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ABSTRACT

Creating�realistic�sense�for�3D�images�is�a�great�topic�of�interest�in�the�𿿿eld�of�computer�graphics�and�virtual�
reality.�One�of�the�common�approaches�to�this�problem�is�to�use�random�ray�tracing�based�on�shading�equations.�
The�paper�presents�a�sampling�technique�for�light�display�based�on�a�number�of�customizations�with�random�ray�
tracing�approach�according�to�the�shading�equation.�

Keywords:�Sampling,�Monte�Carlo�light�transport,�virtual�reality,�ray�tracing,�shading.

1.�INTRODUCTION

1owadays,� virtual� reality� is� one� of� the� key�
science�and�technology�𿿿elds�thanks�to�its�broad�
applicability� in� various�aspects� of� life,� such�as�
health,�education,�architecture,�military,�tourism,�
and� entertainment,� etc.� With� many� products�
being� implemented,� according� to�� the� market�
for�virtual�reality�products�is�predicted�to�grow�
from�US�$7.9�billion�in�2018�to�US�$44.7�billion�
in�2024,�with� the�annual�growth� rate�of�33.5%�
during�the�forecast�period.

Figure�1.�A�number�of�virtual�reality�applications

One� of� the� most� interesting� research�
issues�of�virtual�reality�is�the�shading�techniques�

for�displaying�high-𿿿delity�3D�images.�We�have�
known�that� to�see�an�object,�the�light�from�that�
object�must�reach�our�eyes.�Light�can�come�from�
a�light�source,�hit�the�object�and�bounce�off�our�
eyes.� It� is�also�possible�that� light�collided�with�
another�object�or�other�objects�before�it�touched�
the� object.� Hence� when� looking� at� a� point� on�
an� object,� there�are�countless� rays�of� light� that�
collide�violently�in�the�scene�before�hitting�that�
point�and� reaching� our� eyes.�Typically,� studies�
will� attempt� to� analyze� and� simulate� part� of�
that� process� to� build� realistic� lighting� display�
techniques.

One� of� the� well-known� studies� on�
understanding� how� light� travels� through� space�
to�calculate�emission�levels�at�each�point� is�the�
shading�equation�given�by�Kajiya.��Accordingly,�
the� emission� at� a� point� is� calculated� internally�
by� summing� up� the� emission� level� itself� and�
the�intensity�of�the�reÀected�radiation�when�the�
surface�is�illuminated�by�light�sources.
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In�which,�L0�is�the�radiation�intensity�at�x�
point�in�one�direction�������.�L0�will�be�calculated�
by�the�intensity�of�radiation�itself.�Le�and�the�sum�
of� reÀections� is� calculated� using� a� distribution�
function� of� two-dimensional� reÀection.�� If� the�
surface�is�not�a�source,�value�Le�is�equal�to�0.

According� to� the� shading� equation,�
reÀected�radiation�is�synthesized�in�all�possible�
directions� of� the� incident� light� rays.� This�
calculation� is� impractical,� so� we� can� apply�
Monte� Carlo� numerical� simulations� to� sample�
the� incident� light� rays,� thereby� turning� the�
integral�into�a�𿿿nite�sum.

A� study� using� light-based� simulation�
with� this� approach� is� Cinematic� Rendering,��

which� results� in� high-quality� 3D� images� from�
tomography� data.� The� technique� is� built� on�
the� basis� of� applying� Monte� Carlo� method� to�
randomly� sample� the� traced� rays� along� with�
using�shading�equation�on�cube�data.

Figure�2.�A�number�of�images�of�Cinematic�Rendering�

Using� ray� tracing� to� approximate� the�
actual� transmission�of�light�by�the�Monte�Carlo�
method� is�also�one�of� the� common�approaches�
in�computer�graphics�to�create�images�for�high-
quality� 3D� animation.� This� access� is� used� in�
some�Pixar�animation�studio�data.�By�rendering�
high-de𿿿nition� animations,� the� amount� of� rays�
used� is� extremely� large,� which� also� leads� to�

ǡݔ଴ሺܮ ߱⃗⃗Ԧ଴ሻ
ൌ ǡݔ௘ሺܮ Ԧ߱଴ሻ
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In�which,�L0�is�the�radiation�intensity�at�

Ԧ߱଴.� L0� will� be�
calculated� by� the� intensity� of� radiation� itself�

the� need� for� computational� time.�According� to�
Christensen�team,��it�takes�about�15�to�24�hours�
for� a� frame� rendering� for� 𿿿lms� like� Cars� and�
Monsters�University.

