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Abstract

Many tone mapping algorithms for natural and synthetic images have been proposed in recent
years. However, manually tuning their parameterdifficult, especially if the scene is
dynamically changing over time or the view point is altereas is the casen real time
applications In this thesis we proposemodifications toan automated parameter tuning
algorithm which can replace the manual tuning work. This algorithm can optimize the
parameters of tone mapping operators by minimizing the perceptualtidist using an
evolution strategy. The perceptual distortion is measured by a fdmsed objective image
quality metric. This metric utilizes a contrasthancedirtual photograph technique by using a
contentadaptive tone mapping operator speciallgsigned for rendered HDR content
characteristics. We show that, owwme mappingresults with optimized parameters preserve

more visible contrast than other optimization algorithms.

A furtherrelated issue imeal time applicationss the interpolation ofone mapping parameters
Standard practice usescolor grading pipeline to encode tone mapping results and color grading
modifications into lookup tablegLUTS). Using lookup tables, artists can reproduce and apply
certainluminance anaolor grading pocesse®fficiently andeasily. However, the interpolation

of tone mapping and color grading parameters between locations where look up tables have
been designed is problemati/e present durther algorithm for reatime interpolation of
multiple lookup tables in video games accelerated by compute shaders on the GPU. Our
method utilizes compute shaders to parallel counting the pixels belonging to each LUT and
change the color grading effects usagost processing volume. We show that our results have

a closer visual appearance to the reference images when theghlaggmg the view poirdnd

can be executed with a fluent frame raithout overly taxing the CPU

viii
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Chapter 1

Introduction

High Dynamic Range (HDR) technolodms been extensively studied in recent yelinge goal

of usingHDR technology iscapturing and displaying widerange of luminance values which
close to the dynamic range perceived by the human visual system (HwSjlynamic range of
realworld luminance which can be perceived by the human leges very high dynamic range
of 10000 to 1from direct sunlight to shallow starlighil]. The human eye can perceive a
dynamic range of about 5 orders of magnitude in real life scenes at a single adaptatj@h time
However, the dynamic range of traditiohadw DynamicRange (LDR) displays is only about 2
to 3 orders of magnitude which ssnaller than thérightness and color range that humans can

See.

In recent yearsphysicatbased rendering technicgien HDR [3] have been widely used in the
video gaming industryThey aim to rendermore realistic gaming contentith richer colors,
brighter highlights and more details in the shadowsirtaulate light propagation in real liféhe

new generation of game engirnessthe ability torenderHDR light values between 0 and 65,000.
Therefore, HDR images allows more intensity levels to capture and store the visual data of real

world and virtual scenes.

HDR images are created and stored in a format whnésfrom 16 bitsto 32 bitsin eachof the

RGB channels. However, traditionaDR displays cannot show the darker and brighter HDR
luminancewith only 8 bits. The process of compressing the HDR luminance values for LDR
displays is known as tone mappinithe goal of tone mapping is using tone mapping operator
(TMO) to achieve a visual match between the observed HDR scenes and the tone mapped
images on LIR display.A goodtone mappinglgorithmimproves the visual quality of image

As Figure 1 showscompaed with rendered images with linear tone mapping, swebigned

tone mapped rendered images preserve metails in thebright and dark area®ver the past
decade, a variety of TMOs have beetroducedsuch as Academy Color Encodii®ystem
(ACES) TMO[4], HableTMO [5] andReinhardTMO [6].



Figure 1. Difference in visual quality between rendered image with linear tone mapping

(The left) and welldesigned tone mapped rendered image (Theght).

HDR color grading in video games hasso attracted considerable attention in recent years.
Color grading isthe process of modifying the colors of input images in various ways such as
changing brightness, contrast and hue to achieve a spatifiic tone In particular, a lockup

table (LUT) based color grading pipeline has been widely used in video gambsasuc
Uncharted 4{7]. Using lookup tables, artists can reproduce and apply certain color grading
processes easilyPreviously, artists enhamtehe image color by adjusting parameters like
vibrancy and saturation using intuitive sliders and controls. Mewecolor grading effect is
usually complex to reuse and it is hard to copy specific color grading processes from
professional tools to a game engine. To solve this problem, f&jlasmows how to store the

color grading process into a thrdemensional UT. LUT is a threedimensional lattice of output

RGB color values that can be indexed by sets of input RGB color valbhesLUT explicitly

stores the input to output conversion efficienttycan be used for any mapping from input to
output colors undethe resolution limit. One of the advantages of using a LUT is to reproduce a
complex grading process easily by baking a grading process into 3D lookup tables which can be
authored by professional grading software such as DaVinci Re@jhand Adobe Phothop

[10]. Another advantage is that potential speedups are enormous. The color grading process
using a 3D LUT is approximately 100 times faster than standard color correction without a LUT
reducing the procedsom 2.5 million operations to 32 thousanpenations per framg8]. Recent

video games introduce a color grading workflow which applies various color grading effects
easily using LUTY7][11]. The artist can interactively choose a final effect from predefined

LUTs and tweaks them as needed in-teak.



1.1 ResearchProblems

In recent years, many studibave focused olDR imageswhich have been usedidely in
manyaspecs$ such as digital photography, physibaked rendering, and virtual realityne of

the most important research problems for HDR images is tone mapping. Tone mapping operators
usually have several tunable parameters to control the contrast of the tomednapage.
However, manually tuning many parameters is a challenging task for inexperienced developers.
This challenging problem is also faced by photographic task which mapping high dynamic range
of reatworld luminance to the low dynamic range of the tolgoaphic print[6]. The default
parameters of photographic global and local TMOs need to be manually tweaked to achieve
satisfying performanceTherefore, it is worthwhile to study automatic parameter tuning
algorithmswhich can replace the work of manudly tweaking parameters.

LUT can encode tone mapping and color grading results into efficient color mapping functions.
The LUT based HDR color grading pipeline has been extensivadylin video gamesTo apply
multiple LUTs in a single scene, the Unity addreal game engines introduce post processing
volumes which is dox collider with boundaries to blend different LUTiHowever,while the

colors inside the volume are predefined by the LWE colors between multiple volumes are
linearly blended togethebased on the distance towards the voluwild@ch may ruin the
atmosphere of the gamBsing simple linear interpolation of LUT values between the defined
post processing volumes is problematic and not sufficidnts necessary toresearch the
problem of preserving more LUT colors of the direction in front of the players when they

are moving among multiple LUTs andadjusting their viewpoints.

1.1.1 Objective Quality Evaluation for Tone Mapped Images

To solvethe parameter tuning problem toine mapping fosingle photographic image Gao et

al. [12] propose an evolutionary algorithm (EA) to automatically tune the tone mapping
parameters by using objective quality of tone mapped images without human inptbn&he
mapping parameters with the best objective scareselected during the iterations. In recent

years, many objective image quality assessment methods have been introduced.



Aydin et al.[13] propose a dynamic range independent metric (DRIM) whicimeethe visible
distortion based on the detection and classification of visible changes in the image structure. In
this method, the contrast change is evaluated by three kinds of contrast variations including
contrast loss, contrast amplification and cast reverse when image pairs (tone mapped images
and reference HDR images) are compared. The image pairs could have arbitrary dynamic ranges.

Yeganeh and Wangl4] have proposed Tone Mapped Image Quality Index (TMQI) which
combines measures of structujad e | i t y and st atoiascore.dNaverthetessf ur al
TMQI exhibits some drawbacks which lead to inaccupagsliction for rendered HDR images.
First, t he TMQI guality is sensitivdnsone t he \
case, tiny local detail changef tone mapped imageay lead toa si gni ycant di f f
guality measur¢l5]. Secondlythe statistical naturalness measurement in TMQI tends to assign

high score for the tone mapped imagavi t h fiaverageo brightness
problematic foraccurate quality prediction for dark and bright scenes witiheme luminance
regions[16]. Ma et al.[15] have proposed TMQI which improve the structural fidelity and

statistical naturaless of TMQI. However, both TMQI and TM@I involves naturalness
guantification whichwas conducted with a subjectiv@anked natural image databasghe

naturalness performance is not a crucial factor to evaluate computer rendered tone mapped

images.

Gaoet al.[18] propose deaturebased objective quality metric by taking the virtual photograph
sequence from a HDR image and measuring the distortion of important image features. They
apply a simple transfer curve often used in modern photography to take photographsrlhis

transfer curve islesignedor tone mappingiaturalimages. In this thesisve propose method of

automatic parameter tuning specifically for synthetic images.

