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The history of the development of visual effects (VFX) production during the last 30 years represents a significant shift
in the sphere of technology and creativity. The initial digital production methodologies were based on manual creation of
assets, linear workflows, CPU bound rendering systems and a small amount of automation. Although the techniques
were innovative at the time, they had problems regarding scalability, speed of turnaround, and flexibility in
collaboration. Traditional workflows could not keep pace with the pressure of filmmakers to elaborate on environments,
large-scale simulations, and increased realism. This dissertation examines the transformation between previous particle-
based and hand-authored VFX pipelines to contemporary, procedural, data-driven production pipelines based on Houdini
and USD-based scene management. This study explores fluid simulation method development, rendering technology,
scene description systems, automation systems, and the structure of the industry by comparing Deep Rising and Avatar:
The Way of Water. It takes particular notice of the creation of FLIP and APIC solvers, the replacement of Mantra-style
CPU rendering with Karma XPU hybrid rendering, of the Universal Scene Description (USD) and the emergence of
Houdini Digital Assets (HDAs) and Procedural Dependency Graphs (PDGs). The review of theories, technical analysis of
the work, and analytical comparison allow the study to demonstrate that the workflow of procedures is not only an
efficiency gain but a basic change in creative production. Non-destructive iteration, scalable parameters, distributed
collaboration, and late-stage flexibility are possible in modern pipelines that used to be impossible due to the older
systems. The study comes to the conclusion that proceduralism has now become an important part of the modern visual
effects practice and the future of cinema world-building.
1. INTRODUCTION

manually combined, and frames were rendered in

rendering farms that used CPU-bound computations. They

Visual effects history is highly associated with the history
of technology. Every innovation, such as the rasterized
rendering or the physically based simulation, has
challenged the boundaries of what can be displayed on the
screen by those, who make films. Nevertheless, it is the
fact that the change over the last several decades has not
been one tool or a rendering engine. Rather it has been a
change of philosophical thinking in production: the
transition between manual creation to the system
designing.

Digital effects started to appear in the 1990s as a robust,
but small, toolset. Geometry was modelled using manual
techniques, lighting configurations were
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constructed scenery piece after piece. Particle systems
and displacement techniques used to get
approximations of the simulations. Modifications
were very expensive and discouraged near the end of the
production phase due to the render times and
departmental sensitivity. With the development of

were

digital storytelling, filmmakers began to desire more
spacious spaces, detailed water simulators,
atmospheric engines, group systems, and complete
digital ecosystems. Attempts to support these requests by
using manual processes rapidly became ineffective. The
industry was hit with a structural bottle-neck, more
complexity required more labour. There was a
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solution of proceduralism. Rather than making things by
hand, artists were able to specify rule-based systems that
would produce complexity automatically. They were able
to scale and be flexible by changing parameters rather
than recreating assets.

Houdini became one of the primary platforms of this
transformation with its non-destructive and node-based
design. Procedural logic, over time, was applied in
modelling, lighting, scene management and pipeline
automation as well as effects simulation. Combined with
workflows in USD and support of modern GPUs to
render, procedural systems redefined the whole fabric of
VFX production.

This dissertation examines this change in detail, both in
terms of technical development, and broadly speaking in
terms of its creative and industrial effects.

2. PAST HISTORY OF LEGACY VISUAL
EFFECTS PIPELINES.
2.1 The 1990s Digital Pipelines have a structure as

illustrated below.

At the end of 1990s, VFX production had a linear
workflow structure:

Modelling - Texturing - Rigging - Animation -
Lighting - Rendering - Compositing

There was isolating work of the departments largely. After
assets were transferred, it was disruptive to move to
previous stages. The manual exchange of files was usually
demanded as having many exported versions. There was a
lot of duplication in the assets and thus more storage was
required and confusion on different versions arose.

It was more common practice in software environments to
create scenes by hand, edited in a destructive way through
geometry, lighting, and shaders. In case a director needed
to make some changes, like making a wave smaller in a
water scene, the artists often needed to re-simulate it. This
inflexibility formed artistic restraints.

