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Lecture11land 12: Ray tracing

Sofarwe have only discussealgorithmsin which arebasedon so-calledobject-oder rendering In this

scenariothe renderingcanbe describedasfollows: Eachobjectis processedn turn andits visibility is

determinedusingalgorithmssuchasz-buffering. After determiningits visibility, the surfaceis projected
ontotheview planeandrenderedIn this scenariat is difficult to modelarny physicaleffectssuchasshad-
ows, reflectionandtranspareng which are causedy the interactionbetweenobjects. More importantly,

this scenarianake implicitly the assumptiorthatthelight travelsfrom thevisible objectstowardstheeye.

Thisraiseshefollowing question:

Do light raysproceedfromthe eyeto thelight or fromthelight to theeye?
To look atthis questionin moredetail,it is importantto understangomeof fundamentalsiboutlight rays:

1. Light raystravel in straightlines.
2. Light raysdo notinterferewith eachotherif they cross.

3. Light raystravel from thelight sourceto the eye but the physicsareinvariantunderpathreversal.

An alternatve to object-oder renderingtechniquesare so-calledimage-order renderingtechniques One
of theseimage-orderenderingtechniquess calledray tracing. Anotherimage-orderenderingtechnique
is calledvolumerenderingandwill bediscussedn moredetailin lecturesl5and16. Raytracingallows

to addconsiderablymorerealismto the renderedscenesinceit canbe usedto addshadav effects,trans-
pareng andreflections.The basicideaof ray tracingis the following: For eachpixel onthe screenaray

is definedby theline joining the viewpoint andthe pixel on the viewing plane(perspectie projection)or

by aline orthogonato theview plane(orthographigrojection).Eachray is thencastthroughthe viewing

volumeandchecledfor ary intersectionwith the objectsinsidetheviewing volume.An exampleof aray

tracingscenarids shavn in Figurel.

For eachray we castthroughtheviewing volume,we needto testwhich surfacesof objectsareintersecting
theray. If asurfaceis intersectedye calculatethedistancerom thepixel to thevisible surfaceintersection
point. The smallestcalculatedntersectiondistancedentifiesthe visible surfacefor the pixel. Raysfrom
thepixelto thenearessurfacearereferredto asprimaryrays We alsoreflecttheray off thevisible surface
alongthespeculapath(angleof reflectionequalsangleof incidence) If thesurfaceis transparentye also
senda ray throughthe surfacein therefractiondirection. Reflectionandrefractionraysarereferredto as
secondaryrays An exampleof aray tracingscenariowith primary andsecondaryaysis shovn laterin
Figure10. At eachintersectiorpointwe calculatethe surfacenormalandthe specularambientanddiffuse
reflectionfrom the surface(seelecture?).

Surfacecalculationsfor ray tracing

Thekey problemin ray tracingis thatfor eachray we mustcalculateall possibleintersectionsvith objects
insidetheviewing volume.In thefollowing we will shav how it is possibleto calculatetheintersectiorof

rayswith variousgeometrigrimitives.Before,we mustdefineageometricdescriptionof rays: In general,
aray canbedescribedy apointp, andaunit directionvectord asshowvn in Figure2. Thecoordinate®f

ary pointalongtheray canbe calculatedasfollows:

p(p) = po + pud 1)

Initially, we maydefinep, asthecurrentpixel onviewing planep;. Thed directionvectorcanbeobtained
from the positionof the pixel p; throughwhich theray passesandtheviewpointp,:

d= p’l_p’U
|pi_pv|
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Viewer

Figurel: Raytracingis amethodwhich castsa separateay from the viewpoint througheachpixel on the
viewing plane.For eachray the nearesintersectiorwith anobjectdetermineghe visible surfaces.

In thisnotation,u > 0 denoteghepartof theray behindtheviewing plane(visible part)andu < 0 denotes
the partof theray in front of the viewing plane(invisible part). To find a visible point of intersectiorof a
ray with anobject,we mustalwaystestwhetheru > 0 attheintersectiorpoint.

Sphere

Oneway of describingobjectsis theuseof solid modelssuchassphereshoxes,cylindersandotherobjects
whosegeometricshapesanbedescribedeasily A simpleobjectfor ray tracingis a sphere A spherecan
be describedvy its centrep, anda vectorq originatingat the centreasshown in Figure3. The pointson
the surfaceof the spherecanbedescribedy:

la=-ps/*~=r*=0

wherer is theradiusof the sphere To testwhetheraray intersects surface we cansubstituteg usingthe
definitionof arayin equation(1) andobtain:

Ipo + pd — ps> —1° =0
SettingAp = po — ps andexpandingthe dot productproduceghefollowing quadraticequation
#2 +2(d - Ap)u + |Ap)> —r? =0

which hasthefollowing solutionfor u:

p=—-d-Ap+./(d-Ap)? — [Ap] + 72

If the quadraticequationhasno solution,the ray doesnot intersectthe sphere.If the quadraticequation
hastwo solutionsandwe assumehatu; < u2, thevaluey; correspondso theintersectiorpointatwhich
theray entersthe spherewhile u» correspond$o the pointat whichtheray exits the sphere.
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Figure2: A ray with aninitial positionvectorp, andadirectionvectord.

ray path

Figure3: A ray intersectinga sphere.
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Figure4: Calculatingthe intersectiorof aray with a cylinder.

