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Abstract
This text examines efficient rasterization
of large-scale 3D models in real time with
the main focus being on levels of detail
(LOD). After a brief summary of existing
techniques, the work contains a design and
implementation of a 3D renderer for polyg-
onal meshes that uses a hierarchical LOD
structure. The renderer preprocesses an
input OBJ mesh into a graph of meshlets.
Using modern GPU features such as task
and mesh shaders, the renderer enables
real-time navigation and view-dependent
LOD selection. The renderer is then eval-
uated on 20 meshes of various complexity
and the results show that frame time is
approximately halved on average without
causing any major visual artifacts. Fur-
ther investigation suggests that with a
better simplification and meshlet group-
ing algorithm, the performance increase
could be even greater.

Keywords: 3D, rendering, lod, Vulkan,
meshlet, view-dependent

Supervisor: Ing. Petr Felkel Ph.D.
Praha,
Karlovo náměstí 293,
120 00 Nové Město

Abstrakt
Tento text se zabývá efektivní rasterizací
rozsáhlých 3D modelů v reálném čase, při-
čemž hlavní pozornost je věnována úrov-
ním detailů (LOD). Po stručném shrnutí
existujících technik práce obsahuje návrh
a implementaci 3D rendereru pro poly-
gonální sítě, který využívá hierarchickou
strukturu LOD. Renderer předzpracovává
vstupní OBJ model do grafu meshletů.
Pomocí moderních funkcí GPU, jako jsou
task a mesh shadery, umožňuje renderer
navigaci v reálném čase a výběr LOD v zá-
vislosti na pozici kamery. Renderer je poté
vyhodnocen na 20 modelech a výsledky
ukazují, že se doba na jeden snímek v prů-
měru zkracuje přibližně o polovinu, aniž
by docházelo k výraznějším vizuálním ar-
tefaktům. Další zkoumání ukazuje, že s
lepším decimačním a algoritmem seskupo-
vání meshletů by mohl být nárůst výkonu
ještě větší.

Klíčová slova: 3D, vykreslování, lod,
Vulkan, meshlet, pohledově závislé

Překlad názvu: Vykreslování LOD
řízené GPU ve Vulkanu
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Introduction

Rendering large-scale models is essential in �elds ranging from engineering
and architecture to entertainment and scienti�c research. As datasets grow
in complexity and detail, the demand for e�cient, high-quality rendering
techniques has become more important than ever. Large models bring with
them the promise of unprecedented realism and accuracy, yet they also pose
signi�cant challenges in computation, memory management, and rendering
performance [13][20].

This work will focus primarily on techniques and implementation of a
3D renderer for polygonal meshes. Several techniques for increasing the
performance of 3D scenes will be explained. In particular, algorithms for
rendering levels of detail (LOD ) will be explored, and a deeper dive will be
done for adaptive mesh level of detail generation and selection, which aims to
enable rendering of arbitrarily sized models without compromising e�ciency
or quality.

The work will contain a design and an implementation of a 3D rendering
engine which is able to preprocess a 3D triangle mesh provided as an OBJ �le
into a hierarchical representation in the form of submeshes � meshlets. The
design of the Application will be centered around using new capabilities of
modern GPUs in the form of task and meshshaders and the low-level GPU
API Vulkan. During runtime, the Application will be able to display this
hierarchy and the user will be able to navigate around the 3D scene in real
time. Based on a view-dependent error metric, the Application will switch
between di�erent levels of detail of the meshlets. The Application will also
provide multiple con�guration options which will be available either from a
con�guration �le, command line, or directly through a user interface.

The performance of the Application will then be evaluated through rigorous
measurements over several di�erent meshes. The performance of di�erent con-
�guration options will be compared and reported. The measurements will be
visualized using plotted graphs and discussed. Possible future improvements
to the algorithm, its usage, and the Application in general will be outlined.
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Chapter 1

Visualization of large models

New techniques like photo-realistic model acquisition, computer simulation,
or CAD software increased the size of rendered datasets multiple times. To
render these big datasets, we need to use more advanced algorithms, because
a naïve triangle mesh rendering is infeasible for these large models. Although
these algorithms can have di�erent approaches and ideas, the main traits can
still be divided into a few categories [38].

Algorithms can perform �ltering , which in some way limits the data that
needs to be processed to only the needed subset. The performance advantage
of leaving out some data is obvious, but care must be taken not to leave out
too much data, so the �nal rendered image does not have unwanted artifacts.
The exact speci�cations of what is unwanted and what is acceptable depend
on the use case.

A wide range of algorithms deals withdata management. For any GPU
rendering, there must be some way to transfer data from the CPU to the GPU.
Some algorithms can utilize data locality to utilize the CPU or GPU cache. If
the data exceeds the size of RAM, some dynamic loading and unloading from
disk is needed. For even larger datasets, there is also the option of loading
data over the network.

After the data is loaded and available come therendering algorithms, which
can utilize modern computer hardware (most notably the GPU) to render
this data e�ciently. Renderers often need to balance the trade-o� between
performance and visual quality.

Depending on the complexity of the algorithm, the algorithm can encompass
one or more of the traits mentioned above. The following chapters will explore
some of these algorithms.

1.1 View-dependent �ltering

The main idea of view-dependent�ltering is that anything that is not seen in
the 3D scene by the camera at render time can be discarded.

The most basic but still e�ective approach to �ltering is discarding geometry,

3



1. Visualization of large models..............................
which cannot possibly be visible in the 3D scene due to being out of the
viewing frustum � frustum culling, or due to having a polygon normal facing
away from the camera � backface culling.