1.1.2 Lookup Tables (LUTS) Interpolation In Video Games

Usinga LUT is anefficient way to encode tone mapping results and color grading modifications.
Waylon et al. proposed the color grading workflow of manual tweaking LUTs in Unchbftgd

In this workflow, theobjectcolors in each view directioof playerare carefully weaked by the



artists to present a desired overall atmosplguethis process needke professional experience
of artists Therefore, it is necessary to research how to automatically tweak the LUT-tmreal
when the players move among multiple scemed look around to replace the work of manual
tweaking.

A method to blend LUTsIses gpost processing volume and the world position of each pixel.
Post processing volumes define the affect range of LUMs. world position of each pixel on
the screen cabereconstrugtdfr om t h e c a. e tha @ixel insidethe todundary of
volume, the game enginean modify it by using the LUT color of that volume, so that every
object can show their original color when the player moves between LUTs. Neverthadess,
color of each pixel needs to be recalculated in each frame which is vergdimaaming. To
solve this problem, we propose a pixbhsed realime interpolation method for blending
multiple LUTsusingcompute shadets accelerate the algorithm

1.2  Objectives

The purpose of thithesisis to present an automatione mappingparameter tuning algorithm
for video games which can replace the work of manually tweaking paranagigcevelop a
pixel-basedook-up tableinterpolation methoavhich preserves more LUT colors difect sight

when moving among multiple LUTs amdljusting the viewpoint.

1.3 Contributions

The main contributions of the thesis are summarized as follows:

We proposemodifications to thefeaturebased quality metric introduce@ao et al.[18] that
make it suitable for use with synthetic imag€ar algorithm utilizes a conteiaidaptive tone
mapping operator to take virtual photograph for rendered HDR contémtshow that, our
results with optimizedparameters preserve more visible contrast than other optimization

algorithms(Chapter 3).



We alsopresent an algorithm for retime interpolatiorbetweemmultiple lookup tables in video
games.We record the pixel count belonging to each LUT on the current screen which is
optimized by GPU parallel processing of compute shad&mpared with linear terpolation
results our results are closer to the colors of predefined LUT which should be presented exactly.
After optimized by GPU, our algorithm can be executed fluently intneed (Chapter 4).

14  Structure of the Thesis

The remainder of thehesis is organized as follows. Chapter 2 describes the research topics and
the existing methods that serve as the background of the thesis whichiiD®tene mapping
rendered HDRgaming content perceptual quantizatioriull-reference and neceference image
quality metrics and the HDR color grading workflowChapter 3 presents tliene mapping
optimization for HDR gaming contenChapter 4 focusesn the realtime interpolation between
lookup tablesChaptels concludestie thesis and discusses the directions for future research.



Chapter 2

Background

This <chapter provides an overview of t he
throughout the thesis. First of all, we describe the concedD& tone mapping whicinclude
recent research about photographic and video game tone mapping sg&atton 2.1). Then,

we discusghe techniquebehind creating rendered HDR gaming contm unique characters
of the rendered HDR conteBection 2.2). After that, we outline theoncept of perceptual
guantization(Section 2.3).Then, we discuss thebjective image quality assessment of tone
mapped imagefSection 2.4)We also discuss the freference quality assessment for synthetic
images (Section 2.% and tone mapping for HDR video (Section 2.Bnally, we discusghe
HDR color grading workflow including 3D lookup tables and pasicessing volung(Section

2.7) andevolutionaryoptimization ofobjectivetone mappedimagequality metric (Section 2.8.

2.1 HDR Tone Mapping

In the real world, our visual system is presented with a wide range of colohsnaindnce The
standard unit of luminance is tlandela per square meter /ffod or nits. Typical realworld
luminancehasa very high dynamic range of over 14 orders of magniradging fromdirect
sunlight (L0° up to 10° cd/m?) to shallow starlight 03 down to 10°® cdin?). However, the
human eyes can only perceigbout5 orders of magnitude in single adaptatiorntime [2] and

LDR displays can display only 2 up t8 orders of magnitudgl9], as demonstrated Figure 2.
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Figure 2. The dynamic range of realworld luminance andthe capabilities of thehuman

visual systemand display devices

The process of compressing the HDR luminance valuetidoran eyes antdDR displaysis
known as tone mapping-dowever, the loss ofvisual quality such as contrast and detail
information in dark and bright areas inevitable during the process of tone magp To
reproduce more visuaccuracyof natural and synthetic HDR imagemany tone mapping

operatordave been proposed in recent years as descriltbd following section

2.1.1 Tone Mapping Operators

Tone mapping operato(3MOs) are designed to reprodeiwisibility as well as the brightness,
contrast and color of the real world onto LDR displaysgood TMO should ideally compress
the dynamic range of reference HDR image while maintaining deltaitecent researchmany

TMOs are widely used in botfhotographic technigseind video games.

Reinhard et al[6] proposethe Photographic Reproduction TM@hich focuses oncreating
pleasant photographic look to the resufisst, thismethod employs énear scaling to simulate

the exposure adjustment in aamera. Then, contrastf image is locally adjusted using a
computational modeivhich is similar to photographic dodgirgndburning By using this
technique, dark regions of images are given more exposure and light regions are given less

exposure.



More and moreTMOs alsohave been proposed for video gan®SES [4] propose a carefully
crafted filmic sigmoid curve. The curve is designedntatch film characteristics in order to
make games look like filmConsidering realime requirements of algorithm, delepers usually

use a simple approximate curve to fit the data of the full curve. Using this predefined curve
might be an effective tone mapping solution, but it only provides a fixed contrast between light
and shade. Thus, the tone mapped result doealways meet the requirements of developers

very well.

In order to render video games into multiple film styles, H@fjlgoropose a customizable filmic

tone mapping curve by introducing some artistic controllable parameters. This filmic curve can
be divided into three separate segments, a linear section, a shoulder and a toe. The strength and
slope of each segment can be controlled by parameters.

GT tone mapping curvg20] proposed more intuitive controls with a smoother connection
between toe and shouldélowever, he quality of tone mapping depends on personal experience

of artists
2.1.2 Content Adaptive TMO

Khaldieh[21] proposes content adaptive TMO which introduca global piecewisdéinear tone
mapping curveContent adaptive TMO can adjust the slopes of line segments based on the image
histogram. For high populated luminance areathe histogram, it will allocate more range

during tone mapping to preserve contrasts of the image.

The proceduref thistonemappingoperatoris comprised of the following stepisirst, the linear
luminance values are transformed into the PQ domain wduintains 1024 JND thresholdsThe

PQ domain simulates the ability of human eyes to receive light in different levels. Compared
with physical domain information directly extracted from the image,P@edomainis a more
perceptually meaningful domain with respect to the human visual syssemp r oJN2isthel e s .
minimum difference between two consecutive light values that makes them distinguishable to
our eyes. Then, because a Reinhard tone mapping [@jrpeovides a good set of initial slopes,

it is divided into 1024 straight line segmts.



Secondly, divided bins are categorized into heavily populated and low populated by using
maximum entropy thresholdin@2]. Entropy is the measure of uncertainty of the output of an
experiment, the higher the entropy, the more uncertain of the todthe maximum entropy
thresholding function helps us to find the bin with the highest uncertainty of whether it belongs
to the low populated or the heavily populated category. The purpose to find the range of
concentrated luminance values for making dp=dly tone mapping. As Figur8 shows the
heavily populated bins and low populated bins are colored into green and purple.

Thirdly, in order to achieve the best visual quality in the toa@ped content, the slopes of tone
mapping curve for undgiopulded bins are adjusted based on the predefined lower bound
function. The lower bound slope is calculated from the HVS response curve. The sensitivity of
human eyes is changed under different luminance levels. However, there is a minimum
sensitivity level tiat our eyes will not go below at any luminance level which defined by the
HVS response curveWe use the HVS response curve proposedKialdien [21] which
calculates the response of human eyes at all light levels. This HVS response curve has been
mapped mto PQ domain and can be used as low boundary of our tone mappingAsifRigure

3 left shows, after adjusting the slopeuriderpopulated bins, a tone mapping range is extruded
comparing with the upper boundary of Reinhard tone mapping clihes, tha extruded range

is equally allocated to the highly populated bins by increasing the slopes of line segments, as
shown in Figure3 right. Finally, the tone mapped image is compressed based quettavise

tone mapping curve.

