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Acronyms

AMQP Advanced Message Queuing Protocol
BVH Bounding Volume Hierarchy
CGI Computer-generated imagery
MVP Minimum Viable Product
VFX Visual Effects
WIP Work in Progress
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Introduction 1
In the Information Age, the information available has become beyond the grasp of
individuals. Thus, information is lost as a result of the seemingly unending stream of
information. Meaning, to get consumers to pick up speci�c information, a vehicle to
distribute information is vital. Images, in tandem with text and/or speech, is used as
vehicles for sharing information. Images generated by a computer is called Computer-
generated imagery (CGI). CGI is used in a multitude of di�erent aspects in our society
e.g. commercials, entertainment, documentaries and textbooks. The presence of CGI is
so prevalent in today's society that most citizens in the developed countries sees CGI, in
their everyday life.

The in�uential presence of CGI in today's society, has resulted in the establishment of CGI
communities and enthusiasts, beyond the �eld of professionals. In addition to the advent
of compute technology, tools have become available with free and open source programs
e.g. Blender and GIMP, that makes the entry to CGI production even more accessible.

Because of the broad range of CGI developing entities, in both budget and developer
experience, the production work�ow for CGI varies among all entities. Henceforth we will
refer to the people associated with CGI production as creators. Furthermore, any creation
of CGI has to conform to its creators' expectations. A popular approach to conform to
these expectations is to do multiple minor reviews of the Work in Progress (WIP). This
allows creators to con�rm the state of several aspects regarding the WIP, thus allowing
�ne-tuning in accordance to their expectations. Comprehendingly, a review process is
generally incorporated into the production work�ow, to maximise the e�ciency of reviews.

1.1 Motivation

This section delineates the problem and gives the motivation for the project by establishing
information on the traditional 3D production work�ow. That is commonly used as the basis
for industry work�ows [1], to create CGI. Additionally, we discuss its di�culties regarding
the review process.

Figure 1.1 illustrates the traditional stages in 3D production and Description 1.1 the
corresponding description of each stages' implication. The last stage in 3D production is
rendering, that computes the graphical representation of the scene, into images. Where
a scene is a collection of graphical objects, each with its own attributes, i.e. colour and
geometric shape. The generated images then goes through a review process, and upon
approval they are forwarded to post-production [2, 3], that includes: i.a. compositing,
sound editing, colour correction. However, if the images are not approved, they are sent
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Group ds1010f20 1. Introduction

Layout: The conceptualisation of ideas and the creation of the storyboards that
translate these ideas into visual form.

R&D: Preparing for future tasks in the production. E.g. the scene needs an explosion
from a speci�c type of source, like a missile, the Visual E�ects (VFX) artists
study missiles to understand how the �re and smoke behaves. Once they
understand the behaviours, they can create e.g. tools to e�ciently work on
the shots requiring an explosion from a missile.

Modeling: The process of moulding primitive shapes into completed 3D meshes.
Such as shaping a cube into a 3D model of a door that can be re�ned and
detailed subsequently.

Texturing: The process of overlaying images onto a 3D model by mapping which
part of the images should overlay which part of the 3D model.

Rigging/Setup: The process of creating a controllable skeleton for a 3D model that
is intended for animation. The design of the skeleton corresponds to the set
of controls the 3D model are expected to perform e.g. jumping, running and
walking.

Animation: The process of altering a 3D model, by changing its position in the scene
or its graphical appearance e.g. size and form between frames.

VFX: The process of creating elements too complex and di�cult to animate. E.g.
hair where each strand of hair would require an individual animation and
accompanying skeleton to allow for dynamic movement.

Lighting: The process of adding lighting objects to a scene to make objects visible
for the camera. In addition to counter objects from appearing �at by simulating
how lighting works in the real world.

Rendering: The process of computing the graphical representation of the scene.

Description 1.1: Each stages' implication in the traditional 3D production work�ow

back to the previous stage in production, where the �aw was diagnosed. This repetitive
process, repeated for each phase in the production work�ow, is illustrated in Figure 1.2.
Thus, in a traditional 3D production work�ow, the review process is a repeated routine.
This routine is crucial in validating the generated images, according to the standards of
the creators' expectations. Consequently, this also means creators have to address three
interconnected aspects of the repeating reviews; delay of rendering, thevisual quality and
the computational requirement. Delay of rendering has an intrinsic correspondence to the
choice of the visual quality and the computational requirement required for the review.
Where, the visual quality is required frame rate, resolution etc. for the review to bring
the desired return value. And the computational requirement is the required CPU time,
to uphold the visual quality.

Figure 1.1: The traditional 3D production work�ow

2



1.1. Motivation Aalborg University

Figure 1.2: Sequence diagram illustrating the inner steps of the 3D production work�ow

1.1.1 Delay of Rendering

The delay caused by a rendering of most stages in the traditional CGI work�ow is often
small enough that creators can review frames as they are getting rendered. Meaning, frames
are rendered in a high enough frame rate, that the delay is not an obstacle for creators'
review process. However, a rendering of some stages such asAnimation , VFX , and Lighting
requires computationally heavy techniques resulting in increased render times. Hence,
delaying the review process and the entire work�ow. To counteract this delay, render
tasks with a too high computational requirement for a single machine are rendered using a
render farm. A render farm is a cluster of networked machines, each devoted to rendering
fragments of a task. Consequently, by using a render farm the intermediate results from
rendering are not present on creators' local machines, but spread across multiple networked
machines. Because of this, creators using a render farm do not get an usability-wise review
experience similar to a local experience. To emulate the local review experience, render
farms can sequentially stream the rendered frames to the creators' local machine.