The speed of iteration cycles was low and the speed of
experimentation was limited by render times.

2.2. The late 1990s saw the development of fluid
simulation approaches, with the most popular one being
the Israeli 2D-3D finite element method.
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In such films as Deep Rising, particle systems and
displacement maps were primarily used to generate large-
scale water effects. Simulating fluid volume truly was too
much of a requirement on a cinematic level.

Particle systems were used to model the behaviour of
fluids by modelling individual points with forces acting
on them. They did not achieve the physical coherence and
secondary movement visible with actual water bodies,
although they were working visually to provide splashes
and spray.

Artists were paid by the manual art direction and
composing technique. To get realistic outcomes, a lot of
tweaking and workaround solutions were required.

2.3. Rendering Constraints

The 1990s rendered engines were based on the power of
the CPU. International lighting has been either restricted
or estimated. Such techniques as subsurface scattering and
light transport through the volume could not be computed
often enough.

The process of rendering one complex frame might
require six to twelve hours. Even the slightest alteration of
lighting had to be re-rendered in whole sequences.

The artistic decisions were affected by the cost of
computation. Scenes were usually scaled back to what
could be done as opposed to as realistic as it could be.

3. DEVELOPMENT OF PROCEDURAL
METHODOLOGIES.
3.1 Idea Change: Things to Systems.

A new approach of creativity is introduced by
proceduralism. Rather than carving the objects, artists
specify algorithms that generate objects.

For example:

1. The height of terrain is determined with layered
noise functions.

2. The density of vegetation varies with the slope
and altitude.

3. The structure of cities can be the result of the
generation algorithms of streets which are based on rules.
Object Manipulates Calculate the environment anew.
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This shift of attention toward individual objects to systems
makes it scalable and flexible.

3.2. Node-Based Architecture and Houdini.

The node-based interface of Houdini is procedural. All the
operations, geometry creation, simulation, or shading, are
represented as a node in a network.

Key traits include:

1. Non-destructive editing

2. Dependency tracking

3. Parametric exposure Construction of
4. modular networks.

Artists have the opportunity to visually trace the flow of
data manipulating the nodes upstream in order to
propagate changes automatically.

This structure is in sharp opposition to the editing
workflow of the past of destruction.

4. FLUID SIMULATOR TECHNOLOGIES IN
THE MODERN WORLD.

Water simulation was better than ever in Avatar: The
Way of Water. It was based on FLIP (Fluid Implicit
Particle) and APIC solvers to a large extent.

FLIP is a hybrid of particle and grid-based simulation,
which is detailed and is stable. APIC improves energy-
conservation and reduction of numerical dissipation.
These solvers simulate:

1 Surface tension

2 Turbulence

3. Foam generation

4 Bubble dynamics

5. Secondary spray

These systems, unlike the 1990s approximations of
particles, solve the Navier-Stokes equations to get correct
physical motion.

Procedural control allows artists to exercise control over
behaviour without necessarily re-Running simulations.

5. RENDERING REVOLUTION MANTRA TO
KARMA XPU.

Earlier rendering engines required long computation time
and CPU farms.

Karma XPU is used as modern pipelines:

1. Hybrid CPU/GPU rendering
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2. Physically based shading
3. Live interactive previews.
4. Effective volumetric performance.

The time taken in iteration is reduced significantly with the
help of GPU acceleration. Interactive testing of variations
is possible in lighting artists.

The USD-based Solaris provides scene level rendering
control in Houdini.

This allows simple switching of simulation, lighting to
final rendering.

6. DATA ARCHITECTURE AND UNIVERSAL
SCENE DESCRIPTION (USD).

USD is a significant scene management breakthrough.

USD represents data in layered compositions rather than
in a single large file scene:

1 Model layers

2. Animation layers

3. FX layers

4 Lighting layers

5. Shot overrides

The contributions that each of the departments can make
are not disruptive. The benefits include:

1. Parallel collaboration

2. Stable version control

3. Asset reuse

4. Effective memory control.

This building is essential to work with scenes that contain
billions of primitives.