10
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Figure 3. The demonstration of slopes readjustment of range detaining(left) and range
redistribution(right) . The images are taken fron{21].

2.2 Rendered HDR Gaming Content

Rendered HDR contents are generated hysggalbased rendering techniqu¢3] in game
engine which can mimic light propagation in real life to render realistic resudtswever,
simulating light propagation oéveryindirect light is too costly to be performed foomputers

To save computation timgame engines use some algorithms to precompute light

For example, irthe Unity game enginethe precomputingf global illumination techniquecan
calculate the bounce of indirect light in the scene. For large objects, Unity creates Igjftimap
each of them. Using lightmags accurate buit is computationally expensivie bake light and
requires significant spad® store thelightmap information. Considery these tradeoffs, for

small and momng objects,light probes[23] have beemropogd which preserve illumination
information in advance and reconstruct it quicklytire rendering stage. Light probes are
samples distributed throughout the 3D geometry of the rendered scene to store reflected light
from surfacesas Figure4 shows.In this figure, the yellow balls represent the light prgbe
capturing the reflection light fronthe barrels andocks. Thefaint purple lines among light
probes show the paths of light calculatedthg game engineDue to computational expense

game engineonly calculate the paths of ligkthatbelong to active light probes near tharrels

11



The number of light probeaffect the game performance, because the indirect lights among the
object arecalculated in realime by interpolating the light probes around tigects.More light
probesareusal, more indirect light will be captured which will give more accurate HDR image.

Considering the requineentsof reattime performance, the number of light probes is limited by
game engines which leads to some indirect light lbeing captured by the light probe
Therefore, the number of illuminations rendered in the game scene is much less than the number
of illuminations captured in real lifi@24]. Unlike natural images, luminance values in rendered
HDR images are concentrated in smaller areas of the histogram and not spread all over the HDR

range which lead to the spiky characteristic of rendered itatggam.

Figure 4. Multiple light probes generated byGlobal lllumination Systemin Unity .

2.2.1 Unique Characteristics of theRendered HDR Content

In this section, we compare the differences between the histograms of natural images and
synthetic imagesPhysicalbased rendering techniques in H[8} have been widely used in the

video gaming industry. Unlike natural imagédsminance values in renderéiDR images are

12



concentrated in smaller areas of the histogram and not spread all over the HDR range which lead
to the spiky characteristic of rendered image histogf2dis

Figure 5 and Figure6 show natural HDR images and syntheticHDR images with ther
luminance histogramgr oposed by t he dat abas eMappdd NdturaMl QD :
and Comput er Ge n {l7]aThesaimagds Rre torma angppexl asing the Reinhard
TMO which is a traditional TMO widely used photographic technologyuring tone mapping,

we get rid of the outlier luminance which is less thdh. To compare the difference of HDR
content, hese histograms agenerated based on thaginal HDR image before tonenapping

For each luminance distribution histograngxis is the log luminance of each pixel and y axis is

the number of pixelsComparing the natural histogram in Figubeand synthetic image
histograms in Figur®, we notice that the synthetic images are more spiky than natural image
such as S3, S4, S7, .98r spiky synthetic images such as S5, S7 and S8, the Reinhard TMO has
difficulty to tone map these images. Because smkgracteristis are not usually found in

natural images so traditional photographic TMOs designed fotii@abptured HDR imageare

not good at processing these images. Many details in bright and dark areas are lost and S5, S7
and S8, and the Reinhard TMO does not well process the bright areas in the image. Therefore, it
is necessary to discuss another TMO designed for synthetigesnand consider the spiky

characteristics.

13
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2.3 Perceptual Quantization

Electro-Optical Transfer Function (EOTF) is a mathemateguation translatg physical digital
values into brightness valuagich can be present in the display deviddse traditional EOTF
curveis called Gamma 2.#hich simulae the behavior of the cathode ray tube approximated by
a 01 exponential curve with a power value of 28amma 2.4 curvean efficiently compress
luminance values that fall into theDR luminance range (0.1 to 100 cd/nj2p]. However, for

high dynamic rage monitorswhich can display a large range of light between 0.1 and 10000
cd/n?, Gamma 2.4&urve is not well adaptive twide dynamic range of displays

Perceptual Quantization (PQ) @& new EOTF curveproposedby Dolby and standardized in
SMPTE ST.208426]. It is designed to allocatiiminance rangeas efficiently as possible with
respect to how the human vision perceives changes in light I€@idiuman visual system does

not perceive differences between consecutive light values equally along Ithegfuldynamic
range.The Just Noticeable Difference (JND) thresh@®¥] is the minimum difference between

two consecutive light values that makes them distinguishable to our eyes. This minimum
difference threshold increases in a nonlinear way as ligliesancrease, and any two light
values whose difference falls below the corresponding JND threshold will be perceived by our
eyes as one light valu®Qis designed to convert light values from the physical domain to a
perceptually linear domawmvhich repect to theHVS properties Comparing with traditional log
curve,the PQ curve saves luminance range on the low side wgiasit the ability to preserve

more details in the bright areas. Congzhwith the PQ curve,the traditional gamma curve

wastes lunmance range on the high side which leads to stefpeidark areas.

Figure 7 shows the comparisonbetweenthe PQ curve andhe Gamma 2.4curve The x axis
represents the display luminance. The y axis shows the physical lumivanee Compard
with Gamma 24, the PQ curveis more sensitive to brightness less than 0.01 nits. It alsalsan

presenthe brightness more thd00 nits which beyond thelisplayable rangef Gamma 2.4.
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Figure 7. The comparison between Gamma 2.4 and Perceptual Quazdtion.

2.4  Objective Quality Assessmenbf Tone Mapped Images

Using objective metrics for evaluating tongapped images a challenging task. Manfyll
reference image quality metrissich as Structural Similarity Index (SSINB8] and Feature
Similarity Index (FSIM)[29] assume that the dynamic range of teierenceandtargetimage

are the same. However, the case of tone mapped HDR images, the dynamic range between
reference andarget aredifferent. The following objective quality metrics for tone mapped

imageddiscussed in this section are designed to overdbimdssue.

2.4.1 Feature-based Quality Metric

Gao et al[18] proposeFeaturebased Quality Metrigvhich analyzes image feaes by usinghe

virtual photograph technigue evaluate the tone mapped imagbe framework of the metric is

shown in Figure3 [18].
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As Figure8 shows, the virtual photos are used to extract features from the HDR reference image.
Therefore, the finalistortion output is influenced by the quality of the virtual photography
sequenceDuring the process afking virtual photo, the luminance of the virtual photo needs to

be calibrated to adapt t o d30] inradecestauninargen t i n g
calibration algorithm with the key of the scene. The key indicates whether a scene is subjectively
light, normal, or dark. For the tone mapping algorithm used in taking the virtual photos

The procedure for evaluating the quality of tone mapped image is comprised of three steps: i)
Calculate image features of tone mapped image including brightness, visual saliency and detail
in bright and dark areas; ii) Tak&tual photos to extract feates from the HDR reference image
using Reinhard TMQiii) Calculatethe distortions between tone mapped features and HDR

image features and combine the normalized distortions together as a single quality score.

LDRimage | analyze image features on LDR test image in terms

of brightness, visual saliency, and local detail

! :
i : ;
. Brightness Visual saliency di tDT_?II i di DEt_a[l } | Distortion
i | distortion distortion bt IRQTERNIE] 1 — >

e S e e bright areas dark areas 1

HDR image : Analyze image features on HDR reference image I — T __________ f __________ 1! __________ 1_ !
! | Takevirtual | JAnalyze image| ,| Pool image L

! photographs features features

Figure 8. The framework of the feature-based quality metric for tone mapped imagesThe
image is taken from[18].

2.4.2 TMQI, TMQI -lI

Yeganeh and Wang have proposéMQIl [14] which combines measures ofiulti-scale

st r uct uamnktatisticakatunalbegito a score.