1.1.2 Visual Quality and Computational Requirement

In extension to the delay caused by rendering, creators also must address two important
aspects of the review process itself. In particular, thevisual quality required for the review
to bring the desired return value and the associatedcomputational requirement of this
visual quality. With high visual quality implying a high computational requirement e.g. a
4K ultra HD image would require more computational power than a Full HD image. Both
aspects are essential for working e�ciently in a 3D production environment [1, 4]. As too
low visual quality may yield unacceptable returns, i.e. unusable for review. Where too
high visual quality results in increased delays in the work�ow, as illustrated in Figure 1.3a.
Thus, �nding the balance between the visual quality required for an acceptable review
and correspondingcomputational requirement to meet production deadlines, is the key to
working e�ciently.

Additionally, as render farms normally work on multiple concurrent tasks, from di�erent
developing entities, the available resources varies. In addition to resources, in traditional

3



Group ds1010f20 1. Introduction

render farms, being distributed using simple scheduling disciplines such as �rst in �rst out
(FIFO), and round-robin. Consequently, this means that the computational requirementof
a task is not considered, during the distribution of resources. Thus, creators may receive
unacceptable and unstable frame rates for their review.Hence, the render farm does not
always uphold avisual quality that is adequate for the creators' review.

Therefore, a render farm that can determine thecomputational requirementof tasks before
it distributes resources, will yield a better review experience for creators, similar to that
of local rendering.

A method to determine the computational requirement, is to asses, via an analysis, what
should be allotted to the task. For local rendering, the creator can do this from experience.
However, due to the cloud's resources not being as stable, this can be more di�cult for the
creator. For this reason we suggest an additional feature for render farms, to ameliorate
creators from deciding thecomputational requirement. This feature takes the form of an
automatic analysis of each submitted task.

Consequently, such an automated analysis can not be automated without introducing a
cost, either in terms of an additional delay of rendering, and/or an increase in resource
usage. However, as render tasks are stochastic processes, as delineated in section 2.1, the
task in its entirety needs to be rendered to accurately determine its render time. This
would however defeat the purpose of an analysis, therefore, a balance between accuracy
and cost should be found. We can model this dilemma as a case of diminishing returns
as illustrated in Figure 1.3b. The �gure shows the trade-o� between cost and accuracy of
the analysis becomes increasingly worse as the cost increases. Additionally, as this balance
depends on the hardware, and the required accuracy is subjective. We submit that the
system should be designed so that system operators can decide the preferred balance in
their system.

(a) The relation between a tasks' computa-
tional requirement and visual quality

(b) The relation between an analysis' cost and
accuracy

Figure 1.3:

1.2 Previous Work

This rapport is a continuation of our previous work [5]. In our previous work we design and
implement software for a render farm specialised for the review process in 3D production.

4



1.2. Previous Work Aalborg University

In this section we summarise this work, and the state of the previously developed system.

This rapport is a continuation of our previous work [5]. In our previous work we propose
a render farm specialised for the review process in 3D production. In this section we
summarise this work, and the state of the previously developed system.

1.2.1 MVP Requirements

We started with an analysis of existing commercial render farms, and academic methods,
or areas, of improvement. From this analysis we decided on creating a system that enables
the creators to de�ne how fast they want to be able to review their work. With the intent
to create a proof of concept, requirements for an MVP were formulated. In addition, a
MVP was developed in accordance to those requirements. Table 1.1 lists the requirements
for the MVP, and their state of completion. The requirements are split, in accordance to
the MoSCoW prioritisation method.

Accepted
state

Unaccepted
state

Not
started

(1) Must have functionality to distribute
a render task between multiple workers

X

(2) Must have functionality to combine
rendered frames into a image sequence

X

(3) Must have functionality to calculate
the approximate render time of a task

X

(4) Must have functionality to allocate resources
based on the demand of a task.

X

(5) Must have functionality to output a preview
of rendered frames as an image sequence.

X

(6) Must have functionality allow system operators
to control the analysis' cost.

X

(7) Should have an interface for users to
playback an image sequence of rendered frames

X

(8) Should have functionality to subdivide single
frames into an arbitrary number of sub images

X

(9) Should have functionality to merge sub
images into single frames after being subdivided

X

(10) Could have functionality to intelligently select
frames that should be analysed

X

(11) Could have functionality to perform
the analysis and rendering concurrently

X

(12) Could have the render farm scale automatically
based on resource requirements from active tasks

X

(13) Won't have account features X
(14) Won't have encryption of internal
or external messages

X

Table 1.1: State of MVP requirements

The created MVP supports most of the must have requirements. However, as shown in
Table 1.1 two requirements were not accepted; approximation of a task and adjusting the
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analysis settings.

From our experiments we learned that the accuracy of the approximation is only acceptable
for a subset of render tasks. This variation in accuracy came from the preparation overhead
required for rendering a task. As this overhead is repeated and included in the time
measurement of the analysis. In addition, the overhead is not directly proportional with
the render time of the task. We detail speci�cs regarding the preparation overhead in
section 2.2.

As for allowing system operators to control the cost of the analysis, we designed the system
to allow adjustments by choosing a target sample. Where the target sample is the amount
of times, each considered pixel is rendered and measured during the analysis. The MVP's
analysis approach is detailed in section 3.1. However, from our benchmarks we determined
that the analysis cost were too dependent on the submitted task, and its preparation
overhead. Thus, the control of the analysis was not adequate. Furthermore, from our
experiments we learned that the analysis was limited to a single core, thus limiting the
hardware utilisation for hardware capable of multi-threading. Hence, further limiting the
system operators to control the cost of the analysis, based on their own render farms'
hardware.

Because of the variation in the analysis' accuracy and the lacking control over its cost we
will revisit the MVP.

1.2.2 MVP Components

To ful�l these requirements, we designed a system, as shown in Figure 1.4. The component
diagram shows the relation between the components in the system. Description 1.2
provides a corresponding description of each and their responsibilities. The detailed
description of the MVP, its requirements and design can be found in our previous work
[5].