7. PIPELINE INTELLIGENCE AND
AUTOMATION.
7.1. Houdini Digital Assets (HDAs)

HDAs are complex networks that have been bundled into
reusable tools.
Studios develop standard libraries of:

1. Procedural cities

2. Tree generators

3. Destruction systems
4. Crowd systems

Artists make use of systems rather than recreating logic each
time.
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7.2. Procedural Dependency Graphs (PDG)

Procedural dependency graphs (PDG) are a graphical
representation of the interdependence of nodes in a
particular process, commonly presented in sequence.

PDG distributes task on a large scale automatically:

I. Simulation batching
2. Render farm management
3. Dependency resolution
4. Asset generation pipelines
This eliminates manual co-ordination through
automation.
8. COMPARATIVE ANALYSIS

Table 1:
CATEGORY 1998 2022
WORKFLOW WORKFLOW
Fluid Simulation  Particle FLIP & APIC

Simulation Solvers

Rendering CPU-Only

Hybrid GPU/CPU
Speed File-based USD Layer
Management
Iteration Slow Rapid
Speed
Collaboration Sequential Parallel
Automation Minimal Extensive

The comparison reveals a structural change as opposed
to incremental improvement.

9. CREATIVE IMPLICATIONS

The procedural workflows enhance artistic liberty by:

1. Permitting experimental safety.
2. Approving revisions at a late stage.
3. Facilitating massive environmental narration.

The creativity is no longer manual but is now design
based.

10. ECONOMIC AND INDUSTRIAL IMPACT.

Procedural systems reduce the per-shot work cost and
require an upfront investment in the development of the
equipment.

Still studios are seeking technical artists that have a
variety of creative and computational expertise.

The educational programs must be changed to instruct
node-based thinking and data processes.

11. CHALLENGES AND LIMITATIONS

Despite their advantages:

1. The learning curve is still high.

2. Complex networks are potentially difficult to

debug.

3. There is a need to have high resources in
computing.

4. Too much automation can decrease the

uniqueness of style.
It is necessary to discover the balance between the
automation and the artistic individuality.

12. FUTURE DIRECTIONS

The future may hold:

1 Procedural parameter optimization with Al.

2 Simulation of neural networks.

3. Virtual production lines in real-time.

4 Cloud-based USD cooperation.

5. Sustainable rendering infrastructure.

The systems related to procedures may grow
smarter and guide the artists in the creation of systems.

13. CONCLUSION

The evolution of the older legacy processes in which
artists by hand created particles to complex procedural
systems is the transition to Houdini-based procedural
pipelines and is considered to be one of the most
significant changes in visual effects history.

This dissertation demonstrated through elaborate
technical analysis that proceduralism radically alters the
process of creating, controlling and perfecting scenes. It
makes it possible to scale, flex, automate, and empower
creatively at a level it was not possible to do in the 1990s.
Because cinematic aspirations continue to expand,
procedural approaches will be at the centre of building the
digital world.
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14. MODERN FLUID SIMULATION
MATHEMATICAL AND COMPUTATIONAL
FOUNDATIONS.

To realize the extent of the change between old particle-
based codes and new FLIP/APIC codes, it is imperative to
take a brief look at the mathematical basis of the current
methods of simulation.

At the end of the 1990s, it became common to
approximate fluid effects with particle emitters that were
driven by gravitational and collision forces. These
systems were not solutions to full equations of Navier-
Stokes governing fluid motion though they were visually
suggestive. They instead wused simplified force
accumulation models.

The solvers used today including FLIP (Fluid Implicit
Particle) have a hybrid particle-grid method. The solver
moves the particle velocities onto a grid, solves pressure
projection equations to impose incompressibility and,
finally, moves velocities back to particles. This briefing
representation has fineness of detail with physical
stability.