The st r uctmeasaré¢meny i eimpraved SSIM index [31]. The original SSIM
algorithm consists of three comparison components including luminance measurement, contrast
measurement and structure measuremBute to the hge luminance change during tone

mapping, it is inappropriate to compare these componegtitwseenHDR and LDR images
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directly. To solve this problem, thenproved SSIM indexcreate a new contrast component

which does not penalize the difference in signadésgth if the HDR and LDR images are both

below or above the visibility threshold.he st r uct ur al atynditgple bcalgf i s me ¢
HDR and LDR imagesAfterwards, theoverabt r uct ur al ydel ity i s c¢omg
scores of diférent scads

The statistical naturalness measurement is based on the assumption that the high quEfigy real
tone mapped image should lodkn a t .lAndahe daturalness of the tone mapped image can be
calculated by probability distributions of brightness andtiast in natural images. The statistical
naturalness is analyzed basedaodatabaseof 3000 imagesncluding many natural scenes in
different light conditios. The overall statistical naturalness can be calculated by the probability
model above.

The find TMQI is a combination of the two measures defined as

O @2y p &0 2.1)

whereSandN representhe structural fidelity andtatistical naturalness, respectivedycontrols
the proportion of two componentandUandb are obtained from subjective data to contha
components ensitivitie®70880 = 0.3046, b =

However, TMQI is too reliant on theHDR reference database rthg the measurement of
structural fidelity and statistical naturalnes4a et al.argue that the score aftone mapped
imagein TMQI depends on the mean and the standard deviation océfégrencemagedatabase
Theyproposea newversion ofthe quality measurealled TMQHI [15]. To make the means and
standarddeviations more accurate, they designed a subjective experiment and let people adjust
t he means and standard deviations of 60 natu
boundsfor naturalnessHowever, both TMQI and TMQII involves naturalness quantification
conducted with a subjectiManked natural image database. The naturalness performanceis not
crucial factorto evaluate computer rendered tone mapped ismademan obsevers tend to

focus on eme low level properties of the images such as conmvhen evaluating synthetic
imageq17].
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2.4.3 DRIM

Aydin et al.[13] proposeDRIM which can generate a distortion map by comparing two images
having different dynamic rangel$ includesthe distortion detection model similar to that used in
the HDRVDP [32] which enablegprecise detection of visible contrast changesveen HDR
images and its tone mapped images

The contrastletection predictor in DRIM generate thmistortion mag including contrast loss,
contrast amplification and contrast revedsgortion mag.

Theloss of visible contrastvaluates theontrastwhichis perceivable in HDR butperceptible

in LDR image The amplificationof invisible contrasshows thecontrastwhich is invisible in

HDR reference but visible in tone mapped result. This distortion can be caused by some contrast
enhanced tone mapping algorithrReversal of visible contrastthe contrasthatcan be seen in

both reference and tesmages but with different polaritywhich is mostly caused by halo

artifactsduringthe tonemapping process.

To combine three distortion valsiénto a single scoreKrasulaet al. [17] propose a simple
algorithm which calculate the mean value of distortion vallrethis thesis, sumthree types of
distortion together to evaluaimy results.Because my test images have the same number of

pixels,the sum distortion and mean distortibave sme resuls in different scales.

2.5 No-reference Quality Assessment for Synthetic Image

TMQI and TMQHII discussed in section 22 are full-reference quality metrics designed for
natural images based on natural scene stat{di6S) NSSis an imporant tool for nereference

visual quality assessment, because the reference image is not needed for comparison. To apply
this tool for synthetic image Kunduand Evan$33] proposehe synthetic image database which
contains 500 distorted images (20 distorted images for each of the 25 original images) with 5
different distortion types such as blur, fade, ayaadissiannoise Each distorted image has a
corresponding subjective score ramgifiom O to 100obtained by subjective tests for human

observers
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Using this synthetic imagéatabaseKundu and Evang34] evaluate the performance of 17-no
reference image quality assessment algorithms using synthetic scene. sTdies
Blind/Referenceless Image Spatial Quality Evaluator (BRISQUE) proposed by Mitta[&5]al.
is one of the best mets@among themThey prgose thathe distribution of normalized pixel
intensities of natural images follows a Gausdike distribution while pixel intensities of
distorted images do nofthe NSS based features can be extracted from databasgifférences
between natural image distribution and distorted image distribution can be measured

distortions which can be used to evaluate insage

2.6 Tone Mapping for HDR Video

Tone mappinglgorithns for HDR video isanotherrelatedareain the HDR field.Many TMOs

have been proposed and designed dtatic images However,if these operatorare applied
directlyon HDR video sequences, they may cause visual artifacts such as visual noise, flickering,
ghosting and brightness and color inconsistentiethis sectionwe will discusswo main type

of artifacts which are flickring artifacts, temporal brightness incohmag and temporal noise.

We will alsodiscusgwo video TMOs to reduce visual artifacts.

2.6.1 Flickering Artifacts

The main type of temporahcoherency that has been investigatedidkdring artifacts During
tone mapping, the parameters of TMOntrol the shape of curve which affects the final tone
mapped resultgzlickering artifacts occur when the parameters of TMO change rapadiyeen
consecutiveframes which leads to similar HDR luminancealues being tone mapped into
different LDR luminancevaluesin a short timeThese artifacts appear becatise TMO change
their parametersusing image luminance statistics such as logarithmic memmmum and
maximumwhich may not stable over timEor examplethe suddemappearance of a new object
in the scene may lead to huge changes of maximum and minimum lumiddthoeigh these

changes ofTMO parameters might be insignificant when tamepping astatic image, the
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brightness of each tone mapped frame can change quiteably from one video frame to the
next, leading to flicker in thénal video stream.

These artifacts caeither be global or local depending on the type of TMO used. Global
flickenng artifacts mostly occur witiMOs that rely orthe maximum and mimmum values of

image which are unstable over time. Figu illustrates such an artifact occurring in two
successive frames of a tone mapped video sequence. The overall brightness has changed because
the relative area of the shky the secondrame islarge which influence the image luminance
statistics. These statistics change ttemalization factorof TMO leading to different tone

mapping result

Figure 9. Global flickering artifacts due to small change of skyarea within two successive

frames. The images are taken fron{36].

In local TMGs the tone mapped result @ach pixelis influenced byits neighbor pixels.
Therefore small changes othis neighborhood in consecutive frames magd toa different
mappingresult Some bcal TMGs such as wtual exposures TMQ37] and domain transform
TMO [38] decompos@iDR images into multiple layes which is abase layer anchultiple detail
layersfor detail enhancement and noise visibility conti®¢causeeach layer is tone mapped
independently,any changes ira detail layercan lead tolocal flickering artifacts. Figure 10
shows an example of local fliekng artifacts when applying local TMO tihiree consecutive
frames. Comparinghe left andthe right frames, the edgs of the object in the middle frames

briefly much clearedue to the enhancement of ondtwd detail layers
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Figure 10. Example of local flickering artifacts when applyinglocal TMO to three

consecutive framesThe images are taken from[39].

2.6.2 Tone Mapping Operators for HDR Video

Many reeentHDR video TMGs focus onreduce these temporal artifackdser et al. proposea
global TMO [40] widely used in many video gamasningto redue global flickering artifacts.
This global TMO extends the photographic operg@dwith automated parameter estimat|30]
for video applicationslt uses &ey value tocalibrate tone mapped image luminanthe key
indicates whether a scene is subjectively lightyrady or dark.

This TMO has two advantages. First,arder tobetterutilize the available.DR range and make
the TMO lessnfluenced by extreme valuethe Kiser TMO clamps the input HDR frame based
on the black and white levels of HDR light histograsiore tone mappingSecongto reduce
temporal brightness incoherendye Kiser TMO proposs a temporally stable tone mapping

system that relies on a leaky integrator to smooth out the parameters estimated at every frame.

The parametersomputed at thé" frame ared e y rineéhé formula below

, i "NQ mh R
e g |z - 2.6°
wher e U cdansanthichisiinmties range [0, 1jand he authors suggesettingd = 0. 9 8.

However, Ki ser s me t[6hwhith is & phatogrRdic algbriahm dlesign®tio

for the natural image. The synthetic image has unique characgedstnparing with the natural

25



image. The details of the comparisbatween natural and synthetic imagee provided in
Section 2.2.1. Our approach uses the contadaptive TMO proposed by Khaldief21]
considering the spiky character of synthetic image @reserving more contrasts for tone

mapped image.