6
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Browser: The creators' interface with the system. Not strictly limited to browsers,
any interface that allows creators to send HTML requests.

API: Receives HTML requests to enable communication to the render farm. Its main
endpoints are task submission and stream access.

Task Analyser: Responsible for analysing each task upon submission. From this
analysis, calculate the correct number of resources that should be given to that
task.

Cloud Platform: Responsible for exposing features that enable the spawning of
workers and access to the tasks' �le between components.

Task Manager: Responsible for management of tasks after analysis, this includes
management of workers and the queue that details the remaining work for that
task.

Blender: The program responsible for performing the rendering. With Blender's
Cycles being the selected engine.

Render Workers: An entity whereupon the rendering is performed, using Blender.
Multimedia Framework: Responsible for encoding of the rendered frames, which

are exposed to the creators.

Description 1.2: Each components' implication in the MVP

Figure 1.4: Component diagram of MVP

In terms of the MVP's overall design, we based it on existing cloud render farms. And
with the objective of tailoring the CPU resource allocation based on the submitted tasks'
computational requirement, we designed a Task Analyser. The Task Analyser analyses each
task upon submission, by utilising the theoretical basis of how Cycles render its tasks, see

7
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section 2.2. Therefore, we based the analysis on rendering a percentage of the task, spread
evenly across its frames. Additionally, to address the delay of rendering, we introduced
continuous encoding. Where frames are encoded, as they are rendered. In addition, we
added an endpoint in the API that allows the creators to view the currently encoded
frames.

To discuss the communication of the MVP we will start by distinguishing the di�erent
information sent to the system by the creators, and the various components that use it.
For each task we separate the information into system meta, Blender meta and Blender
data.

System meta: Denotes the metadata sent with the HTTP push method at task
submission. This data instructs of the desired output for the rendering, i.e. the
requested frame throughput of the system, which we will refer to as the requested
frame rate. The Task Analyser uses this to determine thecomputational requirement
of the submitted task.

Blender meta: Denotes the metadata for the rendering, i.a. number of samples, frame
rate and resolution of the task. This data is situated within the Blender �le and
is read by our system to enable the system to understand the render task'svisual
quality. Hereby, enabling Workers to render, Task Analyser to analyse and the Task
Manager to encode the submitted task in terms of itsvisual quality.

Blender data: Denotes i.a. objects, lights and textures in the scene. This information
is handled by our chosen render engine Cycles, that is used by the Workers and the
Task Analyser.

Additionally, in terms of the internal communication between the components, we observe
the event of creators uploading a task to the system, as illustrated in Figure 1.5. The
sequence diagram illustrates the Task Manager and Workers are created on a per task
basis. The number of instances of these components are therefore scaled according to the
number of concurrent tasks in the system. In contrast, the API and Task Analyser are not
created on a per task basis. Instead, all incoming communication to both the API and
Task Analyser gets distributed using a round robin policy, across their respective available
instances. Thus, both these components are designed, so system operators can scale them
automatically based on some metric, e.g. on CPU load above 80%.

8
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Figure 1.5: Sequence diagram showing the communication in the event of upload of a task
�le

Table 1.2 illustrates each components' responsibility in relation to the MVP requirements.
The table lists the di�erent components vertically and a number corresponding to a
requirement horizontally. Where an X marks the component responsible for tending to
that requirement.

Resp.
Component

Req. No.
1 2 3 4 5 6 7 8 9 10 11 12 13 14

Browser X X X
API X X X X
Task Analyser X X X X X X
Cloud Platform X X X X X
Task Manager X X X X X X
Blender X X
Render Workers X X X X X
Multimedia
Framework

X X X

Table 1.2: Overview of the connection between requirements and components

The MVP was implemented with these components, and benchmarked to evaluate its
performance of the three aspects: delay of rendering,visual quality and the computational
requirement of a task.

9
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1.2.3 MVP Benchmarks

For our benchmarks we compared our MVP to a system without an analysis of tasks.
Instead, this other system used a round robin policy to evenly distribute resources between
concurrent tasks. We then submitted two tasks, each with a di�erent visual quality, and
minimal impact from preparation overhead. Additionally, we employed strict limitations
on the workers CPU's, as under normal circumstances they can utilise unused CPU's in
the cluster. We placed this restriction on the workers, to better illustrate the accuracy of
the analysis. For a more detailed description of the experiment setup, see [5].

In Figure 1.6 the visual quality have been simpli�ed to represent a requested frame
rate, illustrated by the straight yellow line. Additionally, two lines have been plotted,
representing the timespan for each frames' relative render time in the two systems. Each
frame is annotated by the percentage di�erence to the requested frame rate. As seen in
Figure 1.6a and Figure 1.6b, the MVP are consistently closer to the requested frame rate
for both submitted tasks. This demonstrates the satisfactory accuracy of our system at
targeting a speci�c visual quality.

(a) Task 1 (b) Task 2

Figure 1.6: Comparison of visual quality between the MVP and the round robin system

Customising the resource requirement for each task comes at a cost, namely the cost
of the analysis, found by comparing the absolute completion time of the two tasks. We
benchmarked this cost and it can be seen in Figure 1.7. The two �rst clusters in Figure 1.7a
shows the MVP takes a comparatively longer time to complete the two tasks. However,
this is due to us strictly limiting the workers from using non occupied CPU resources.
Thus, it is not fully utilising the available resources in the render farm. So to correct for
this, we looked at the unutilised resources and factored them into the graph. We show this
in the last two clusters of Figure 1.7a, with 0.35 extra CPU's corresponding to the lower
bound of the unutilised resources and 0.77 CPU's being the upper bound. But as is visible
in the graph, even with the lower bound, the MVP out competes the round robin system.
However, this is a theoretical approximation.