In a scene with multiple objects, there can also be employedocclusion
culling which discards objects that are behind other objects (when viewed from
the camera). However, the overhead and algorithm complexity for occlusion
culling are noticeably higher when compared to frustum or backface culling.
An illustration of these three culling methods can be seen in Figure 1.1.

Figure 1.1: Example of di�erent culling methods [14]

Another way to reduce the number of polygons that must be rendered is
to use levels of detail (or commonly referred to asLOD or LoD). This paper
focuses mainly on this approach of increasing 3D rendering performance,
which is why levels of detail is a standalone chapter that will explain this
technique in more detail.

4



Chapter 2

Levels of detail

The technique called levels of detail1 is mainly a �ltering method with some
overlap to data management. The LOD �ltering method decimates the mesh
into di�erently coarse mesh representations. Ideally, the rendered mesh should
contain only enough detail that every rendered pixel is the same as if the
original � most detailed � mesh had been used. In reality, there is often a
direct trade-o� between increased performance and visual quality.

Typically, there are two distinct tasks for the LOD system:..1. Generate the di�erent LODs..2. Choose which LOD to render

Generation of the di�erent LODs is usually done as a precomputation step
and can often even be saved to disk as a form of �cache�. The choice of which
LOD to render is made during rendering based on some criteria set by the
algorithm used. Although advantages of a fast precomputation step exist, in
this paper only the runtime performance of the algorithm will be the main
focus.

When choosing which algorithm to use for levels of detail, one must know
how it deals with the following common problems of LODs.. Too coarse mesh representation resulting in visual artifacts.Visual popping when switching between di�erent levels. Visible cracks in the model. High memory usage

2.1 Discrete level of detail

The simplest method to create a LOD structure is to generate a discrete
set of decreasing resolution models at a prede�ned accuracy [11][17]. The

1Also sometimes calledmulti-resolution .
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2. Levels of detail....................................
application then selects, based on a criterion (usually distance from camera or
screen space of the model bounding box), the best level for current use. The
selection is quick and simple. But when switching to another level of detail
due to camera or object crossing the selection criterion, the whole model
changes, which often causes visible popping. An example of multiple discrete
levels of detail can be seen in Figure 2.1.

Figure 2.1: Example of di�erent discrete levels of detail [46]

Memory usage can be managed by dynamically loading only the closest
levels of detail to the currently selected with the assumption the selection
criterion will change continuously without jumps (for example, the camera gets
closer to the object). The property of memory manageability is important for
rendering large datasets, and the idea of keeping only the closest to currently
used levels of detail is common for other LOD algorithms as well.

2.2 Discrete level of detail with smooth transitions

The problem of visual popping can be solved by interpolating the two closest
LODs. The interpolation can be done either at the geometry level (before
rasterization) or pixel level (after rasterization). Pixel interpolation is just
a simple weighted alpha blending of the closest two LODs [18], but that
means essentially rendering the model twice2. Geometry interpolation is a
bit more complex as the model needs to store a mapping of vertices of the
lower resolution model onto the higher resolution model [23].

For rendering large models, this discretization could be used, but for some
models, as seen in Figure 2.2 the mesh representation will be too detailed
or too coarse by de�nition, as the decision of what LOD to use is made for
the whole model. Some parts of the mesh may be signi�cantly closer to the
camera than others, so the renderer either wastes performance rendering the
far parts of the mesh in much more detail than needed, or the closer parts of

2Which may not be as bad as it sounds, because only the simpli�ed meshes are rendered
for less important objects based on criterion.
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.................................... 2.3. Nested models

the model lack detail.

(a) : 2.5 million vertices (b) : 40 thousand vertices

Figure 2.2: Comparison of di�erent landscape LOD levels

2.3 Nested models

The nested modelsapproach is based on recursive subdivision and simpli�ca-
tion of the initial mesh. This enables the renderer to decide what parts of a
mesh to render in coarser detail and what parts to render in �ner detail so,
in theory, the renderer keeps its performance and quality regardless of mesh
size and orientation.

However, when using this tree-like idea, another problem arises. When the
renderer chooses di�erent LODs adjacent to each other, the boundary can
have �cracks� due to the simpli�cation process � which does not preserve
boundaries by default. This can be solved in three ways [38].

The most straightforward solution is marking the boundary vertices as
read-only. Marking has one big disadvantage of creating dense geometry
near the marked edges, as the simpli�cation algorithm can never touch the
boundary.

Cracks can also be �xed in a post-processing step bystitcheswhich connects
the cracks to form a connected mesh again. Storing this data for every
combination of neighboring LODs is infeasible. Stitches can also be computed
during rendering, but that incurs signi�cant performance overhead.

Geomorphing interpolates vertex attributes between di�erent levels, so
similarly to the �Discrete level of detail with smooth transitions� there needs
to be additional complexity to map vertices between levels.

2.3.1 Batched multi-triangulation

Processing whole subsets of a mesh instead of individual triangles can be
bene�cial from the data transfer and processing point of view. The loss of �ne
control is almost always outweighed by the performance gains of using CPU
and GPU cache. So [38] proposedbatched multi-triangulation � a solution to

7



2. Levels of detail....................................
the edge cracks bytemporary grouping the meshlets3 and marking only the
group edges as read-only. The edges are marked only for one (or in general
several, but limited) level of the simpli�cation process. After simplifying
the grouped meshlets in one level, the marked edges are unmarked, di�erent
meshlets are grouped (which are now simpli�ed), their group edges are marked,
and simpli�cation continues. You can see this illustrated in Figure 2.3 �
marked edges are red.