The�paper�presents�a�sampling� technique�
for�displaying�light�according�to�the�random�ray�
tracing�approach�to�perform�light�synthesis�based�
on� shading� equations.� Accordingly,� 6ection� II�
will�detail�the�theoretical�contents�of�techniques�
with�reÀection�ray�sampling,� light� source�point�
sampling� as� well� as� random� ray� interruption.�
In� Section� III,� there� are� some� test� results�with�
analysis� of� the� output� quality� as� well� as� the�
execution� time� corresponding� to� the� technical�
customizations.�Conclusion�is�at�the�end.

2.�A�SAMPLING�TECHNIQUE�FOR�LIGHT�
DISPLAY

2.1.�Directional�scattering

When� light� strikes�a� surface,�what� is�visible� to�
the� surface� is� reÀected� rays.� Figuring� out� how�
to�estimate� the� direction�of� the� reÀected� ray� is�
an�important�criterion�in�simulating�light�hitting�
that�surface.�For�some�surfaces,�such�as�mirrors,�
the� reÀected� light� is� considered� to� be� perfect�
according� to� the� laws�of� light� reÀection,� ie� the�
incident�ray�and�the�reÀected�ray�align�with�the�
surface�normal�at�equal�angles.�With�some�non-
glossy�surfaces,�the�light�will�scatter�depending�
on� the� extent.� And,� for� example,� with� the�
fabric�surface,� it�can�be�considered�that�light� is�
scattered� evenly� in� all� directions� of� the� sphere�
half� considered� in� the� distribution� function� of�
two-dimensional�reÀection.

There� are� many� ways� to� estimate� the�
direction� of� the� reÀected� ray.� In� this� paper,�we�
test�reÀected�light�rays�at�an�intermediate�level�
between�uniform�scattering�and�mirror�reÀection.�
Accordingly,�the�reÀected�light�ray�will�have�the�
taken�direction�as�the�directional� ray�generated�
according� to� standard� distribution� around� the�
position�of�the�reÀected�mirror�ray.

Mirror� reÀection� is� referred� as� ds,� ds�
standardized� to� unit� vector.�We� set� up� a� space�
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with�the�coordinate�origin�at�the�reÀection�point�
and�there�are�3�base�vectors,�u,�v�and�ds.

Figure�3.�Space�for�generating�reÀection�rays

In� Figure� 3,� we� can� see� space� for�
generating� refection�rays.�In�this� space,�t�is� the�
generated� reÀected� ray;� t� originates� from� the�
reÀection�point�and�has�a�length�of�1.�ReÀective�
generation� is� based� on� two� angles� θ� and� φ.� In�
which,�φ�is�randomly�distributed�evenly�within�
[0,�2π],�θ�is�generated�as�a�standard�distribution�
with�an�expectation�of�0�then�takes�the�absolute�
value.�θ�is�also�limited�to�upper�bound�as����.�

2.2.�Sampling�the�light�source�point�

While� performing� the� sampling� of� the� traced�
rays�to�perform�Monte�Carlo�simulation�for�the�
shading� equation,� the�path�of� the� sampling� ray�
needs� to� collide� with� the� light� source� for� that�
sampling� to� be� meaningful.� That� is� when� the�
radiation� value�at� the�new�observation� point� is�
updated� by� the� sampling� ray.� With� extremely�
large� light� sources,� such� as� the� sky,� most�
sampling�rays�make�sense.�However,�with�small�
light�sources,�such�as�light�bulbs�in�the�room,�or�
the�sun�at�extremely�remote�locations,�it�is�clear�
that� the�probability�of� the� sampled� rays�hitting�
the� light� source� is� quite� low.�That� is� likely� to�
waste�a�lot�of�computing�resources.