Thus, we performed a new benchmark with our MVP without limitations on the workers,
the result is shown in Figure 1.7b. Noteworthy is that the render �le di�ers from
Figure 1.7a, where the di�erence in the sum of the two tasks is ca. 8%, which is to
be expected. This discrepancy stems from the analysis time, and from the reduced
hardware available when running a Task Analyser, and possibly some hardware variation.

10
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Additionally, due to problems explained in section 2.2 it is not adjustable.

From these initial benchmarks we showed our MVP was able to target a requestedvisual
quality in the form of a frame rate. But with an added ca. 8% cost to the overall render
time. However, as previously stated, the analysis' accuracy varied when benchmarking a
speci�c group of render tasks, which resulted in the analysis not being accepted.

(a) Comparison between the MVP with limit
on workers and the round robin system

(b) Comparison between the MVP with no
limit on workers and the round robin system

Figure 1.7: Comparison of cost between the MVP and the round robin system

1.2.4 MVP Summary

From the requirements, components and benchmarks we discussed, we observe a working
cloud rendering system. However, there are some de�ciencies in our system. First, the
Task Analyser is limited in its control of the analysis' cost, thus limiting system operators
of tailoring it to their system. Secondly, its accuracy is only acceptable for a subset of
tasks. Thus, even though the benchmarks of the MVP showed the bene�ts of having an
automated analysis upon submissions, in contrast to a similar round-robin system. It is not
in an acceptable state, for which existing render farms can pick it up and use it for general
tasks. To achieve an acceptable state for the MVP the two unaccepted requirements;
approximation of a task and control of the analysis' cost, needs to be solved.

1.3 Project Goals

We have in this chapter highlighted two problems in regards to the review process in
the traditional CGI work�ow. Namely, the delay of rendering, and determining the
balance between thevisual quality required for an acceptable review and its corresponding
computational requirement to achieve this.

We suggest moving the responsibility of determining thecomputational requirement for a
given visual quality to the render farm, instead of relaying on creators' own experience.
We base this suggestion on the varying hardware types and available resources in a render
farm. Which increases the complexity of this decision, in contrast to local rendering.
Thus, we discussed the current state of the MVP developed in our previous work [5],
besides benchmarks of this MVP, to evaluate the potential of our suggestion.

From the evaluation we conclude that the developed MVP showed potential for a subset
of tasks. However, for our suggestion to be applicable in the general scheme of things, we
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need to solve the two requirements that was deemed unacceptable for the MVP. Therefore,
the goal of this project is to solve these two requirements:

ˆ Must have functionality to calculate the approximate render time of a task
ˆ Must have functionality allow system operators to control the analysis' cost.

Furthermore, our evaluation criteria for the two requirements is for the system to be stable
and consistent across all tasks supported by our chosen render engine Cycles. This means
both the accuracy and cost of the approximation should be within reason across tasks.
This leads us to the following problem statement.

Problem Statement

How can we establish a cloud rendering system, with a task analysis, to accom-
modate a speci�ed visual quality from creators by determining the corresponding
computational requirement in accordance to the creators expectations?

To answer this question in a conclusive manner we strive to perform a practical test. To
perform such a test, we will create a design of a cloud render farm, and construct a minimal
viable product of this design. After developing this system we will test it to conclusively
answer our problem statement. Thus, the goal is to create a system comparable to the
previous developed MVP in both cost and accuracy, but is not limited to a subset of render
tasks.

1.4 Chapter Summary

In this chapter we provided the motivation for our project, by highlighting the possible
improvement in the 3D animation work�ow. Dividing the problem into two areas, each
with their own aspects to consider. We then showed the component design of the
previously developed system, discussed its communication and scaleability. In addition
to its performance in terms of accuracy and cost, as we illustrated by benchmarks of the
system. To conclude, we discussed the goals of the project.
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Background 2
In this chapter we present the relevant rendering theory in relation to Blender and our
chosen render engine Cycles, which uses path tracing. Additionally, we cover the theory
behind the prevalent preparation, and the theoretical reasoning behind the analysis of
render tasks.

2.1 Cycles

This section delineates on how path tracing works, in conjunction to our selected render
engine Cycles. Additionally, we address the preparations performed by Cycles to speed up
its rendering.

2.1.1 Render Preparations

Before Cycles starts rendering, it performs some preparations to improve render times.
The two most dominant preparations are:

ˆ Synchronising objects with the objective of creating virtual geometry of objects in
the scene, and transferring these objects into memory [6].

ˆ Building of the Bounding Volume Hierarchy (BVH) tree, which is a ray tracing
acceleration structure and is useful for i.a. collision detection [7].

Both preparations are based on the contents of the task and are only necessary once per
frame. Additionally, the results of preparations can in theory persist between frames, if no
objects in the scene have changed position or been transformed. However, implementing
an e�cient way to validate no objects have been altered, is rather di�cult, hence no such
feature is present in Blender, except for non o�cial release patches such as [8].

Appendix A.1 lists two logs of two di�erent render tasks. In this example we see how
the preparations impact the overall completion time of a task di�erently. The preparation
takes 2.57 and 14.76 seconds respectively, before Cycles begins the actual rendering. These
two timespans corresponds to a 22.54% and 86.26% of the overall completion time of a
task, respectively. Hence, we see the preparation is not directly proportional to the render
time of a task.

This preparation slowdown both the analysis, and the throughput of frames from the
render workers. We should therefore consider this in the design of the system.
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2.1.2 Path Tracing

Cycles is a fully path tracing render engine meaning its rendering is achieved by casting rays
of light from each pixel of the camera into the scene. These rays then re�ect, refract, and/or
get absorbed by objects until they either hit a light source, reach a speci�ed bounce limit,
or extend beyond the boundary of the scene. This approach is illustrated in Figure 2.1,
where we see how a light ray react according to the surface's attributes.