Eilertsen et al[41] propose a noisaware global TMO which is a fast display adaptive video

TMO aiming to preserve the contrast of the original HDR content without increasing the noise
present in the daginal content. This TMO decomposes the input HDR frame into details layers

and base layer. First, a noise model is introduced to avoid the amplification of noise. The second
step is applying a spatial edgevare filter which is designed to extract basd detail layers

avoiding error around soft edges. Then, a piss® linear tone mapping function is calculated

based on the histogram of luminance of base layer. The details layer is recombined with-the tone
mapped base layer as the final SDR result. isuee smooth brightness changes between
consecutive frames over time, the nodes in pwiselinear function are filtered over time.
However, Eilertsenbs method needs user inputs

hard to be used in thgobmization tasks.

In this section, we introduce two video TMOs to reduce brightness flickering between
consecutive frames. These TMO demonstrate some algorithm to smooth the abrupt brightness
changes. But meanwhile, they limit the change of tmagping curve without considering the
scene change. Our approach bake® tmapping curve into LUT and changes it dynamically
based on the view point of the player. Any change in the scene is detecteetimeeay using
compute shaders to parallel congtthe change of scene. We show thatresults are closer to

the colors of predefined LUT which should be presented exdatlynity, the luminance and

color of current screenshadre regenerated in each frame by using LOhe comparison
between TMOdor video and the modification of LUT in each frame need to be considered in

the future.
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2.7 HDR Color Grading Workflow

One of the simplenethods to encode color modificatioissising parametersTheseparametes
control the toe, body and shoulder of toneppiag curveas well asghe hue andaturationof
color. However,parameteibasedworkflow has a high computation cost because some tone
mapping functios are complex including many power and expoi@ifitinctions which arg¢ime
consumingto be processeadn theCPU [11]. Another drawback is that some parameters in the
workflow are toocomplexto be understod by aninexperiencedieveloper and it is hard to be

reusel cross platform

Considering these problemsgcent videogames introduce a calagrading workflow which
applies various color grading effects easily using LU7J§11]. The artist can interactively
choose a final effect from predefined LUTs and tweak them as needed.

A LUT changes color from one value to another based on a listhods:. It is commonly used in
video games to accelerate color transformations. Tone mapping curve and color modifications
can be encoded in®LUT to be easily reused and applied cross the platforms. To utilize LUTs

in video gams, Waylon et al. proposettie color grading workflow of manual tweaking LUTs in
Uncharted4 [7].

As Figurell shows, the LUT is placed in the left top color of the scréethis workflow, the
colors in a playerds sight are modécesanditis by t h
tweaked by the artist. After every edit, the artist saves the LUT to disk and sends a refresh
message to the game. This refresh happens at about 5 fps to make sure that the Liiine real
updated in the game. In the same way, the cafoesach view direction are carefully tweaked by

the artists to present a desired overall atmosphere.
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Figure 11. The workflow of tweaking LUTS.

2.7.1 Three-Dimensional Lookup Tables

A LUT is a threedimensional lattice of output RGB color values that can Hexed by sets of
input RGB color values. It can be ustd any mapping from input to output colors under the
resolution limit. The resolution limit of LUTs start from 8 bits (value285), 10 bits (values-0
1023), 12 bits (values-8095) to 32bit floating point (values from 0-Q.0).

For example, an RGBolor of (0, 0, 125) can be directly transformed to (28, 0, B24%. not
necessary to ugee resolution of LUTs more than 32 bits which watlucethe speed advantage
of using LUT.Therefore 3D LUTs usually have a set of 32 coordinates on each axis (red, green,

and blue) from which other values are interpolated to various levels of accuracy.
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Figure 12. Ways of storing 3D LUTs The left figure is CUBE format. The right figure is 2D

texture format. The images are taken froni8].

As Figurel2 shows, there are two ways to store this 3D lattice (LUTs) in computer. Some
formats (such as .3DL and .cube) store the RGB color values of each lattice poirietis the

figure shows. But in some game engines such as Utineglusually utilizea colorf grid

image like the right figure shows. That grid image represents the cross sections of 3D lattice. In
the game engine suchdsity and Unreglboth oftheabove approachese availabldecause

these visualization methods represent the same map piogoio.

One of the advantages of using LUT is to reproduce a congplex grading process easily by
baking a grading process into 3D lookup tables which can be authored by professional grading
software suclas DaVinci Resolvgd] and Adobe PhotoshdfO].

Another advantage is that potential speedups are enormous. The colog gnadess using
3D LUT is approximately 100 times faster tretandard color correction without LU€duces it

from 2.5 million operations to 32 thousand operations per ff{8ine
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The hstadvantage of using LUT that modern GPUs provide hardwareelecated interface
called tex3Dto interpolate LUT in real timeAt runtime,the programmer capass arguments
includinginput imagecolor and LUT texture to thterface The interfacewill return a 3D

texturewhich represents the mappifighction from input to output colors

2.7.2 PostProcessing Volume

A video gamemay existas multiple scenes which contain multiple LUTs. To blemdltiple
LUTSs, a trigger zone called post processing volume is introducdedmany game engines such
as Unity andJnreal Usually, a post processing volume is a boxidel. For each LUT, artists
can assign a corresponding post processing vollUinere are two parameters to control the
blending of volumes which are blend radius and blend weight. Blend radius reépribgerange

of post effectwhich is the boundary ofiireframebox in Figure B. Blend weight represent the
intensity ofthe effect. However, in default settings, blend weight has the linear relationship with
blend radius. For example, if the radius is @@hd weight is 1, the player will get weigft0.5

at adistance 500 to thpost processing volumé&igure 13 showsa demo scene with three post
processing volumed.he player willseethree different atmospheres whenrhevesfrom left to
right. During the movement process, instead of calculating color for each Py produces
current postprocessing effects by generatingw lookup table in each framéecause using

look up tdle canmassivéy reduce computing costs which has been introduced in detail in

section 27.1.
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Figure 13. Post processing volumén the Unity game engine

2.8 Evolutionary Optimization of Objective Tone Mappedimage Quality Metric

In this section, we discuss how to umeevolution strategy to optimize tone mapped image
guality. Recently, TMOs used in video games such as GT T20Dand Hable TMQ[5] are
focused on improving the intuition of parameters to control the curve shaparians. ButGao

et al.decided to use the generic TMO proposed by Mantiuk and JdlelGeneric TMO is a
combination of sigmoidal function which contaisgven parameter® flexibly control the
brightness, contrast and lower and higher-toite of tonemapped resultsThe parameters of
Generic TMO are shown in Table 1. Parameters b, dI, dh, and c are used to tune the curve shape
and parameters m1, m2 and m3 are used to contrbluhdng and sharpeningf image. Generic

TMO aims to simulate differenione mapping operators by using fitted parameters which is
suitable to be processed in the optimization task by a computer. For tone majpairagneter
optimizati on, we -BSgmpoded ey Cliisholmoet §3]. The +easen) for
using this #&orithm is motivated by the lack of availability of analytical gradients and the
potential for ruggedness resulting from the choice of quality criterion. In each iteration, we use
the generic TMO compressed tone mapped image and measure the qualityasedren the

featurebased quality metricThen, we select the best candidate solution with the highest quality
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score from the parenin each step, new candidatésare generated from the parental candidate

x using the formula below:
w O ,a Q pB h (2.8)

The o spring nu meetep sizg¢ is psedened intot Goat tHelBeginning.In
each iteration, the step size is decreased by multiplication witlo @uBatanteghe convergence
of the function.& is the standard normally distributed mutation veclidre outof-range new

candidateso are clamped to the boundaries.

We stop the algorithm when the change in the best quality score has been less tuarsik0
consecutive iterations. Then, we return the best candstdiidion as the result. This candidate

solution contains the optimized parameters of generic TWi@h can be used for tone mapping.

Parameter Range Description

Parameters of tone mapping curve

b [-2.0,2.0] Brightness factor

d [0.0,2.5] Lower midtone range factor
dh [0.0,2.5] Higher midtone range factof
C [0.2,1.5] Contrast factor

Parameters of modulation transfer function

my [-2.0,2.0] High frequency factor
my [-2.0,2.0] Medium frequency factor
ms [-2.0,2.0] Low frequency factor

Table 1: Parameter of the generic TMQ[42].
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Chapter 3

Tone Mapping Optimization for HDR Gaming Content

3.1 Overview

Many tone mapping algorithms for natural images and synthetic images have been proposed in
recent years However, manually tuningthese parameters is hard for developers without
professional training. In thisection we proposenodificatiors of featurebased quality metrito

make it suitable for evaluating synthetic imagglsis algorithm can optimize the parameters of
tone mapping opators by minimizing the perceptual distortion using an evolution strategy. The
perceptual distortion is measured by a feahased objective image quality metric. This metric
utilizes a contrasenhanced virtuaphotograph technique by using a contediptive tone
mapping operator specially designed for rendered HDR content characteristics. \aathmuy

results with optimized parameters preserve more visible contrast than aytienization

algorithms.