Figure 2.3: Illustration of marking di�erent edges between levels

The progressive moving of the marked edges creates dependencies so that
one child may depend on multiple parents, so a directed acyclic graph is
created instead of a tree. This approach combines the possibility of displaying
di�erent resolutions on di�erent parts of the model and, at the same time,
there should be no visible cracks on the borders of the patches.

Even though the preprocessing is a bit more complicated and performance-
heavy than for the other approaches, the runtime overhead of choosing the
right nodes in the DAG should be manageable in real-time if implemented
correctly. If the patches are small enough and the error criterion is so strict
that LOD changes are subpixel large, there would also be no visual popping.
Inspiration from this algorithm idea by [38] is apparent in Unreal Engine [28].

2.4 Impostors

The basic idea ofimpostors is to render some of the objects to texture bu�ers
and instead of rasterizing the actual 3D object animpostor (the texture) is
displayed over a simple quad mesh. These impostors can be pre-computed for

3Meshlets were calledpatches in the original text by [38].
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............................... 2.5. Levels of detail summary

di�erent angles and then shown as billboards. Many precomputed impostor
angles can be concerning memory-wise, while too few may limit the usefulness
or cause visual artifacts in the rendered image. Impostors can also be rendered
dynamically and changed upon the camera passing some kind of threshold
angle value. This technique is often used in games for objects that are far
away [12].

The impostor approach has two drawbacks. It can be used only for distant
objects because when the camera is closer to the object, even slight angle
changes would force rerendering of the whole impostor. Another drawback
is that, even with this technique, the model has to be rendered from �full�
resolution into the impostor texture.

Both of these drawbacks can be counteracted by combining other previously
mentioned LOD ideas with impostors based on some kind of threshold to
switch from rendering a lower resolution LOD to just an impostor4.

2.5 Levels of detail summary

In summary, each of the aforementioned techniques has drawbacks, but
o�ers advantages. The succinct comparison can be seen in Table 2.1. The
Application in this work will implement the approach of nested models �
batched multi-triangulation.

Technique Strengths Weaknesses

Discrete level of detail simplicity visual popping

DLOD with smooth
transitions

no popping quality/performance
trade-o�

Nested models �
Batched

multi-triangulation

no popping, no
quality/performance

trade-o�

complex preprocessing
and runtime handling

Impostors (dynamic) good performance, low
memory requirements

only suitable for far
away objects

Table 2.1: Summary of LOD techniques

2.6 Mesh simpli�cation

In the previous section during the description of the techniques used for levels
of detail, the simpli�cation of the mesh (either as a whole or as submeshes)

4Threshold can be any metric, but screen size or distance from camera is most common.
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2. Levels of detail....................................
is skipped and treated as a black-box. In this section, the black box will be
opened and explored.

The mesh simpli�cation algorithm receives a dense/high-resolution 3D
mesh as its input. Then the goal is to generate some kind of coarser/lower-
resolution representation that is faster to process and render5. For some
applications that use mesh simpli�cation, it is also bene�cial when the
chosen mesh simpli�cation algorithm reports either a computed or at least
an approximated error value of the simpli�cation � the amount of �di�erence�
between the original mesh and the simpli�ed mesh. An example of mesh
simpli�cation can be seen in Figure 2.4.

Figure 2.4: Example of mesh simpli�cation [41]

The mesh simpli�cation algorithms generally only account for vertex posi-
tions, but some of them can be extended to also account for vertex normals
and/or texture coordinates. Simpli�cation strategies may be broadly grouped
into two categories: local strategies that iteratively simplify the mesh by the
repeated application of some local operator and global strategies that are
applied to the input mesh as a whole. Local strategies are by far the most
common [45].

The most commonly used algorithms are explained in more detail in the
following text.

2.6.1 Local vertex decimation

The algorithm known as vertex decimation is working locally on individual
vertices. It classi�es each vertex whether it can be deleted. Then based on
some criterion � in the original paper [42] it was distance to a plane created
by averaging all normals that the vertex touches � the vertex is deleted.
The resulting hole from the vertex deletion is then re-triangulated and the
algorithm continues until some stopping condition is reached. Illustration of
one step of the vertex decimation algorithm is shown in Figure 2.5.

5There exist algorithms for other kinds of mesh simpli�cation, but they are not relevant
to this work.
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.................................. 2.6. Mesh simpli�cation

Figure 2.5: Illustration of one step of vertex decimation

2.6.2 Local edge contraction

One of the most used algorithms for mesh simpli�cation falls under the
category of edge contraction [45] � also referred to asedge collapse.

The algorithm also operates locally. In each step (as the name suggests) it
�nds an edge and collapses it into a single vertex. An illustration of one step
of edge contraction can be seen in Figure 2.6 [24].

Figure 2.6: Illustration of one step of edge contraction

For a given edge collapse, it is not immediately clear where the resulting
vertex should be placed. Obvious choices such as the position of the start,
end of the edge, or their average are convenient but can easily be shown to
be non-optimal. Rather than arbitrarily placing the resulting vertex, it is
sensible instead to consider an error function associated with the contraction
operation and attempt to minimize its value in the space of possible vertex
placements [45].