Figure 2.1: Illustrating a light ray cast from the camera, and its traced path

This means path tracing does the inverse of what reality does, tracing light rays from the
camera into the scene and onto lights, rather than from the light sources into the scene
and then into the camera. This has the advantage as to not calculate light rays that will
not end up in the camera's view, but makes other aspects of lighting harder to simulate.
E.g. �nding the correct light path for pixels lit up by a re�ection of a light source. In
these cases �nding the correct light path for pixels is not as feasible since the number of
paths grows exponentially.

We can explain this exponential growth by looking at Figure 2.1. If we follow the light ray
cast from the camera, we see it hits a surface and a re�ection ray is created. However, we
also see that a shadow ray is created. A shadow ray is the last ray in the light path, before
hitting a light source. So essentially, the pixel initially hit by the light ray, cast from the
camera, is getting lit up by two unique light sources. Thus, we need to backtrack the light
path to both these light sources, to determine the correct colour for that pixel. However,
since we are backtracking light paths, we do not know that two unique light sources a�ect
that pixel. So on each surface bounce, we have to guess a direction and create a ray in
that direction. Thus, path tracers uses Monte-Carlo simulation to randomise ray emissions
from surfaces by di�erent angles. This means for each bounce required in the light path,
increases the amount of paths we need to check exponentially. Going back to the example
in Figure 2.1, we see how the two light sources requires a di�erent amount of bounces.
And it is for this reason path tracing engines such as Cycles, uses the concept of samples.
Samples refer to the number of light rays sent per pixel of the camera's view. Thus, given
enough samples, the correct light paths can be determined and photo-realistic lighting can
be achieved.

Since path tracing relays on Monte-Carlo simulation, it becomes a stochastic process, and
thus making accurate approximations of render times di�cult.
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2.2 Analysis of Render Tasks

Because of the stochastic characteristic in path tracing, Cycles needs to render all samples
of a pixel, to determine the computation time of that pixel. Additionally, because
computation times also vary for each pixel, the actual render time of a task can �rst
be determined once the entire task has been rendered. Thus, to achieve an acceptable
approximation of a task's render time upfront, we need to take these observations into an
account. For inspiration, and understanding of the basis of analysing a task, we look at
Blender's own internal approximation of render times.

2.2.1 Blender's Approximation

Because of the stochastic nature of path tracing, Blender repeatedly calculates an
approximation of the completion time, to notify creators of its progress. Blender's approach
gives an approximation almost instantaneously as it compares the number of rendered
samples to the total samples in the frame repeatedly. We show the approach in Figure 2.2.
From the �gure we see, Blender's approximation keeps measuring samples for the same
tile, until it is fully rendered, then moves to the next tile. This approach is quite naive,
as it assumes the rendered samples'computational requirement corresponds directly to
the computational requirement of the samples not yet rendered. This can be seen in
appendix A.1, which shows Blender's log. As such, a large discrepancy in accuracy presents
itself when the task's computational requirement is not evenly distributed. E.g a frame
containing an object in its center, and the rest of the frame being empty.

As our objective for the approximation di�ers from Blender's, we see clear a problem
regarding Blender's approach, namely that the initial accuracy of Blender's approximation
highly depends on how well the starting pixels'computational requirement represent the
entire frame. We therefore look at selecting pixels that are a better representation of the
entire frame, instead of indiscriminately rendering.

Figure 2.2: Illustration of Blender's internal approximation
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2.2.2 Pixel Selection

Before we discuss pixel selection, we need to introduce the principle of 2D and 3D points
in a scene. Objects in a scene consist of several edges and vertices connected to form the
surfaces of objects. Surfaces of objects are therefore made of a number polygons, that each
represent a 2D plane for an area of the object's surface. This 2D plane area consists of a
number of 2D coordinate points. These 2D coordinate points are then transformed into
3D points in the scenes global space, by Blender, to simulate a 3D space. So, essentially a
3D point represents the smallest space Blender can work with. From this understanding,
we examine 3D projection.

Because of how 3D projection works, that is to say, how the camera maps points in three-
dimensions onto a two-dimensional plane, to represent a 3D scene. The camera compresses
multiple 3D points of the scene into a number of 2D points to capture the scene's content
as several pixels, as illustrated in Figure 2.3.

Figure 2.3: Illustration of a 3D projection

However, as a single pixel is generally too small to present an entire object, creators
place the camera in such a way that each visible object gets presented by multiple pixels.
Hence, casting light rays from neighbouring pixels are more likely to hit the same type
of surface. This results in similar re�ection and refraction patterns. Therefore, yield a
similar computational complexity. In contrast to pixels distant from each other, in relation
to the camera's view, with comparatively more dissimilar patterns. We illustrate this in
Figure 2.4, where we see neighbouring pixels hits similar surfaces. From this, we make
the assumption that analysing pixels, selected evenly across the camera's view, will yield
a better approximation of the average pixel'scomputation requirement.
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(a) Light rays is cast from each pixel of the
camera's view

(b) The light rays have reached and re�ected
of objects in the scene

Figure 2.4: Illustration of path tracing with one sample

2.3 Chapter Summary

In this chapter we presented the essential background that govern our design. To cover
this, we discussed the chosen engine Cycles and highlighted aspects of the engine that
introduce complexity for the analysis. This includes the preparations of a task and the
discussion of why analysis of path tracing is not trivial.
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Design 3
In this chapter we present the design changes of the Task Analyser component and
propose a new approach for the approximation. Additionally, we describe the internal
communication of Blender and the required changes in its components, to support the new
proposed approximation approach. Lastly, with the cloud platform being Microsoft Azure,
we describe speci�c attributes of our system, and how we map the result of the analysis
to a number of render workers.

3.1 Task Analyser

As mentioned in section 1.2 we found the Task Analyser previously developed did not
ful�l our requirements. This section details the problems, and potential solutions, with the
previous Task Analyser. Last, we explore optimisations of the analysis approach previously
developed in the MVP.