Figure 14 showsthe flow diagranof our algorithm First of all, wetake virtual phots from the

HDR image usinghe Content Adaptive TM(Q21]. We use theirtual photosapproachproposed

by Gao et al[44] which decomposes HDR images into LDR images of multiple exposures. The
reason for using virtual photo technology is the significant dynamic range differences between
HDR images and LDR imageH. traditional image processing algorithms are applied in HDR
images directly, some HDR contentgll be lost The contrass, local details and visual
attentionsof tone mapped images are influenced during this prodesgreserve these image
contents, virtual photos technologiecompose an HDR image into mukléxpcsed virtual
photographs and then incorpomatke virtual photograph sequence for visual saliency analysis.
For each virtual photoa featurebased quality metric calculate image features such as
brightness, visual saliency and details for each virtuatgthen incorporate each distortion

category together as tiDR image features.

We use Content Adaptive TM@r taking the virtual phots. Content Adaptive TMOwas
proposed by Kaldieh [21] which consides the uniquespiky propertiesof rendered HDR
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gaming content. Considering that theideo game requires high redme performance, game
engine precompute the indirect light information and store into light probes. When the game start,
game engine can interpolate the light informadmlifferent light probes based on the position

of player.Because more detail indirect light is captured near light probe, the luminance values of
synthetic image are concentrated over small range leading to §pkyent AdaptiveTMO

divides the image Istogram into 1024ins and allocatemore tone mapping space for the high
populated luminanceThe reason for using this TMO is it preservesre global contrast and

detailsthan Reinhard TMGn tonemapped results for synthetomputergeneratedmages.

Theinitial HDR image is tone mapped using default parameteitseafeneric TMO[42] andan
analysisof image features in the metriche Generic TMOJ[42] is proposed by Mantiuk et al.
which doesnot introdue a fixed mathematical formula teimulatetone mappingcurves but
contains dlexible foursegment sigmoidal functioi his functioncan adjust the shape of tone
mapping curve to satisfactorily approximate many existing global and local TNI@ss.
advantagef using generic TMO is it is computationally inexpensive and often previdaally

indistinguishable tone mapped resulien compareaith the moreexpensive algorithms.

Secondafeaturebasedquality metric calculatethe distortion between HDR imadeatures and
LDR image features and pool these distortions into a single score which can be used in the

optimization task.

Third, in the evolutionary algorithmye randomly generate new tone mapping parameteaset
children. In each iteration, we gerae ten different parameter seEnurth, we tone maghe
HDR image using each new generated parameter s#tecfeneric TMO. The resudtare
evaluated by théeaturebasedquality metric again and/e repeat the second step to get a score

for the LDR ima@.

Fifth, we select the best child among ten children of the iteration as the. patleatscore of the

parent is not changemorethan10® for six consecutive iterations, we stop the loop and consider

this parent as the best parameter set. If not, we cortima@domly generate new parameters to

find the best set. In the end, the optimized tone mapped image is calculated based on the best

parameters ahegeneric TMO andhe HDR image.
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Comparing with featurbased quality metric proposed by Gao et al. [18], | replace the
photographic TMO to content adaptive TMO designed for video game application as the red
rectangle shows in Figure 14.

L0 1 1 O I e '

Adaptive ; .
MO Feature Based Quality Metric

h
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Image " Phaoto i Features 7 Features i
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| Brignress | | saliency | | Distortionin | |Distortion n| |

! Distortion Bright Areas | | Dark Areas | |

; A A A A I

. | Analyze Image |
Inm;;ER —» Features on LDR i
! image !

Score

Generate New

Tone Mapped Generic TMO

Evolutionary Algorithm

| oy HOR Image Parameters No i
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| terations? |

- i Return this best i
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tsanle¢ €77 by HDR Image MO !

g | parameters :

Figure 14. Flow chart of proposed automatic tone mapping parameter optimization

algorithm.

3.2 Results

We present a detailed comparison of the evolutionary optimized tone mapped results using our
proposed quality metric with the evolutionary optimized tone mapped resultstheifegature

based quality metric proposeg Gao etal. et al.[18]. We use thedll datasetwhich contains ten

video game capture sequences and each sequence contains 9 sequential HDR game captures
provided b yWidet-Gaming@ddtbhiH D R d a t[48]s Ehese HDR synthetic
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imagesare captured from free demo game scenes and reddesing the Unreal Engiegame
engine. The images in the dataset have been divided into four categories which are bright low
contrast scenes, bright high contrast scenes, dark low contrast scenes and dark high contrast
scenes. Our results also compaveth the result of tone mapped imagaoposed in the DML
datase{45] using default parameters tife Content Adaptive TMO. We evaluated these results
using DRIM proposed by Aydin et glL3] and a nereference quality metric called BRISQUE
proposed by Mittal et al[35]. BRISQUE extracts the pointwise statistics of normalized
luminance value and evaluatemage naturalness based on the measured deviations from a
custom model. Theustom models trained from a set afynthetic imageand coresponding
subjective scoreffom a synthetic image databap&3] proposed bundu and Evanpi6]. Then

we use the custom model to calculate BRISQUE scmreour results Kundu and Evang34]
evaluatd the performance of 17 a@ference image quality ssssments and find thBARISQUE

has good performander evaluating synthetic imagé smaller BRISQUE score indicates better

perceptual quality.

Figure 15 shows the DRIM visible contrast distortion maps with different tone mapping
optimized method. The $3 of visible contrast is marked in green; the amplification of invisible
contrast is marked in blue, and the reversal of visible contrast is marked Kordtie pixel of
distortion maps with multiple colors, we maitte color with the largest proportiokiVe also

present the total contrast distortion value which indicate the percentages of marked pixels. The
reason for measure amplification of invisible contrast (shown in blue pixels) is that when
enhancing contrast drpreserving detail in the tone mapped image, tone mapping algorithm may
generate halo artifacts. Halo artifacts tend to appear neacbighast edges if local details are
significantly amplified.The reason for measure loss of visible contrast (showren pixels) is

that when some details become invisible during tone mapping. The reason for measure reversal
of visible contrast (shown in red pixels) is that when test images and reference images have
different polarity of contrast visibilitiesSo thatlessloss of visible contrast, less reversal of
visible contrastandlessamplification of invisible contrast mean higher quality of tone mapped
image. As shown in Figur&5, the DRIM results indicate that our method has fewer total
contrast distortion Maues t han ot her optimization results
Content Adaptive TMO in dark high contrast scene (Reflectants Effects Cave)2 dark low
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contrast scenes (Effects CaRrealistic ReflectionsTemple andRealistic Reflections )2and
bright high contrast scene (Sun Templed Research LabFor bright low contrast scenes
(Vehicle Game and Living Room) which are easy to be tone mapped, Content Adaptive TMO

presents less contrast distortion than our results.

We also use a nrefererce quality metric called BRISQUE to evaluate our results. The
BRISQUE score isn the range from 0 to 100. Lower values of score reflect better perceptual
quality of tone mapped image with respect to the input moQelk results have smaller
BRISQUE scorethan other results which indicataur results have better perceptual quality

predicted by our synthetic image model.