In [19], the use ofQaudric Error Metric was proposed. The algorithm
assigns a symmetric4 � 4 matrix Q to each vertex, the error function �( v)
of the vertex v = [ vx ; vy ; vz; 1]T is then computed as�( v) = vT Qv. For
computing the error of an edge contraction (v1; v2) ! �v the error matrix
is then simply computed asQ�v = Qv1 + Qv2 . The error function �( �v) is
then minimized to �nd the best position for the contracted vertex. If this
minimization fails (for example, due to the matrix not being invertible), the
fallback can choose the lowest error of the aforementioned positionsv1, v2, or
(v1+ v2)=2. After the removal of an edge, the error matrices of the neighboring
vertices are updated, and the algorithm continues. The mesh simpli�cation
made by the Meshoptimizer library is based on this algorithm [27].
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2. Levels of detail....................................
2.6.3 Global simpli�cation strategies

There are also algorithms that consider the model as a whole and perform
simpli�cations based on global error metrics. For the Application implemented
in this work, the global aspect is a problem, because using thebatchedmulti-
triangulation inherently means that the simpli�cation must be localized to
the submesh. As the global simpli�cation strategies are not suitable, they
will be omitted from this overview.
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Chapter 3

Application

This chapter contains the design and implementation of an Application1,
which uses some of the techniques from previous chapters to enable viewing
and real-time exploration of a 3D polygonal scene.

3.1 Requirements

The Application should have some necessary features and a level of per-
formance. The following are the formal requirements for the implemented
software. For the functional requirements the software must:

. dynamically select the appropriate resolution of a model based on the
error metric,

. support automatic generation and management of di�erent levels of
detail (LOD) for 3D polygonal models,

. update the displayed model resolution in real-time during user interac-
tions such as zooming, panning, and rotating,

. be able to import models in standard OBJ format and preprocess them
for multi-resolution rendering,

. handle dynamically changing scenes where objects may move,

. include user-con�gurable settings to visualize the LODs.

And for the non-functional requirements the software also must:

. be capable of handling scenes with up to 1 million polygons without
signi�cant degradation in performance,

. run on Windows and Linux devices,

1Referred to in this text as Application with capital A.
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3. Application......................................
. have a codebase that should follow modular design principles to facilitate

updates and addition of features2,

. ensure minimal perceptible loss in visual quality when transitioning
between di�erent resolutions,

. provide an intuitive interface for users to interact with and con�gure
rendering settings.

3.2 Chosen tools and dependencies

The Application was developed using multiple technologies. The goal was to
limit the number of external dependencies to a reasonable amount in order to
simplify the codebase, so that it can serve as a universal example. Using fewer
dependencies also increases the chance that the user will be able to compile
the Application without too many additional steps. The dependencies the
Application actually uses are abstracted into interfaces as much as possible
to enable swapping a potentially obsolete dependency for another one.

For this reason, an event system, a rudimentary OBJ �le loader , a JSON �le
writer , a con�guration handler and a binary serializer were self-implemented.
The choice of technologies and external dependencies is discussed in the
following.

3.2.1 Engine programming language

The choice of the programming language most often comes down to the
preference of the developer, and there is no clear-cut best option. For real-
time rendering, compiled languages are preferred, as they usually provide
superior performance.

The Application will be written mostly in C++ as this language provides
the performance needed for real-time rendering. The widespread usage of
C++ in computer graphics development, mature documentation, type safety,
and a robust standard library are other advantages of this language which
simplify development.

It could be argued that C++ is quite complex, especially in comparison
with C, for example. The main disadvantage of C is the lack of a standard
library and less type safety.

One other candidate for a rendering engine is the language Rust, which is
very similar to C++. The disadvantage of Rust is that it is a relatively new
language, so some features might not be as well documented and/or polished.

2Mostly meaning extensibility with di�erent windowing and GPU APIs other than
GLFW and Vulkan.
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............................. 3.2. Chosen tools and dependencies

3.2.2 GPU API

In GPU APIs, the options are a bit limited. This work is intended to be as
�open� and widely available as possible, so in this context, the APIs that are
bound to a single platform (for example, DirectX and Metal) are omitted.

If only cross-platform APIs are considered, only three viable candidates
remain: OpenGL [29], Vulkan [30], and WebGPU [49].

OpenGL was historically the usual choice, but as [34] states, there are
several shortcomings in performance predictability and energy e�ciency
compared to Vulkan.

Vulkan is a more modern alternative to OpenGL, which o�ers very �ne
control over the graphics hardware resources, so the developer can utilize the
computing power of the GPU more fully. This comes at the cost of a more
complex implementation that has to take care of basically everything in the
rendering process.

WebGPU is an interesting alternative that is designed to run in the browser.
This has the advantage of being truly universal and multi-platform. This
comes at the cost of bigger runtime overhead, so the non-browser-based APIs
are more performant. As this work focuses on the performance and real-time
usability of the rendering algorithms, it could be an interesting comparison
between running functionally identical code in the browser with WebGPU
and locally with Vulkan. One thing to take into consideration is that for
WebGPU running in the browser, the serving of the large models can in some
cases be non-trivial. Also, at the time of writing, the WebGPU standard is
behind in development and does not o�er the usage of task and mesh shaders.

From this comparison, Vulkan was chosen as the main GPU API. Specif-
ically, the implementation compiles with VulkanSDK version 1.3.296. But
all the code that involves Vulkan is as encapsulated as possible, so a later
switch to or an addition of another GPU API would not be a problem. For
example, specializations could be made for Windows (by using DirectX) or
Apple devices (by using Metal).

3.2.3 Windowing API

Two of the most commonly used multiplatform windowing APIs at the time
of writing are SDL [43] and GLFW [21]. SDL has more features involving, for
example, managing audio and game controllers. On the other hand, GLFW is
very well documented. As the newly created Application does not have much
need for the extra features that SDL provides, GLFW was chosen as the
windowing API used. Also, no advanced functionalities are to be expected �
the Application really just needs a cross-platform way to expose asurface to
the Vulkan API and basic keyboard and mouse input.
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3. Application......................................
3.2.4 Other dependencies

For simplifying math operations with 3D vectors and transformation matrices,
the library GLM [22] was used.