Instead,� based� on� some� suggestions�
from� Shirley's� work,�� we� performed� reÀected�
radiation�at�each�location�that�would�be�sampled�
by�a� direct� ray� to� each� light� source� if� it� is�not�
covered� and� another� random� ray� in� which� the�
direct�ray�from�the�light�source�will�be�sampled�
based� on�a� random�sample�of� the� light� source.�
Speci𿿿cally,� in� this� case,� we� assume� that� the�
light� source� is� a� sphere� and�we� randomly� take�

then�takes�the�absolute�value.�θ�is�also�limited�
గ
ଶ
��

Sampling�the�light�source�point��

points�according�to�a�uniform�distribution�on�the�
light�source�sphere.�This�point�together�with�the�
point�to�be�calculated�will�be�used�to�construct�
the�ray�directly�with�the�light�source.

We� consider� the� point� on� the� sphere�
described� as� Figure� 4.� In� this,� r� is� the� sphere�
radius,� and� this� value� will� be� 𿿿xed� for� each�
speci𿿿c�sphere.�The�values� ���of�θ,�φ�will� change�
when�we�consider�different�points�on�the�sphere.

Figure�4.�Points�on� the� sphere�represented�by�a� set�
(r,�θ,�φ)

The� generated� score� will� have� the�
following�coordinates:

Based�on�this�we�have�the�𿿿rst�case�that�is�
randomly� generated�by�uniformly� distributed�θ�
in�[0,�2π]�and�φ�in�[0,�π].

However,� according� to� 6imon,�� the�
generation�in�the�𿿿rst�case�will�cause�the�generated�
points� to� be� concentrated� at� the� poles,� so� an�
alternative�case�is�case�2�with�φ� �cos-1� (1� -�2u),�
where�u�is�randomly�distributed�evenly�in�[0,�1]�
and�θ�is�generated�the�same�way�as�before.

In� addition,�� it� is� also� described� an�
alternative� case� which� is� case� 3:� independent�
generation�3�values����of�x,�y,�z�randomly�according�
to�the�normal�distribution,�calling�9�=�(x,�y,�z).��
At� that� point�

according� to� the� normal� distribution,� calling�
ܲ ൌ ௏

‖௏‖
randomly�distributed�evenly�across�a�sphere.

� would� be� randomly�
distributed�evenly�across�a�sphere.

�
ݔ ൌ ݕߠݏ݋ܿ߮݊݅ݏݎ ൌ ݖߠ݊݅ݏ߮݊݅ݏݎ ൌ ߮ݏ݋ܿݎ

Based�on�this�we�have�the�first�case�that�
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2.3.�Ray�interruption

Sampling� of� rays�was� carried� out� on� the� basis�
of� physical� light.� In� practice,� however,� a� ray�
can� strike� continuously� until� it� runs� out� of�
energy.� That� means� one� ray� may� be� sampled�
millions� of� times� or� more,� which� means� it� is�
not�practical�to�perform�calculations.�Moreover,�
having�collided�too�many�times,�its�contribution�
to� radiation� has� also� become� very� small.� To�
interrupt�ray�generation,�we�experimented�with�a�
reÀectance�threshold�value�t�∈�[0,1].�Thus,�ifu�!�t,�
the� ray� generation� process� will� be� interrupted.�
In� which,� u� is� taken� randomly� according� to�
uniform� distribution� in� [0,1].� The� t� threshold�
also� corresponds� to� the� fact� that� surfaces� have�
high�light�absorption�capacity,�when�the�amount�
of�reÀected�rays�will�be�less�than�those�with�less�
light�absorption.�In�addition,�to�limit�the�number�
of�rays,�we�set�a�parameter�of�the�ray�interruption�
limit,�that�is,�the�maximum�number�of�reÀections�
possible�of�the�rays�in�the�rendered�scene.

3.�EXPERIMENT

The� program� was� tested� and� installed� on� the�
basis�of�Visual�C++�2015,�with� the� support� of�
two� open� sources� OpenCV�� and� montelight-
cpp.��The�rendering�process�is�performed�purely�
on�the�CPU.�The�test�scene�is�designed�based�on�
the�Cornell�box�model�and�conducted�on�an�Intel�
Core�i7-4510U�2.6GHz�computer.

Figure� 5.� Rendering� images� from� left� to� right� of�
different� cases� of� spherical� reÀection:� uniform�
scattering,�directional�scattering,�mirror�reÀection

We�can�easily�see�the�difference�between�
the� effects� in� Figure� 5.� In� detail,� the� use� of�
directed� scattering� produces� an� intermediate�
result� compared� with� uniform� scattering� and�
mirror� reÀection.� This� is� quite� understandable�
and� has� been� prede𿿿ned� from� the� theoretical�
content.�Next,�we�sample�the�light�source�point�

sample� in�3�described� cases� in�6ection� 2.2.�To�
show� how� points� are� generated,� we� visualize�
the�sampling�points.�In�which,�800�points�were�
sampled� on� a� case� by� case� basis� described� as�
Figure�6.

