move the head instead of the eyes
when exploring the Virtual Environment. That way we focus our
rendering efforts on the fovea area and spend less computational
power on the part of the image that is only visible to the peripheral
vision. We can get away with this because the peripheral vision is

Figure 4: The wing model seen from afar (rendered with Jinsoku), less acute. If the eyes are moved instead of the head, then the effect

showing the view that we used to record frame time. breaks down. Figure 5 shows an example of the wing rendered with
VRS. We have overlaid a color onto the geometry to show how we
have created different zones in the image that vary the number of
fragment calls per pixel.

4. Case Study 1: Rendering for VR The next extension is Multi-View Rendering (MVR). This allows

Similarly to the increase in resolution of data acquisition, simula- us to change the order in which we call the mesh and fragment
tion is also increasing in resolution. An example of this is a topol- shaders for consecutive views. The normal way to render two views
ogy optimized airplane wing by Aage et al. [AALS17; ASLA20]. is to go through the pipeline twice, that is, calling the mesh shader
They used a topology optimization process based on the densityand then fragment shader for each view. When MVR is enabled, the
approach, discretizing the xed-shape wing into 1.1 billion nite  pipeline runs the mesh shader for both views at the same time, and
elements to achieve unprecedented structural resolution. To modelthen the fragment shader for each view. This reduces some over-
the physical system and redistribute material, they solved the linearhead when loading shader programs, but more importantly, it al-
Navier-Lamé equations for static elastic behavior, while employ- lows the pipeline to reuse vertices that are already processed and in
ing the Solid Isotropic Material with Penalization (SIMP) model to memory. This can provide a good performance improvement when
smoothly transition between solid and void spaces. Finally, they a lot of the rendered geometry is visible in both views. This fea-
minimized structural compliance to maximize stiffness using an ture is ideal for improving performance in VR, since we always
optimality criterion algorithm, which required solving massive sys- need to render two views instead of one, and the views are almost
tems of linear equations via a supercomputer and a custom multi- identical, meaning that nearly all the visible geometry is visible in
level preconditioner. The resulting model consists of 38,629,758 both views. For this, we have to consider that we only call the Task
triangles and 92,010,363 vertices. Renderings of the wing are Shader once at the start, so we need to expand the meshlet culling
shown in Figures 3-4. abilities to take both views into account.

For this case study, a new Renderer was built, which simply ex-  An interesting little detail is that, when working with MVR, we
tends the existing rasterization in Jinsoku. A simple forward ren- essentially only use one image buffer, which is twice as wide, so
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that it can hold two images next to each other. This is clever be-
cause by having the two images in the same memory block it be-
comes more ef cient when writing to it at render time. However,
the OpenVR API expects the user to deliver two distinct images
every time, so we cannot just give it one large image instead. These
images are Vulkan objects. Each Image Object is rst created and
then backed by memory via an allocation process. To get around
this, we rst create one Image Object, and back it with a memory
allocation for the entire multi-view image. For the second Image
Obiject, we create it but do not allocate any memory for the object.
Instead, we let it point to the middle of the memory allocation of
the rst Image Object.

We compare our render times with Unity, a GPGE that is widely
used both in research and game making. To do this, we recreate
an experiment reported in related work [JJFB21]. We use the Valve
Index and desktop PC with an NVIDIA RTX 2080 TIl. We mea-
sure the time it takes to render a single frame in two conditions:
seen from afar and up close. The measurement is in milliseconds
and is shown in Figure 6. We record 2 minutes worth of frames

and then average these. For a fair and simple comparison, we Usq:igure 6: The rendering performance when rendering the high

Unityjs Un'iver.sal Render Pipeline (UnityURP) with a simple sur- poly wing model from far away and up close (Figures 3-4). The
face illumination model, namely the Phong shader [Pho75], and o+ shows a bar for each condition grouped for each visualiza-

turn off all global effects. We include the performance obtained for tion tool/con guration. The rendering time is measured in millisec-

this wing mesh in existing work [JJFB21] and compare with our ;4 (jower is better). UnityURP refers to Unity's Universal Ren-

engine in three con gurations: MVR, MVR + VRS, and MVR + ., Pipeline. We also compare with related work [JJFB21]. Our

VRS + meshlet clustering. The latter is a triangle mesh optimiza- method is shown in three con gurations: Multi-View Rendering

tion strategy [JFB23] that we implemented into Jinsoku. (MVR), MVR + Variable Rate Shading (VRS), and MVR + VRS +
UnityURP runs with an average rendering time per frame of Meshlet clustering. We recommend MVR + mesh clustering, as VRS

around 10 ms. When using our MVR con guration and inspecting degrades the quality with only very little performance improvement.

the wing from afar the render time decreases by roughly 2.0 ms

compared to existing work (UnityURP and [JJFB21]). We use the

meshlet clustering algorithm [JFB23] to shave another 0:5ms off

the average render time when inspecting the wing from afar, bring-

ing it down to 7.5ms. Existing work already improved signif-  covered calcium carbonate skeleton) went through this process, re-

icantly on the performance of UnityURP when rendering a large sulting in volumetric datasets ranging from 28 GB to 205 GB.
mesh up close [JJFB21]. With Jinsoku, this improved performance

is further improved from 4.0 ms down to an average render time For this case study, and in order for us to be able to visualize
of 2.5ms. Adding VRS, provides a small decrease in render time  the volume data, we have overwritten the Custom Loader (see Fig-
when inspecting the mesh from far away, but this is not enough to Ure 2), such that we can correctly ingest data stored in the Hier-
justify the deterioration in the image quality. We outperform exist- archical Data Format version 5 (h5). This is intentionally done in

ing work. When inspecting the wing from afar we render the images the application layer instead of the engine layer, as it introduces a

259% faster and, when inspecting the wing up close, we render the N€W dependency into the application. Such additional dependencies
images 37:5% faster. would bloat the engine layer over time as more data is supported.

We load the data one slice at a time, so that we can correctly handle
volumes exceeding the available RAM.

5. Case Study 2: Out-of-Core Volume Data Visualization We also created a new Renderer, which uses a hybrid rendering
pipeline that includes two passes. The entire pipeline is presented
in Figure 7. The rst step is a visibility pass that utilizes the Mesh
Shading Pipeline to dynamically handle memory management on

. . C . - the GPU. The output from this pass is the distance to the closest
ple a_md st_rll_<e a .thm scmt_lllator screen, which conver.ts the_radla— visual virtual bricks. The second pass uses a compute shader to ray
tion into visible light that is t_hen magni ed by an optical micro- march through the volume, but instead of starting at the edge of
scope and captured by a high-speed SCMOS camera. Thanks tqhe volume it starts at the rst visible brick. This effectively intro-

the intense synchrotron radiation, this setup can acquire a com- L : .
lete, high-resolution 3D tomographic scan within seconds, en- duces empty space skipping, allowing the ray marching to start at
piete, g grap ' the surface of the coral rather than the edge of the volume.

abling rapid volumetric reconstruction of a material's internal struc-
ture. In this case study, a set of reef-building corals (with a tissue-  We maintain the high resolution of the volume through the use

At the MAX IV synchrotron facility in Lund, Sweden, computed
tomography relies on an ultra-bright, hard X-ray full- eld imaging
system. In this process, X-rays traverse a precisely rotating sam-
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