Another dependency used is for the user interface. During runtime, the
Application needs a user interface for changing various con�guration values
and displaying statistics (most notably the frames per second). There are
many frameworks that can satisfy this rather simple use-case. For the
Application, the framework Dear ImGUI (commonly referred to as just
ImGUI ) [16] was chosen for its simplicity. The integration of this framework
is also made easy by the fact that the framework repository provides headers
speci�cally for Vulkan and GLFW.

The last dependency of the Application is a 3D mesh libraryMeshopti-
mizer [27] which has many features regarding 3D mesh manipulation, but the
Application uses only the mesh simpli�cation algorithm. See Section 2.6 for
more details.

3.3 Application architecture

The Application updates in an in�nite loop till it is explicitly shut down by
the user. The Application is divided into several logical components. The
main ones are the following.

Scene contains all information about models in the 3D scene, such as their
position, orientation, scale, and the 3D mesh that they are represented
by. Scene also contains the camera properties.

Input handles the user's interaction with keyboard and mouse and exposes
Input Events that can be listened to by the Scene.

Renderer takes the Scene structure and renders it every frame from the
camera perspective (with 3D perspective projection). Currently, the
Renderer is using a Vulkan implementation calledVulkanHandler, but
the Renderer is an API-agnostic interface that could be implemented by
any other GPU API.

Platform Framework is also an interface-like component which abstracts
away the GLFW API (so it could be swapped with SDL, for example)
and provides a window surface to the Renderer and hardware (keyboard
and mouse) callbacks for Input.

Con�g makes use of thesingleton pattern to provide con�gurable values
to the entire application. It is split into a compiled and a loaded part.
Con�guration values which are either performance-critical or it does
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............................... 3.4. Core renderer components

not make sense to load them (for example a boolean for debug build)
are de�ned as constexpr constants. The loaded part of con�guration
has some sensible default values hard-coded into the Application, but
they can be overridden by a simple text �le named �con�g.cfg� which
can contain any number of con�guration key-value pairs. The loaded
con�guration can then be overridden once more by specifying command
line parameters in the same way.

Mesh contains logic for preprocessing and other operations with 3D meshes.
This logical component also includes the logic for the preprocessing and
representation of meshlets.

3.4 Core renderer components

As already stated, the Application is using Vulkan API to access and utilize
the GPU for rendering images onto the screen. When implementing the
Vulkan renderer, the book Vulkan Tutorial [37] was followed for the initial
Vulkan setup. Later, the implementation was heavily modi�ed to suit the
intended usage of the Application to render 3D meshes with LOD using task
and mesh shaders, as the Vulkan Tutorial was only for a very basic renderer.

3.4.1 Rendering pipeline

When rendering with Vulkan, the Application can choose to use thevertex
shader pipeline, which has the optional stages of tessellation and geometry
shader before passing its output to the hardware rasterizer and then fragment
shader. The vertex shader runs on a prede�ned vertex bu�er which de�nes
vertex positions and an index bu�er which de�nes primitives � triangles.

Alternatively, the Application can choose the fairly new (�rst introduced
by NVIDIA in 2018) mesh shader pipeline[31]. The mesh shader works more
similarly to a non-graphics oriented compute shader. The mesh shader runs
in a prede�ned number of workgroups. Each of the workgroup threads (or
invocations) has very few basic "own" variables like its index. The majority
of the processed data is loaded from uniforms and storage bu�ers. The mesh
shader then outputs an upper bounded number of vertices and primitives to
the hardware rasterizer.

Optionally, the mesh shader pipeline can also utilize atask shader(called
ampli�cation shader in DirectX). This shader runs before the mesh shader,
and its layout is very similar, but it does not emit vertices and primitives.
Instead, it schedules mesh shader workgroups with a very small datapayload
that can be read by the mesh shader threads. An illustration of the pipeline
di�erences can be seen in Figure 3.1.
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3. Application......................................

Figure 3.1: Vertex and mesh pipeline comparison [32]

For the usage of the LOD hierarchy outlined in Section 2.3.1, the mesh
shader pipeline seems like a perfect �t � the mesh is divided into submeshes
called meshlets(as seen in Figure 3.2) which are then rendered independently.
Not all GPUs support the new mesh shader pipeline yet, so a traditional
fallback pipeline would be necessary for those GPUs. While the Application
can render meshes through the vertex shader pipeline, the rest of the text
is focused on the mesh shader pipeline, as that is the pipeline that uses the
LOD hierarchy.

Figure 3.2: Mesh split into meshlets [31]

3.4.2 Shaders

The three shaders in the LOD hierarchy rendering pipeline are, in order of
execution:..1. lod.task � task shader which decides which meshlets to render..2. lod.mesh � mesh shader which assembles the meshlet vertices and prim-

itives and sends them to the rasterizer
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............................. 3.5. Data structures and algorithms..3. phong.frag � fragment shader which uses basic Blinn�Phong re�ection
model to shade each fragment/pixel

3.4.3 User interface

As the user interface is also a rendered component of the screen, the renderer
also handles the rendering of the UI. Fortunately, the ImGUI library provides
a simple way to hook the UI rendering to Vulkan. The user of ImGUI just
needs to provide some Vulkan elements to the library so it can internally
initialize all necessities (like fonts, et cetera) and then just add two calls to
ImGUI in the Vulkan command bu�er recording.

The UI elements are then added separately in a class. Most of the UI
elements are directly linked to the con�guration values. So, setting something
up in the con�guration �le or command line arguments automatically loads
and synchronizes itself in the UI.