APIC (Affine Particle-In-Cell) It is an enhancement of
FLIP that conserves angular momentum and minimizes
numerical dissipation. The outcome is a more realistic
turbulence and secondary motion - which is important to
the appearance of cinematic realism in a large-scale ocean
simulation like those needed in Avatar: The Way of
Water.
Computationally, the shift
approximation-based art and equation-based realism.
Artists are no longer just simulating movement
aesthetically they are solving equations of fluid mechanics
at a large scale which are physically grounded.

The role of the artist is altered also by this shift. To define
boundary conditions, resolution parameters, viscosity
values, and collision objects, artists do not sculpt splashes
manually but instead provide the values of these
parameters. Emergent behaviour is computed by the

is a transition between

solver.
The aesthetic has become the resultant product of
mathematical precision.

15. RESOLUTION, SCALABILITY AND DATA
DENSITY.

Data density is one of the largest transformations between
pipelines of the 1998 period and contemporary
workflows.

Scene complexity was limited in Deep Rising because of:
1. Memory limitations
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2. Processor speed
3. Storage bandwidth
4. Render farm capacity

On a water simulation there could be tens of thousands of
particles. Current ocean simulations are able to include
tens of millions of particles per frame, volumetric grids,
foam layers, spray systems, and secondary simulation.
The problem of resolution scaling is no longer directly
related to the labour of artists. Rather, it scales by
distributed processing.

This density is controlled by procedural workflows since:

I. They are parameter-driven.

2. Instead of duplicating, they resort to instancing.
3. They use the layered scene composition (USD)
4. Their solution to dependencies is automated.

The high increase in the volume of data would not be
manageable in the previous file-based systems.

16. LIGHTING
SOLARIS.

ARCHITECTURE AND

Solaris is a significant change in the lighting processes.
Traditional light involved the importation of geometry
into the scene file, application of shaders, and the
destructive rendering.

Solaris operates on USD stage data. Lighting artists will
be free to work in layers scene compositions with non-
destructive overrides.

Key benefits include:

1. Lights that do not modify base assets.
2. Shot-specific overrides

3. Scalable scene referencing

4. Instanced geometry shading

This stratified system assists massive productions in
maintaining structural visibility.

As a view of production management, Solaris decreases
interdepartmental friction. Animation caches are not
interfered with by lighting changes. Looks development is
not affected by adjustments of the effects.

The pipeline is modularized and hardened.

17. COGNITIVE CHANGE: PROCEDURAL VS.
MANUAL CRAFT.

Other than technical changes, the workflow of procedures
in place entails a shift in thinking.
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Manual workflows encourage:

1. Concentration on separate objects.
2. Direct manipulation

3. Local problem-solving
Procedural workflows entail:

I. Thinking about systems

2. Mapping abstract logic

3. Awareness of dependencies

4. Hierarchy of planning parameters.

Artists should have their eyes on the big picture. One
modification in a single area could lead to the change of
thousands of outcomes further.

The change of thought reflects the trends in computational
architecture, data science and systems engineering. VFX
artists are coming out as creative system designers.

And education must change to instruct:

l. Algorithmic reasoning

2. Network debugging

3. Optimization strategies

4. Modular tool construction

It is an intellectual and a technological
development.

18. ECONOMICS OF PROCEDURAL
PIPELINES.

On the economic side, procedural pipelines alter cost set-

ups.
Legacy Model:

1. High labour costs per shot

2. Restricted reuse

3. Manual iterations expense.

Procedural Model:

1. Investment in tools development is high in the
beginning.

2. Lower costs per shot

3. Greater scalability

4, Re-use systems between the productions.

It can take months before studios create powerful HDAs
and PDG networks. These systems however, reduced the
setup time per shot by a drastic scale when they are in
place.

This makes VFX economics
infrastructure based.

There is an increase in the cost-efficiency in the long
term, particularly when the franchise requires replicating
environments and assets.

labour intensive to
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19. SUSTAINABILITY AND ENVIRONMENTAL
CONCERNS.

The computational resources are many in the current VFX
production process. Megafarm render farms are energy-
intensive.