3.1.1 The MVP's Approximation

The approach of the MVP's analysis is to render a percentage of a task, while measuring
rendering time. These measurements are then scaled accordingly, meaning if 2% of the
task was rendered, the measurements are multiplied by 50 to approximate the render time
for the entire task. We visualise the di�erent stages of this approach in Figure 3.1.

The approach renders a constant percentage of the task. Its analysis time is therefore
entirely dependent on the render time of the task. Having the analysis time varying based
on the render time is not optimal, as it may yield long analysis times. A more controllable
analysis time would be preferable to limit the cost of the analysis. In addition to this, from
our evaluations of the MVP, we found problems in our approach. These problem stems from
the render preparation of a task. section 2.2 delineates on the render preparation. While
some preparation is necessary to improve render times, the Task Analyser's design resulted
in drastically increased timespans spent on preparations. Normally the preparations is
performed once per frame, however, the Task Analyser performed the preparations multiple
times for each frame. This is because the Task Analyser selects a portion of the frame
to be rendered, and then instantiate a render instance for each part selected. However,
Blender deliberately discards all results from the preparations, once the render instance
has completed. So because the Task Analyser creates multiple render instances, instead
of an uni�ed one, it performed the preparations for each render instance. Hence, the
preparations became detrimental for the Task Analyser in two notable ways.
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Figure 3.1: Illustration of the MVP analysis

Problem One: An Unreliable Accuracy

First, preparations in�uence the accuracy of the analysis, as we include the preparations
in the analysis's measurement. This is due to the Task Analyser's timer starts before the
preparations. A custom handler would allow a timer to be started after the preparations.
A handler is a function for code that is to be triggered by the occurrence of a speci�c
event, in this case the completion of the preparation phase.

Problem Two: An Unnecessary Cost

Second, preparations increase the analysis' cost. As stated in section 1.1 we seek to balance
the cost and accuracy of an analysis, thus this increase in cost is perceived as a non trivial
decrease in the viability of our analysis. Thus, reduction of the unnecessary preparation
is a priority. Our initial idea was to apply a patch for a previous version of Blender [8], as
suggested by multiple people from the Blender community. This patch claims to keep scene
data persistent across render instances, such that preparation only has to be performed
once per frame. However, upon testing we found that only a limited part of the render
preparation was persistent. While there were a visible reduction, it still was not acceptable
for our purposes.

Alternatively, we can introduce the external tile selector, used in the MVP, into Blender
as an internal tile selector. A tile selector is the method used to divide each frame
into fragments, also called tiles. The bene�t of an internal selector versus an external
selector, is that a list of tiles are represented as one render instance. Thus, allowing
Blender to reuse results from preparations across tiles and reduce preparations to once a
frame. Additionally, as each render instance references a list of tiles, tiles can be rendered
concurrently across threads. In contrast, an external selector is only able to render one
tile at a time. Hence, an internal selector would both give the analysis better hardware
utilisation, and reduce the unnecessary cost of preparations.

Reusing Blender's default selectors is not optimal as it selects the entire frame, however,
our analysis requires a subset of the frame to be selected. Figure 3.2a shows a default
internal selector in Blender, and Figure 3.2b shows the implemented external selector in
the MVP. Thus, to keep the analysis cost proportionate to the task, our analysis requires
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a specialised internal selector. Furthermore, as we argued in section 2.2, the importance of
selecting pixels evenly across a frame. Because of this Blender's default internal selectors
are not feasible for our purposes.

(a) The internal tile selector in Blender,
illustrating the tile selection of a single frame

(b) The external tile selector implemented in
the MVP, illustrating the tile selection of a
single frame

Figure 3.2: Comparison between Blender's internal tile selector and the MVP external tile selector,
with the same tile size set. Selected tiles are illustrated with a black border and grey interior

Reduction of Maintainability

These two purposed changes a�ect the maintainability of the system, as adding either
a custom handler and/or specialised tile selector, requires changes in Blender's source
code. Changes in Blender's source code detrimentally a�ects the maintainability of the
project. Thus was not our initial choice. But, as the cost of the analysis is a concern,
we see a reduction of the cost, by sacri�cing some maintainability, as a positive trade
o�. Furthermore, as some maintainability has already been forfeit, by changing Blender's
source code, it introduces the opportunity to make supplementary analysis optimisations.

3.1.2 New Proposed Approximation

Because a more controllable analysis time would be preferable to limit the cost of the
analysis, we propose another approach for the approximation.

We considered using Blender's approximation, detailed in section 2.2, and extract the
approximation after a given time period. However, we found it to be quite naive, as
it is heavily reliant on the rendered samples directly corresponding to the samples not
yet rendered. As such, a large discrepancy in accuracy can be found when the task's
computational complexity is not evenly distributed. By using our selector, this problem
could be mitigated, as a variety of di�erent tiles all over the frame would be rendered.
However, for this to work all selected tiles has to be visited, but not fully rendered, which
raises some problems. Namely, we would also have to rework the method it uses for
recording the current process, as normally the approximation assumes previously visited
tiles have been fully rendered. Furthermore, as Blender's approximation is not designed
for tile selectors that select only a subset of the frame. It would also require us to make the
approximation believe it has to render the entire frame. It then becomes a rather messy
implementation of tricking the approximation.

After some deliberation we had an idea of a more controllable analysis time; each thread
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renders for a set time period, and upon reaching the end of the period, it stores the number
of samples rendered and moves to the next tile. After repeating this for each selected tile,
the total number of rendered samples is used to calculate the average render time of a
single sample in the task. The average render time of a sample is then applied to the
total number of samples in the frame which equates to the approximate render time of the
frame. We illustrate this approach in Figure 3.3. Hereby, the time spent on the analysis is
segregated from the render time of a frame. Instead, it primarily depends on the number
of tiles that has to be analysed in conjunction with the set time period. The analysis time
would therefore be, regardless of frames' varying computational complexities, consistent
across frames.