3.5 Data structures and algorithms

This section contains the various data structures and algorithms used in the
Application. Higher-level concepts are shown as pseudo-code and implemen-
tation details (which are also often important) are shown directly as C++ or
GLSL.

As mentioned in Section 2.5, the Application will implement the LOD
hierarchy using the batched multi-triangulation based on [38] with the addition
of using the new capabilities of the GPU � using mesh shaders and task shaders
to accelerate the batched nature of the algorithm.

The LOD hierarchy algorithm can be logically split into two parts:..1. The preprocessing � building of the LOD hierarchy..2. The runtime usage of the LOD hierarchy to render the mesh

3.5.1 The LOD hierarchy building

In the constructor, the HierarchyBuild class receives aMeshconsisting of
an array of vertices and triangles (and a bounding sphere). Note that the
triangles are just arrays of threeuint32_t to reference the index of a vertex
in the vertex array.

The LOD hierarchy itself also contains the array of vertices (which is just
std::move d from the input Mesh. In addition to that, the LOD hierarchy
contains Nodes. TheseNodes are basically meshlets with some additional
attributes such as their bounding sphere, group center and error and parent
group center and error. The meaning of these additional attributes will be
explained later.
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3. Application......................................
To conserve space and reduce CPU-GPU bandwidth, the triangle indices

inside a meshlet are remapped so that the vertices inside a single meshlet
can be referenced by a single byte (uint8_t ) � meshlet local index. A visual
diagram of this compression can be seen in Figure 3.3 [31].

Figure 3.3: Diagram of bu�ers needed for e�cient meshlet/node storage [1]

Then the �nal Nodestructure looks like in the Listing 3.1. The entire LOD
hierarchy has the necessary members listed in Listing 3.2.

Listing 3.1: Compressed Node structure

struct Node
{

uint32_t vertexOffset = 0;
uint32_t triangleOffset = 0;
uint32_t vertexCount = 0;
uint32_t triangleCount = 0;

// Bounding sphere center (xyz) and its radius (w).
glm::vec4 boundingSphere{};

glm::vec3 groupCenter{};
float groupError{};
glm::vec3 parentGroupCenter{};
float parentGroupError = FLT_MAX;

};

For convenience and simplicity, the structures used for thepreprocessing
stage are not compressed so they are easier to work with. The overhead
of using a bigger structure is not really important as the preprocessing is
intended to be done only once and then saved to disk. Only at the end
of preprocessing is the LOD hierarchy compressed into the form above for
runtime usage (and serialization to disk).
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............................. 3.5. Data structures and algorithms

Listing 3.2: Class members of the LOD hierarchy structure

class LodHierarchy
{

std::vector<Vertex> vertices{};
std::vector<uint32_t> vertexIndices{};
// MeshletTriangleBuffer in Figure 3.3
std::vector<std::array<uint8_t, 3>> nodeTriangles{};
// MeshletBuffer in Figure 3.3
std::vector<Node> nodes{};
glm::vec4 meshBoundingSphere{};

}

With the data structures described, the building of the whole LOD hierarchy
is done according to the pseudocode in Listing 3.3 by callingBuildHierarchy .

Listing 3.3: High-level pseudocode of LOD hierarchy build

def AddLevel(nodesToProcess):
// Nodes to process in next level
nextToProcess = []

while (group = GroupNodes(nodesToProcess)):
simplGroup, simplError = Simplify(group)
newNodes = CreateNodes(simplifiedGroup, simplError)
nextToProcess.append(newNodes)

return nextToProcess

def BuildHierarchy(mesh):
nodesToProcess = CreateNodes(mesh.triangles, 0)
while (nodesToProcess not empty):

nodesToProcess = AddLevel(nodesToProcess)

The CreateNodes function clusterizes the input into meshlets/nodes. The
GroupNodesfunction groups these nodes into even bigger �meshlets,� which
are then simpli�ed and then reclusterized.

For a visualization of the node graph, see Figure 3.4a. After the �rst
CreateNodes call, the mesh is split into nodes (blue). Then these nodes are
grouped (red). The triangle set of each group is simpli�ed individually. That
creates a simpler (green) triangle set with the same boundary as had the
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3. Application......................................

(a) : Graph visualization of node grouping in LOD hierarchy

(b) : Mesh visualization of group simpli�cation

Figure 3.4: Visualization of node grouping in LOD hierarchy

group before3. The green triangle set is then split again into nodes (purple).
To better understand what is happening with the actual mesh, see Figure
3.4b which displays one iteration of the group simpli�cation. Color meaning
is matching between Figure 3.4a and Figure 3.4b.

The nodes do not actually retain any references to each other after building
is complete, but for each parent-child relation (orange) it must hold that (see
3.1):

. The parent's groupError is higher than its child. So, any sequence from
root nodes to leaf nodes is always monotone.. When a parent node is created, itsgroupError is the same as all the
other parents' in the group. This is never adjusted in the future.. When a parent node is created, itsgroupCenter is the average center of
the group. This is never adjusted in the future.. The children's parentGroupError is set to the groupError value of the
parent.. The children's parentGroupCenter is set to the groupCenter value of
the parent.

3Very important note is that the green simpli�ed groups come before the purple nodes!
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............................. 3.5. Data structures and algorithms

The monotonicity is ensured by taking the maximum of groupError s of
the children and adding the simpli�cation error of the group.

The �rst level 4 di�ers in that it always has exactly 0.0f simpli�cation
error, because it is the original most detailed mesh representation.

Then, each parent of these zero-error children has more and more simpli�-
cation error the higher the graph goes. Note that the topmost parent(s) have
parentGroupError set to in�nity so that their non-existent parent is never
chosen during runtime.