Procedural  automation can  however increase
sustainability by:

1. Productive planning to minimize waste machine
time.

2. Optimally tuning the sampling with respect to
unnecessary render passes.

3. Scaling on the cloud to avoid over-provisioning.

The next step in research should be to examine render
pipeline carbon footprint and come up with render
efficient methods.

The concern of sustainability may turn into one of the
factors in the design of pipelines as the industry gains
more awareness.

20. MACHINE LEARNING
IMPLEMENTATION.

Procedural pipelines are beginning to come together with
machine learning.
New applications include:

1. Neural interpolation of simulations.

2. Denoising using Al

3. Smart parameters suggestion systems.
4, Computer-aided material production.

Neural networks are capable of estimating high-resolution
simulations using low-resolution inputs, which reduces
compute time by a large margin.

Machine learning could also be used in the optimization
of scheduling of PDG and prediction of bottlenecks.
Nevertheless, the ML systems supplement the procedural
logic, but do not substitute it.

Machine learning enhances efficiency and procedural
frameworks offer organization.

21. CROSS-INDUSTRY INFLUENCE

Film is not the only form of procedural methods.

They apply to:

1. AAA video game production 2. Parametric
modelling of architecture.

2. Online virtual production studios.

3. VR/AR world creation
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4. Urban planning simulations

The cooperation between industries regarding procedural
systems demonstrates a broader change in the creation of
digital content.

22. THREAT OF OVER-STANDARDIZATION.

Although procedural workflow enhances efficiency,
aesthetic sameness is a possibility.

In case studios rely on reusable HDAs too often, the
variety of style may be lacking.

To avoid it, artists are to:

I. Continue improving tool parameters.
2. Promote customization
3. Continue to promote innovative experimentation.

Proceduralism is not supposed to be a formula but rather a
flexible framework.

23. EXTENDED COMPARATIVE TECHNICAL
TABLE.

Table 2: Dimension 1998 Production 2022 Production

Dimension 1998 2022

Production Production

Particle Thousands Millions

Count

Fluid Solver Approximation  Navier-Stokes

Based

Render CPU-only Hybrid XPU

Engine

Scene Data File-based USD Layered

Iteration Time  Hours/Days Minutes
Automation Minimal Extensive
Collaboration Sequential Parallel

The change extends to all the technical areas of
production.

24, CREATIVE TEAMS: PSYCHOLOGICAL
EFFECT.

Quick development fosters experimentation. Artists are
more receptive to experimentation when render times
reduce by an order of magnitude, i.e. hours to minutes.

More creative risk-taking increases with the decreasing
of technical boundaries.

The process pipelines are, therefore, the ones that push
artistic innovation forward, albeit indirectly.

25. PROCEDURALISM AS IT RELATES TO THE
LONG-TERM FUTURE.

Procedural pipelines in the next decade could be on track to:
1 Complete dynamic on-screen movie.

2 Al-assisted setting up of the environment.

3. Collaborative work Cloud native.

4 Smart simulation scaling

5. Automated quality control

It is likely that the procedural systems will be even more
coupled with predictive algorithms.

26. EXTENDED CONCLUSION

One of the largest changes in the history of visual effects
is the replacement of the old pipelines based on particles
with the modern systems based on procedural
USD.
Procedural systems, when applied to film
production, enable directors to make digital worlds detailed
and realistic in minute ways, as films have
never been before due to mathematical precision,
automation, layout, and distributed collaboration.
The Deep Rising vs. Avatar: The Way of Water

comparison reveals not only improvement in
technology but also a shift in the philosophical
perspective.

In VFXs, it has ceased to be a manual process in which
digital components are assembled by hand to create
systems that
combinations.

are adaptable to generate infinite
Proceduralism is currently a core aspect of contemporary
digital cinema.

The areas that proceduralism is about to conflate as Al
gains more and more support in pipelines, though, will be
the distinctions between simulation, automation, and
intelligent creative assistance. The future of visual effects
is to create systems capable of creating digital worlds in

real-time, as opposed to creating them one part at a time.
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