Sun Temple

Gao et alMethod Our Proposed Method Content Adaptive TMO
Distortion: 66.23 Distortion: 47.88 Distortion: 60.23
BRISQUE 33.20 BRISQUE 31.19 BRISQUE 38.49
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Vehicle Game

Gao et alMethod Our Proposed Method Content Adaptive TMO

Distortion: 71.91 Distortion: .12 Distortion: 57.09

BRISQUE 49.65 BRISQUE 47.83 BRISQUE 49.25
Effect Cave

Gao et alMethod Our Proposed Method Content Adaptive TMO
Distortion: 71.69 Distortion: 64.88 Distortion: 74.13
BRISQUE 41.93 BRISQUE 40.49 BRISQUE 48.31
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Reallistic Reflections

Gao et al.Method Our Proposed Method Content Adaptive TMO

Distortion: 62.73 Distortion: 60.01 Distortion: .15

BRISQUE 29.41 BRISQUE 29.73 BRISQUE 32.3
Reflections

Gao et alMethod Our Proposed Method Content Adaptive TMO
Distortion: %.25 Distortion: 51.25 Distortion: 8.02
BRISQUE 55.71 BRISQUE 54.10 BRISQUE 54.62
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Living Room

Gao et alMethod Our Proposed Method Content Adaptive TMO
Distortion: 60.44 Distortion: 51.36 Distortion: 2.11
BRISQUE 53.66 BRISQUE 50.32 BRISQUE 52.70

Research Lab

] | '.- J i 20 “ 7
Gao et alMethod Our Proposed Method Content Adaptive TMO
Distortion: 47.9 Distortion: 34.4 Distortion: 36.8
BRISQUE 26.2 BRISQUE 213 BRISQUE 25.8
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ReallisticReflections?

7 T/
Gao et alMethod Our Proposed Method Content Adaptive TMO
Distortion: 61.33 Distortion: 8.7 Distortion: 68.2
BRISQUE 531 BRISQUE 51.8 BRISQUE 59.7

Temple

Gao et alMethod Our Proposed Method Content Adaptive TMO
Distortion: 6.2 Distortion: 61.8 Distortion63.9
BRISQUE 47.6 BRISQUE 45.7 BRISQUE 529
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Effects Cave 2

Gao et alMethod

Distortion:42.1

BRISQUE:53.6

Figure 15: Comparison of tone mapped LDR imaes (top rows) and distortion maps

Our Proposed Method
Distortion: 40.3
BRISQUE:49.3

Content Adaptive TMO

Distortion:41.9

BRISQUE: 3.7

(bottom rows) using Gao et al.method[18], our method and content adaptive TMO[21].

The DRIM visible contrasts are also presented under each image.

Reflections Sun Temple

loss | amplification | reverse | total |loss | amplification | reverse | total
Content | 39.3 | 22.3 2.3 639 |[36.1|126 18 505
Adaptive
TMO
Gao et 37.2 |30.4 1.9 69.5 |35.7 | 16.2 15 534
al.
Our 28.1 | 18.0 2.1 48.2 |30.7 |10.4 2.1 432
method

Effects Cave

Vehicle Game
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Content | 194 | 526 1.2 73.1 |99 46.5 2.8 59.2
Adaptive

TMO

Gao et 21.3 |47.3 0.6 692 |11.7 | 60.9 2.5 75.1
al.

Our 10.9 | 49.3 0.5 60.7 7.0 45.6 4.4 570
method

Realistic Reflections Living Room

Content | 38.6 | 23.2 14 63.2 |7.1 35.5 0.6 43.2
Adaptive

TMO

Gao et| 385 |27.1 1.1 667 |9.6 |42.7 1.1 53.4
al.

Our 26.3 | 14.1 0.3 407 |6.8 |35.2 0.5 425
method

Research Lab Effects Cave

Content | 13.9 | 19.3 19 351 |255 131 1.8 40.1
Adaptive

TMO

Gao et/ 13.7 | 19.9 2.1 35.7 |17.2 |24.2 1.5 42.9
al.

Our 11.4 | 20.1 1.7 33.2 |11.3 | 22.8 2.1 36.2
method

Temple RealisticReflections2

Content | 39.2 | 28.5 3.8 715 (8.1 |30.5 2.8 41.4
Adaptive

TMO

Gao et 33.3 |28.5 2.1 63.9 [11.7 | 28.1 2.5 42.3
al.
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Our 319 | 271 1.9 60.9 |83 |26.6 4.4 39.3
method

Table 2: Analysis of the numerical distortion errors computed with Aydin et al.[13] using
the Content Adaptive TMO method [21], Gao et al.method[18] and our method, averaged
over six sequences ohine tone mapped LDR imagesach

For an analysis of the numeaicdistortion errors, we evaluate the evolutionary optimized tone
mapped results using our proposed method with fedtased quality metrigl8] on tenvideo
gamesequences in the database and each sequence contains 9 segDéhtiElmecaptures.

One of sequences is shown in Figure W use DRIM to calculate the distortion value for each
pixel in the tone mapped image. For each sequence, we calculate the average DRIM distortion of
tone mapped images to obtain a single score in each geene. Every DRIM distortion has
three categories which are loss of visible contrast, the amplification of invisible contrast and the
reversal of visible contrast. Tab® shows that tone mapping optimized results using our
proposed method result has tleast lossof visible contrast distortion and amplification of
invisible contrast for most HDR images while causing a few more errors in reversal contrast
comparingthan the Gao et al.method. But our method shows less total contrast distortion

compared vth the other tone mapping optimized methods.
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Figure 16: One of the kample sequence of 9 sequential HDR game captures in Living

Room demo scene
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Chapter 4

Realtime Interpolation Between Lookup Tables

4.1 Overview

The existingcolor grading pipeline uses paramsttr control the shape of tone mapping curve
and the modifications of color such as hue aairation[5]. However,the implementation of
this pipeline has a high computation cost because tone mappimvgs, such as GT tone
mapping [20], have many power ad exponential functions which at@me consumingto

compute on the GPU in real time.

Khan et al.[47] propose a tone mapping algorithmat uses LUE to map HDR luminance
values to LDR values to make efficienton mobile devices. The LUT contains two colos
which are the pairs of HDR and the corresponding LDR valuesedent years, many video
games utilize the LUTFbased HDR Color grading pipelif@][11] to accelerate the process of
tone mapping and color gradingvaylon et al.[7] propose a color gramhy workflow which
encodes both color grading and tone mapping alnte a single HDR LUT texturas shown in
Figure I7. When artists tweak the LUT in external tools, colors of game maintain the live update
by refreshing LUTs after every edit. Artistseanot locked in the initial screenshot. They can

freely look around the scene to make sure the LUT lookd geerywhere.
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Figure 17. Tone mapping and color grading workflow in Uncharted 4 The image is taken
from [7].

However, there may exist multiple scenes in a video game which contain multiple LUTs. To
blend these LUTs, a trigger zone callacpost processing volume is introducdgach post
processing volume has blend radius and blend wedglkbntrol thepost procssing effectsA
common algorithm used by many gaemginessuch as Unity and Unreal is linear interpolation
representing the linear relationstbptween blend weight arldlend radius.The detas of this
algorithmare shown inFigure 18. The game enginealculatesthe distance betweehe player
andthe boundaries of PRV/The blend weight is proportional to the distance. For exarnfihe

player stand in the middle position ofwo PPVs, the blend weight of each PPV will be 0.5.
Based on thepdated blend weightthe game enginmerge multiple LUTs together int new

LUT in the backgroundThis process will be recall in each frame.
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Start Calculate the Calculate the blend
N distances between «| weight of each PPV Calculate the current
player and PPV "] based on distance to " color of blended LUT
boundaries player

I J

Recall in each frame

Figure 18. The diagram of linear interpolation pipeline.

However the LUT color ina positionbasedinear interpolation algorithms only influenced by

the player positionin contrast, v propose ixelbasedlinear interpolatioralgorithmwhich

change theLUT color dynamically based on the view point of play@uring the game, the

colors of objects are changed when the player move and look arGontparing with the
algorithm which change col or [reservs thorewmngingd | ay er ¢

colors ofobjects

By reconstructing screen pixelwonfdo si t i on from the camerads de)|
inside post processing volume can be assigned based on the boundary of the volume. For the
pixel inside the volume, we can modify it by using théT color of that volume, so that every

object canshow their original color when the player moves between LUTs. However, this
methodrequiresthatthe color of each pixel needs to be recalculated in each frame which is very
time-consuming. To solve the previous problems, we propose a fiaskd realime
interpolation method for blending multiple LUTBhe process of this algorithm is demonstrated

in Figure19. We reconstruct the world position of each pixel from a depth texture. By comparing
with the boundary of post processing volume, we record the gaxent belonging to each LUT

on the current screen which is optimized by GPU parallel processing of compute shaders.
Compute shaders are programs that execute on the graphics card for general tasks other than
normal render tasks such as drawing triangi@sally, we blend LUTs together based on the
screen percentage of each LUT. Compared with linear interpolation, our results are closer to the
colors of predefined LUT which should be presented exactly. We also show that our method

satisfies the redime requirement and can be executed fluently.
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Start

y

Get current depth
texture from camera
in Unity

v

Reconstruct world
position of each pixel
from depth texture

Compare world
position of each pixel
with the boundary of

PPV

A

Recall in each frame

Calculate the blend
Calculate the current ¢ weight of each PPV ¢ Count pixel numbers
color of blended LUT based on pixel accelerated by GPU
percentage

Figure 19. The diagram of pixetbased interpolation pipeline.