CreateNodes

To create nodes from a triangle list, the function �rst computes a vector
of triangle adjacencies � one TriangleAdjacency for each triangle. The
TriangleAdjacency holds up to three (one triangle can have at most three
edge-neighbors) neighbors of each triangle. With this adjacency information,
the algorithm creates the nodes by callingCreateNodes according to the
pseudocode in Listing 3.4.

From the pseudocode, it can be seen that each node starts with one
triangle and grows to its neighbors until it reaches a constant cap of either
MAX_TRIANGLESor MAX_VERTICES. These constants can be �ne-tuned for best
performance (for example, NVIDIA recommends up to 64 vertices and 126
triangles [31]).

The scoring is done by using a slightly modi�ed version of lazy bounding
sphere scoring introduced in [26]. In short, the scoring of a neighboring
triangle is done by priority from the most important to the least important 5:

NEGATIVE How many additional unique vertices would appending this triangle add
to the currently created node � that prioritizes triangles which already
have some vertices in the node. Note that because the neighbors are
always edge-adjacent, the number of additional vertices can be either 1
or 0.

POSITIVE If the triangle (its centroid) is already in the node bounding sphere.
With this, the node �lls in, so it is as compact as possible.

NEGATIVE How much will the bounding sphere of the node enlarge when this
neighbor is added. If the node does not have any neighbors already in
its bounding sphere, it must enlarge it. This ensures the enlargement of
the bounding sphere is as low as possible.

4Note that indexing is from zero, so �rst level is actually level zero.
5POSITIVE means bigger number is better, NEGATIVE vice versa.
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Listing 3.4: Creation of the hierarchy nodes

def ComputeNeighborScore(unusedTriangles, neighbor, node):
if (!unusedTriangles.contains(neighbor))

return -infinity

// Score based on priority
score[0] = -HowManyVerticesWillNeighborAdd(neighbor, node)
score[1] = IsInNodeBoundingSphere(neighbor, node)
score[2] = -BoundingSphereEnlargesBy(neighbor, node)

return score

def CreateNode(unusedTriangles, adjacencies):
node = Node()
node.insert(unusedTriangles.pop())
while (true):

bestTriangle = None
for (nodeTriangle : node.triangles):

// The following for uses adjacencies
for (neighbor : adjacencies.From(nodeTriangle)):

score = ComputeNeighborScore(neighbor)
if (score > bestTriangle.score):

bestTriangle = neighbor

node.insert(bestTriangle)

if (node.triangles.size > MAX_TRIANGLES
or node.vertices.size > MAX_VERTICES):
node.remove(bestTriangle)
return node

unusedTriangles.remove(bestTriangle)

def CreateNodes(triangles):
nodes = []
adjacencies = ComputeAdjacencies(triangles)

while (triangles not empty):
nodes.append(CreateNode(triangles, adjacencies))

return nodes
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GroupNodes

The grouping of nodes and clusterization of triangles into nodes are di�erent
algorithms, but in many aspects, they are similar, so this section will describe
the grouping in relation to Section 3.5.1.

The GroupNodesfunction also creates a vector of adjacencies between
nodes, but in this case the number of neighbors is not limited to three. Also,
the NodeAdjacencystructure holds information about how many vertices are
shared � on the boundary with the neighbor. The created group does not
have a limit on the total count of vertices or triangles; instead, it simply has
a target count of nodes that it should contain.

Scoring of neighboring nodes is done by dividing the number of com-
mon/shared vertices between the currently examined node and its neighbor
by the triangle count of the neighbor. So, in short:

score=
sharedV ertices

neighborT riangles

This �encourages� the group to add neighbors which have a high amount
of shared vertices, but also tries to promote neighbors with lower triangle
counts as they would be left out otherwise � as nodes with lower triangle
counts can never have as many shared vertices.

Simplify

For the step of simpli�cation of the group, the library Meshoptimizer is used.
The user of the library (in this case the Application) can use the option
meshopt_SimplifyLockBorder to enforce that the simpli�cation algorithm
does not move the border vertices. That is essential for the simpli�cation
of a group because otherwise there could be visible cracks as described in
Chapter 2.

The implementation is abstract enough, so the library call could be replaced
by another mesh simpli�cation library or a hand-crafted solution.

Compression and saving

After the preprocessing, the whole LOD hierarchy is compressed into the
form seen in Listing 3.2. The resulting data is then serialized to disk so
the hierarchy is built only once and then simply loaded for each subsequent
Application launch. In con�guration, the user of the Application can force
rebuilding of the hierarchy by using ForceReserialization=true .

The full source of the lod hierarchy preprocessing can be seen in the �le
src/mesh/lod.cpp .
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3.5.2 LOD hierarchy runtime handling

Although preprocessing is arguably complex and not very optimized, it serves
to improve the performance of theruntime rendering as much as possible.
At runtime, when a scene contains a not-yet-loaded model, the Application
deserializes theLodHierarchy from disk or builds it if it is the �rst time the
model is contained in a scene. After that, the LOD hierarchy is copied from
CPU to GPU. This does not cause as much overhead as modern GPUs with
PCIe can transfer multiple GB of data per second [9].