Figure 3.3: Illustration of the time period analysis

However, a naive implementation of this approach with a handler would require stretching
the intended usage of handlers. The handler would have to keep track of how long each
thread has been rendering and navigate to the correct thread to inform it to move to the
next tile. This would break the core design of Blender's handlers and introduce extensive
commutation overhead. Thus, it would be more pro�cient, in terms of performance, to add
the timer internally in the thread. This would allow the thread to check every time a sample
has been rendered, and determine if it should move to the next tile. Therefore, to bene�t
from the constant time analysis approach, we abandon the custom handler. Instead, we
identify an alternative way to communicate between Blender's internal modules. Where
the relevant communication is between the Cycles engine module, the module controlling
the threads, and Blender's Python API module, the module exposing internal commands.

3.2 Blender's Internal Communication

In this section we describe Blender's internal communication, and the relevant components
to support the new proposed approximation from subsection 3.1.2. Additionally, we will
base this section on the newest release of Blender at the time of writing, Blender 2.82.
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3.2.1 Threads in Blender

Before we can discuss the communication between the components of Blender, we �rst need
to understand how information is transferred in Blender. Blender stores its information
about the render job in three layers, speci�cally threads [9].

Blender Thread: is the one that receives render engine callbacks. From this thread it is
safe to access the Blender scene, e.g. change active frame of the job.

Session Thread: sits between the Blender Thread and Device Threads, acting as the
bridge for information between the two. From this thread, tiles are selected and
distributed among the Device Threads.

Device Threads: performs the actual rendering, the number of Device Threads depends
on the hardware. Blender supports several hardware types [10], in the case of a CPU
device, one Device Thread are created for each of its physical cores.

In order to not break the core design of how Blender transfers its information, the additions
to support the proposed approximation should stay within the boundaries of these three
layers of threads. Meaning, if we want to extract information from the rendering, we need
to pass it through the Session and Blender Thread. We illustrate the life cycle of the three
layers of threads in Figure 3.4, which serves to show the hierarchy of the di�erent threads,
and their responsibility during a render job. The Blender Python API in the �gure is the
access point for which our Task Analyser component communicate information such as
analysis settings and the render task itself.
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Figure 3.4: The life cycle of the three main threads in Blender during a render job

3.2.2 Components in Blender

Given the overview of Blender's three layers of threads, that handles a render job, we move
on to the components of Blender. To highlight the relevant components, we created the
component diagram in Figure 3.5. The diagram is created based on Blender's source code,
and the documentation of its components[11].

Figure 3.5 highlights two areas of Blender's internal components, speci�callyPython &
Add-ons and Cycles. These areas contain the components that handles communication
between the three layers of threads. Thus, to add support for the new proposed
approximation, we need to modify these components. A description of each components'
responsibility in relation to the render job, can be found in appendix section A.2.
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Figure 3.5: Component diagram illustrating Blender's internal communication

3.2.3 Blender Modi�cations

From the thread overview Figure 3.4, and the internal components of Blender Figure 3.5,
we now have an overview of Blender's internal communication. Given this overview,
we introduce the modi�cations necessary to perform our new proposed approximation.
We start with the top layers of our Task Analyser component communicating with the
Blender Python API, and end with the low levels of Device Threads performing the actual
rendering.

In order to make the analysis' cost controllable without having to rebuild Blender, we �rst
introduce a number of parameters, in particular: the frames and number of tiles to be
considered for the analysis, the analysis time limit of each Device Thread, and the chosen
tile selector. Second, we modify the Blender Sync component to keep these parameters
synchronised between both the Blender Thread and the Session Thread. We can achieve
this by extending the scene data struct maintained by Blender Sync component. This
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struct contains all the necessary information of the render job and is the main container
for information sharing, between the three layers of threads.

Given the synchronisation, we are able to adjust the parameters of the analysis at runtime,
as the synchronisation takes place on each frame change. Hereby, we can adjust the analysis
during its intermediate results, making the cost of the analysis controllable.

Additionally, with the analysis parameters present in the scene data struct, we can use
Blender's intended path for information sharing, to inform the Device Threads on runtime
to change its behaviour. This is used to state the Device Threads' time limit for rendering
a tile. However, the Device Thread also has to be modi�ed such that it accesses this new
information, and stops rendering accordingly. This requires changes in the backend of
Cycles CPU rendering.

Lastly, we need to extend the Session Thread's monitoring of Device Threads, in order to
transfer render data back to the Blender Python API component. Hereby, giving our Task
Analyser component access to the data, so it can approximate the task's render time, and
determine its computational requirement.

3.3 Expansion of MVP

In this section we explain changes made to the MVP system. However, we limit descriptions
as there were many smaller changes that are not impact-full enough to warrant description.

As we perform a task analysis upfront, we discussed at what point, after task submission
POST, we should return data to the creator. There are two points that we discussed,
sending the return value when the upload of a �le is done, or when the analysis is done. If
we give the creators data when the analysis is done, we can provide more relevant data, for
instance a boolean to signal if there is currently enough capacity to get the required results.
However, compared to returning data after upload, we would not be able to provide the
same information. As such we made an endpoint for both, so the system operators decide
which they prefer.

To provide an controllable analysis, we had to modify the structure of the system. We
made the changes in structure to avoid static variables, for among other things analyser
settings. We use environment variables that can be set at deployment in the yaml �le.
Where the yaml �le is a collection of settings for the creation of a pod. This approach
provides the system operators the option of changing those attributes at runtime.