Figure�6.�Description�of�sampling�random�points�on�
a� sphere�in�3�cases:�&ase�1�in�red,�&ase�2�in�green,�
&ase�3�in�blue

Obviously,� the� points� focus�more� on� the�
pole�in�&ase�1�when�we�randomly�generate�both�
angles� in� a� uniform� distribution.� In� the� other�
two�cases,� the�points� are�evenly� distributed�on�
the�surface�of�the�sphere.�To�illustrate�the�effect�
of�3�light�point�sampling�strategies,�we�perform�
image�rendering�with�two�cases�where�the�light�
source�is�a�large�sphere�and�the�light�source�is�a�
small�sphere.�Result�is�described�as�Figure�7.

Figure� 7.� Rendering� images� according� to� 3� light�
source�sampling�points:�cases�in�order�of�1,�2,�3�turn�
from�left�to�right�and�the�top�row�is�with�a�small�light�
source,�the�bottom�row�is�a�large�light�source

In� the� test,�with� each� rendering,� 50� rays�
were� sampled.� It�was� found� that� there� was� no�
clear�difference�in�the�inÀuence�of�3�light�source�
sampling� cases� for� both� small� and� large� light�
sources.� Thus,� although� &ase� 1� is� not� really�
random�according�to�the�uniform�distribution�of�
the�sphere,�we�can�use�it�to�get�the�same�result.

In� order� to� experiment� with� the� ray�
interruption,�the�threshold�for�generating�reÀected�
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rays�is�set�individually�between�different�objects�
in�the�scene,�while�the�ray�interruption�limit�will�
be�𿿿xed�in�the�whole�scene.�We�also�performed�
a�run�time�comparison�between�ray�break�limits�
with�128x128� image� rendering� test� and� 50-ray�
sampling.

Figure� 8.� Diagram� between� ray� interruption� limit�
and�runtime

We� observe� Figure� 8� to� visualize� the�
relationship�between�the�interrupt�limit�and�run�
time.�There�is�a�relatively�clear�time�difference�
between� the� ray� interruption� limits� and� the�
change�is�almost�linear�in�proportion�to�the�ray�
interruption�limits.�This�is�quite�understandable�
because� the� calculated� volume� is� equivalent� at�
once�taking�rays�at�a�point.

Figure� 9.� Images� rendered� with� ray� interruption�
limits,�respectively�1,�2,�3,�4

7o� visualize� more� clearly� the� effect� of�
ray� interruption� limits� to� rendered� image,� we�
observe� Figure� 9.�This� is� image� results� shown�
corresponding� to� the� different� ray� interruption�
limits.�With�Level�1,�the�shadow�areas�are�very�
clear� because� the� ray� only� reÀects� once,� so� in�
addition� to� direct� light� from� the� light� source,�
there� is� no� other� source.� Therefore,� places�
hidden�from�the�direct�light�source�will�have�no�
light.�In� addition,�with�a� limit�of�2,� the�hidden�
regions� have� secondary� reÀecting� light,� which�
is� no� longer� dark,� but� these� must� be� higher�
interruptions,� mirror� reÀection� and� directional�
scattering� effects� on� surface� of� the� two� new�
spherical�balls�is�clearly�shown.

4.�CONCLUSION

The� paper� presents� a� sampling� technique� for�
displaying� light� according� to� the� random� ray�
tracing� approach� to� perform� light� synthesis�
based�on�shading�equations.�Research�simulating�
light�effects�to�express�images�with�high�𿿿delity�
is� one� of� the� most� interesting� research� issues�
of� virtual� reality.� This� problem� is� even� more�
meaningful�in�terms�of�the�𿿿eld�of�virtual�reality,�
which�becomes�popular�in�the�world�in�general�
and�in�Vietnam�in�particular.�The�paper�presents�
a� sampling� technique� for� light� display� on� a�
random�ray�based�on�shading�equations.�These�
are�important�initial�research�results�for�the�team�
to�serve�as�the�foundation�for�further�studies�in�
the�𿿿eld�of�graphics�and�virtual�reality.
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