During the rendering of a frame, these operations happen (in order of
execution):..1. Copy per-model uniforms (transforms) from CPU to GPU...2. Check if a LOD hierarchy is present on the GPU � skip this model if not...3. Based on a bounding sphere, frustum cull the whole mesh on the CPU...4. Push index of the model (to access correct uniform) from CPU to GPU...5. Bind LOD hierarchy descriptor set...6. Execute drawMeshTasksEXT(count) to launch the task shader. The

count of mesh tasks is computed as(nodeCount / TASK_THREADS) + 1...7. Task shader invocations �ll payloadswith data specifying which nodes
to render, and then schedule mesh shader invocations...8. Mesh shader invocations �ll the vertex and primitive arrays for the
rasterizer, and then schedule rasterizer work...9. The hardware rasterizer rasterizes and schedules fragment shader work....10. The fragment shader shades each pixel with Blinn-Phong shading.

When using multiple frames in a sequence, the CPU can start processing
another frame as soon as it executes all thedrawMeshTasksEXTcommands.
However, if the CPU is too fast and processes more frames than are in the
swapchain faster than the GPU can render a single frame, it must wait for
the GPU to �nish rendering the �rst frame.

Most of the steps are common and do not warrant a deeper inspection, but
the task shaderand mesh shaderdirectly work with the LOD hierarchy, so
they deserve a closer look. Inspiration for the shader implementation was
drawn from [1].

The task and mesh shaders also contain synchronization primitives and
logic, so it is recommended that a curious reader look directly into the source
code of the Application for details.
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Task shader

The responsibility of the task shader is to choose which nodes should be
drawn. There are two main checks that determine whether the node should
be drawn: culling by error and culling by frustum.

Culling by frustum is not really an innovative algorithm, but the task
shader has a noteworthy possibility of doing e�ective frustum culling on a
per-node level. That means, for example, if the camera is close to an object
and only a subset of nodes is visible from the whole mesh, the task shader
can cull many nodes that would have to be rasterized otherwise. An example
of moderate meshlet frustum culling can be seen in Figure 3.5.

Figure 3.5: Task shader frustum culling example [36]

The other culling � culling by error stems from the LOD hierarchy nature.
The goal is to cull too detailed and too coarse nodes. Due to the way the LOD
hierarchy is built (see Section 3.5.1) thegroupErrors in the node �graph� 6

are always monotone. By taking inspiration in [28], it is not necessary to
traverse the graph. Each node can be evaluated by itself using the GLSL
code in Listing 3.37.

The most important part of the cullByError is the line containing the
comparison with error THRESHOLD. In other words, it means that if the parent
error is lower than the error threshold, then the parent node should be drawn
as it is detailed enough and cheaper to draw (so do not draw this node). And
if the current node error is too high, then it means that the current node
is too coarse and a �ner level � a child will be drawn (so do not draw this

6Remember that nodes do not have any references to each other, only the parent group
error and center.

7Uniform transform access was omitted for simpli�cation.
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Listing 3.5: Snippet from the task shader

float computeError(vec3 center, float error)
{

if (error == 0.0)
return 0.0;

vec3 centerInCamera = (VM_MATRIX * vec4(center, 1.0)).xyz;
float centerDistance = length(centerInCamera);
return error / (centerDistance * centerDistance);

}

bool cullByError(Node node)
{

float parentError = computeError(
node.parentGroupCenterAndError.xyz,
node.parentGroupCenterAndError.w);

float error = computeError(
node.groupCenterAndError.xyz,
node.groupCenterAndError.w);

if (parentError <= THRESHOLD || error > THRESHOLD)
return true;

return false;
}

node).

The threshold is a uniform value that is set for the entire scene at the
start of rendering. When it is set to zero, only nodes with the simpli�cation
error of exactly zero � so only the maximally detailed nodes will be drawn.
The user can then set the error threshold for the whole scene. With this one
variable, the performance/quality trade-o� can be adjusted.

The �nal error metric is currently computed just as:

f inalError =
error

distanceToCamera2

But it could very well be experimented with and �ne-tuned.

The full source of the task shader can be seen in the �leshader/lod.task .
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Mesh shader

The mesh shader receives data from the task shader (calledpayload). The data
simply contain the indices of the nodes that should be rendered. Then the
mesh shader reconstructs the true 3D vertex positions and primitive/triangle
indices from the compressedNode structure and transforms them by the
per-model uniform.

Optionally, it can also do per-primitive culling and other operations, but
the e�ectiveness of that is lowered if the task shader is already doing that
type of culling on a per-meshlet basis. The culling computation would have
to be done forall the primitives, even though only a fraction of them could
be culled � because the task shader already culled most of them.

The full source of the task shader can be seen in the �leshader/lod.mesh .

3.6 Example

This section will showcase the usage of the Application with some screenshots
and explanations. For the full Application guide, see the Appendix A. The
example uses a 3D mesh created by subdividing the defaultsuzannein Blender
called massive-suzanne(8 million vertices) [10]. For this example, the mesh
will be stored on the path � C:/data/objs �.

After using the command � ./<executable path> Model=massive-suzanne
ResourcesPath=C:/data/objs�, the Application �rst preprocesses the 3D mesh
into the LOD hierarchy. As already mentioned, this LOD hierarchy is then
saved to disk, so on subsequent launches, it is only loaded. Once the LOD
hierarchy is available, the Application starts rendering the 3D scene onto a
window surface. The user interface will be collapsed on the �rst launch, as
can be seen in Figure 3.6.

The expandable user interface boxes areOptions which enable the user to
adjust various runtime con�guration options, Stats which display a rolling
average of frame time and frames per second. The last boxHow to use this app
basically copies Section A.2. By default, the Application displays the meshlets
as random-colored, which aids in visualizing the switching between di�erent
nodes. By increasing the �Options � LOD hierarchy � Error threshold � from 0
to approximately 0:001, the Application applies more aggressive node selection
� meaning less detailed nodes are rendered closer to the camera. The error
threshold of exactly zero means that the most detailed nodes are always
visible.
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