4.2 Reconstructing World Positionfrom the Depth Buffer

In order to compare the world position of each pixel with the boundary ofppostssing
volumes, we reconstruct the 3D position of each pixel in weplce from the depth map. We
use the reconstructing algorithm proposed48} which can be executed parallel on the GPU
with a compute shadein the algorithm, the world position of pixel is calculated by two

components which are world position of camera and the offset of each pixel related to the camera.

It is processed in the following steplsown in Figure20. First, in each frame, each GPU thread
operates in parallel on one of pixels of the depth map. The depth map can be accessed directly

from the depth camera.

Then, we calculate the vectors from camera to the four corners of the neamwplech are the
top-right corner, todeft corner, bottorleft corner and bottom right corner. The near plane is the
closest location that will be rendered by the camirdhis step, the corners of near plane are

rotated to match the current orientatminthe camera using the camera world matrix which is a

matrix representing the camgpacads position and
After that, the cornerof near planareinterpolated to calculate rays from the camera todar
plane. The pixelposito i n t he camerads coordinate space

depth value with the ray pointing from the camera tagerplane.
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In the end, the relative position is added with the world space position of the camera to get the
world space poson of the pixel.

Start Rotate corners of near

Get current depth . Interpolate near plane
—> »| plane using camera ——
texture from camera . corners
matrix

Get relative position by
multiplying depth with
interpolated ray

Get plx.e.l world ¢ Add camera W(‘)l‘ld ¢
position position matrix

Figure 20. The diagram of reconstructing world positions of pixels.

4.3 GPU Optimization by Parallel Processing

It is time-consuming to count pixels inside LUTs one by one. In order to speed this process up,
we use compute shaders which can run on the GPU outside of the normal rendering pipeline. The
advantage of a compute shader is that it contains multiple thiceagsading and writing data in
parallel. In our application, the world position of each pixel is calculatedcmmpute shader
program. We allocate a compute buffer for each-postessing volume. A compute buffer is a
memory buffer which can be readdawrite in parallel by compute shader programs. For each
pixel within a postprocessing volume boundary we increéise countby one. Butthe same
compute buffer might be accessed simultaneously by more than one thread. To avoid this
problem, we utilize he atomic function for thread synchronization which makes other threads
wait for the current thread befofaishing. We count thenumber ofpixels belongng to each

post processing volume in GPU parallel computing. The count number divided by the aum of
pixels is the percentage used as the blend wéighhe LUT associated with that volumé/hen

the player looks around and moves around between LUTs the blend weight of each post

processing volume changes dynamically in-teak to show different LUTolors.
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Below we provide the pseudocode for the abowd's interpolatioralgorithm as Algorithm 1.

Algorithm 1 LUTsInterpolation(P, T, M). Modifying blend weight of LUTs based on the pix

numbers in each post processing volume.

Input: P is a set ofpost processing voluree&ontaining their positions and boundari€ds the
camera depth textur® is camera matrixvhich contains the position and rotation informatior

camera.

Output: S which is a set oblend weights for post processing volume to blend multiple LI

for use in the current scene

computeBuffef] = initComputeBufferP): Allocating compute buffer for each post process
volume to store the counting result of pixels. The type of compdiez ®RWStructuredBuffe

whichensureghe bufferis notaccessed by multiple threadnultaneously
for eachPixelpix in T: do

worldPos =ReconstructingWorldPositigpix, M): Reconstructing world position of ear
pixel bymultiplying thepixel depth value with the ray pointing from the camera to thechar

plane
for eachPostProcessingVolunmpv in P: do

isinside = bourdaryDetection(pix, ppv)Comparing the position dhe current pixel with
the boundary ofthe post processing volume. Return true if the pixel is inside current

processing volume.
if isinsideis true: then

computeBuffer[index] ++Add one into theomputebuffer corresponding to current po

processing volume.

break;
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end if
end for
end for

S = computeBuffer/ Sum(T): For each post processing volumelculate the percentage «

pixels inside it.

return S

44 Creating LUTs from Examples

We creatd_UTs from example$o generae the LUTs oftestscenesA LUT can betweaked by
artists with professional experiendéigure 21 shows an example oéalistictweak LUTs from
an industry examplausing professional color correction software called 3D LUT Credt®y.
We change the colaf input image by bending the griced to theCIELAB color plane. This
interface allowsthe artist to drag the desired color on the grid tget the desired huena
saturation without affecting other color#/ith the help of this softwarehe artists can map
colors from the input image tathe reference imageising theprofessionalexperience of color

grading.One of the examplesf manual color transformatida shown inFigure 22.
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© 30 LUT Creator Pro (c) Oleg Shar sers\GemLab\ Desktop' Capture2. PG (sRGE)* - o x
Fil Wi Ip

Input Image Referencémage ManualTweakedResult

Figure 22. Manual color transfer results based on video game screenshots.

However, it also can be automatically generated from video game captures using a color transfer
technique. Color transfer algorithms recolor a given image by deriving mapping function
between that image and refecenmage. We decided to use an automatic color transfer method
proposed by Pitiand Kokaranj50] which modifies the 3D color distribution of the input image

by iterative matching random 1D projections of the color distribution with the reference image.
Specifically, this algorithm treats the colors as a distribution in tdieensional CIELAB color

space and repeatedly projects tthseedimensionaldistribution into a series of random 1D
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marginal distributions. The color distribution of the target image is converted to that of the
source image by repeatedly mapping its 1D marginal distributions to those of the source image
until convergence. The advantage of this method is that it isfasd pe xi bl e enough
wide range of effects including hue and saturation variations represented {mjntermsion
transformations in the ab plamé CIRLAB color space Figure 23 shows some results of this
automatic color transfer method. The ihpuwages are captured fro8tiFi Unity Sceng[51].

The reference images are download from the Uncharted 4 wéhgjteBased on the original

input image and color transferred results, we generate the LUTs by Photrshapply these

LUTs in Unity as shan in Figure23.

Room2 Original Reference Room2 Color Transferred

Room3 Original Reference Room3 Color Transferred

54



Room4 Original Reference Room4 Color Transferred

Room6 Original Reference Room6 Color Transferred

Figure 23. Automatic color transfer results based on video game screenshots.

45 Results

We have evaluated our proposed method on a game project with some predefined post
processing volumes in Unity proposed by-6ci[51]. The LUTs used in pogirocessing

volumes are automatically generated based on the color transfer algorithm discdséed in

One of our demo scenes is showrFigure 24. There are three post processing volunmethe
scene Each post processing volume has been assigned alLibiiltiple LUTs are ovdapping
we assign the most internal LUT to the voluriee largest volum contains background LUT
which gives a default colomappingfor the pixelswhich do not belong to andefinedLUT area.
The player representeoly the cameraicon stand between twoneighboringpost processing

volumes. If the plagr is inside the volumeheobjectcolors in every directioarepredefined by
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the LUT. However,it cannotavoid the playemovinginto another scene whiagk dominated by
another LUT The color mapping usedwhenthe player movs between LU are automatically
calculated by the computer.

Figure 24. Demo scene of playelooking round between LUTs in Unity.

We compare our proposed pidedsed interpolation algorithm with linear interpolation which is
used in the game engine by defa&digure 25 illustrates the screenshots of two methods when

the player looks around between two ppsgicessing volumes. As shown in Figw® when

more pixels of indoor objects come into sigtite pixel-based results hava closer visual
appearance to the referenimages. The reference image colors are modified by the LUT in front

of the player. In contrast, the colors of the target area in the linear method do not change much in
each frame capture. At the end of the rotation, when the player directly looksobjdtis inside

the door, pixebased results preserve more LUT colors in front of the player.
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Final Reference Image Final Linear Result nal Pixetbased Result

Linear based result for each frame

Pixel based result for each frame

Final Reference Image Final Linear Result Finallbiset Result
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