In the MVP we have three di�erent queues, all using the Advanced Message Queuing
Protocol (AMQP). First, we have the task queue, which details the tasks not yet started.
Second, we have the frame queue, which contains the non started frames of a task.
Lastly, we have the encode queue which contains the frames not yet encoded. This
communication is largely unchanged for the iteration of the system. However, our render
workers communicate with the AMQP frame queue to receive a new frame after completion
of a frame. This makes the render workers receive their tasks in a sequence, thus they only
know their current frame. Because of this, the MVP called Blender in a sequence for
each frame. Meaning that Blender terminated between frames, which is detrimental to the
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throughput of the MVP. This problem was mended by performing the sequential selection
of frames and communication from within the Blender instance, calling the render callbacks
with the Blender Python API. Thus, not closing Blender except on completions.

3.4 Mapping Analysis to Render Workers

This section describes the mapping between the analysis' approximation of a task's render
time, i.e. its computational requirement, and assigning a corresponding amount of CPU
resources. We measure these CPU resources in terms of vCPU's which is an abstraction
layer for hardware handling. This hardware abstraction is available to us as we use the
Azure cloud platform. In the cloud we will have several nodes, meaning a number of
connected virtual machines. Each of these nodes will have resource capacities, i.e. memory,
processor and storage. In Azure the processor resource is abstracted to vCPU, which
dictates how much access a given process has to the processor.

A necessary assumption needed for the analysis to yield usable results is that: any one
vCPU is equivalent to any other vCPU, meaning their computational powers are equal.
Without this assumption, converting the approximation to render workers is not feasible.
In theory this assumption holds, however, in practice there is slight variations in the
hardware that can not be avoided.

As for the calculation of required vCPUs, it depends on the units of the approximation's
output and the requested frames. Depending on the relation between these units,
transformations might be required. We transform the output of the analysis so it has the
unit seconds per frame. Seconds per framemeaning the amount of time it would require
to render a frame. Similarly, the requested frame rate provided by creators is in the form
of frames per seconds. Frames per secondsmeaning the number of frames rendered each
second. Multiplying these units cancels each other out, therefore additionally multiplying
the analyser's allotted vCPU's will yield the required vCPUs needed to get the requested
frame rate. We show this formula in Equation 3.1, with units noted in subscript.

workervCP U = ( analysisoutput SP F � analyservCP U ) � requestedF P S (3.1)

The required vCPUs serves as the sum of vCPUs allotted to all a task's workers. However,
splitting the vCPUs is not a trivial task. There are multiple approaches. But, some of them
go in direct violation to the goal of our system. As mentioned, a central commandment
for the system is to get the result to the creators as fast as possible. An example of an
approach that does not provide this feature is to measure the available vCPU on a node
and create a worker with that size. This approach would enable the creation of unbalanced
workers, which could enable some pieces of the task to complete much faster than the rest.
This would delay the review of the malnourished worker's frames. Thus, we want the
workers for a single task to be balanced, to ensure that some frames won't be much slower
than the rest. Following this philosophy, our approach is as follows; scan available nodes,
to determine if there is enough vCPUs for the task. If there is room for the task, store the
capacity of each node. Determine if there is room for a single worker with the required
vCPU, if so create that worker. If not increase the number of workers, observe if there are
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space for each of the proposed workers. This repeats until a con�guration is found or the
number of workers exceed the number of frames or exceed a de�ned upper bound. We then
create the workers one by one, each being placed on the node with the highest available
capacity.

3.5 Chapter Summary

In this chapter we discussed the problems from the previously developed Task Analyser
and using the knowledge gained to propose an improved design of it. Culminating in
an alternative approximation approach that provides more control of the analysis' cost
and accuracy. Furthermore, we explained Blender's internal communication design, and
proposed some changes to facilitate the new approximation approach. Additionally,
we presented the impact-full changes made to the system, compared to the previously
developed MVP. Lastly, we discussed our approach for mapping the approximation to a
number of workers with their corresponding CPU resources, to uphold the speci�edvisual
quality of the submitted task.
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From our problem statement, see section 1.3, we posed whether we could develop a
system that can accommodate a speci�edvisual quality from creators by determining
the correspondingcomputational requirement.

In this chapter we evaluate the system by using the new proposed design from chapter 3,
that builds upon the design of our previous work detailed in section 1.2. We use this
design to implement a MVP that we use to verify if we were able to ful�l the requirements
for the system in accordance to the problem statement. In particular, if the system can
accurately determine the computational requirement of a task. In addition, to provide
system operators with enough control of the analysis' cost, to be feasible in their existing
render farms. Thus, we evaluate the system to identify if its capable of handling general
tasks in Cycles and be controllable in terms of balancing the ratios between cost and
accuracy.

We start with a component evaluation of the Task Analyser, to observe its accuracy and
cost for three, speci�cally chosen, di�erent tasks. We designed this test to observe the Task
Analyser performance for average tasks. We are interested in its performance for average
tasks, as the analysis approach we detailed in section 3.1, does not provide guarantees. As
there is no lower bound for the analysis approach's accuracy. Thus, we aim to observe the
average case performance of the Task Analyser.

Additionally, to test if the analysis' performance scales with the number of active physical
cores of a CPU. We analyse the same task multiple times, but with a di�erent number
of active cores, that each have the same computational power. This is to verify if an
additional cost presents itself, by increasing the number of active cores. In addition to if
the relation between the preparations of a task and its render time a�ects the analysis'
accuracy, as with the previous developed MVP, see section section 1.2.

This is then followed by a system test, meant to observe the performance of the entire
system. We do this to observe how the system in its entirety performs, on perhaps less
stable hardware; a public cloud. It is done by submitting four consecutive tasks, each with
a di�erent submitted computational requirement. We then repeat this test three times to
observe if the output of these are comparable, such that we can evaluate if the system's
performance is unstable. This test is done to determine if the fact that it is running on
a public cloud, which might not have the same stability of local hardware, impacts the
results of the system.
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