Cylinder

A more complex solid modelfor ray tracingis a cylinder. A cylinder may be definedby two position
vectorsps, p2 Which specifythetwo endpointsof the cylinder andits radiusr (seeFigure4). The axis of
thecylinder canbewrittenasAp = p; — p2. Assumingq is aradialvector, we obtain

P1 +@Ap +q = po + pud (2)
Sinceq - Ap = 0 we canwrite
a(Ap - Ap) =po - Ap + pud - Ap — p1 - Ap

o= PoAp+pud-Ap —p; - Ap
Ap - Ap

Substitutingin equation(2) we obtain

po - Ap + ud - Ap — p; - Ap A
Ap - Ap p

Usingthefactthatq - q = r2, we canusethe sameapproachasbeforeto solve a quadraticequationfor
u. If theequatiorhasno solution,theray doesnotintersecthe cylinder. If the equationhastwo solutions
m < pe, it is still necessaryo checkwhetherthe intersectionoccursbetweenthe two endpointsof the
cylinder. For thiswe needto solve thefollowing equation

q:p0+ﬂd—P1—(

_Po-Ap+md-Ap —p; - Ap

Ap-Ap
If thevalueof a; is betweer0 and1l, it follows thatthereis anintersectionon the outsidesurfaceof the
cylinder. Otherwiseit is necessaryo computeas using

aq

_ Po-Ap +ppd-Ap —pi - Ap

Ap-Ap
If the valueof as is between0 and1 it follows thatthereis anintersectionon the inside surfaceof the
cylinder.

Q2
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Figure5: Calculatingtheintersectiorof aray with aplane.

Plane

Eventhoughthe calculationof the intersectiorof raysandsolid modelsis relatively simple,mary objects
cannotbe represente@asilywith solid models.In practice the surfacesof mostobjectswill be described
by a setof trianglesor planarpolygons.In orderto testwhetheraray intersectsa triangleor polygon,we
needto testwhethertheray will intersectthe planedefinedby the triangle or polygon. The intersection
point of aray anda planeis givenby

pP1t+q=po+pd

wherep; is apointin the plane. Sincethe surfacenormaln is perpendiculato the plane(seeFigure5),
multiplying with n yields:
q-n=0=(pg—p1)-n+pud-n

Solvingfor p yieldsthe pointat which theray intersectghe plane:

_ (po —p1)-n
#= d-n

Triangle

To calculatetheintersectiorof aray with atrianglewe canusetheintersectiortestdescribeeforeto test
whetherthe planedefinedby the triangleis actuallyintersectedy the ray. However, in orderto reduce
the computationakcompleity we canfirst testwhetherthe triangleis front facingor not and only then
calculatethe intersectiorof the planewith theray. To determinewhetheratriangleis front facingor not,
we canusethefollowing test:

d-n<0

If thetriangleis front facingwe proceedandcalculatetheintersectiorof theray with the planedefinedby
thetriangle.In thefinal stepwe mustcalculatewhethertheintersectiorpointis insidethetriangleor not.

Any point q insideatrianglecanbedescribedasfollows:

q=oca+fb ©)
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Figure6: Calculatingtheintersectiorof aray with atriangle.

Herea andb aretwo edgevectorsdefiningthe triangle (seeFigure 6). The scalarmultipliers a, 5 must
satisfythefollowing threeconditions:

0<a<l1
0<B8<1
a+p<1 4)

Using the point of intersectiong andtaking the dot productsof botha andb with equation(3), we can
derive thefollowing two expressiondor thetwo scalarmultipliersa, 5:

(b-b)(q-a) —(a-b)(q-b)
(a-a)(b-b) —(a-b)?

4 (a-b) —afa:b)
b-b
After calculationof a andg onecancheckwhetherthethreeconditionsof equation(4) hold.

Polygon

As for triangles,we canfirst testwhetherthe polygonis front facing or backfacing. If the polygonis
front facingwe calculatethe intersectiorof the ray with the planedefinedby the polygon. Thenwe need
to testwhetherthe intersectionpoint with the planeis containedby the polygon. This canbe achieved
by projectingthe 3D polygonandthe intersectiorpoint ontothe z — y planeandcalculatingwhetherthe
intersectiorpointis insidethe 2D polygon.

Space-subdrision methods

By far the largestamounttime during ray tracingis spenton the calculationof intersectionsvith objects
in the scene Oneway of reducingthe numberof intersectiorcalculationds to enclosegroupsof adjacent
objectsinto a boundingvolume suchasa sphereor box (seeFigure 7). For example,a facerepresented
by a large setof polygonsmay be enclosedn sucha boundingbox. During the ray tracing,eachray is
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Bounding Box

Bounding Box %

Figure7: Groupingof objectsinto a boundingbox for ray tracing.

first testedwhetherit intersectghe boundingbox. If theray doesintersectthe boundingbox, theray will
not intersectary of the polygons. If the ray intersectghe boundingbox, eachof the objectsinside the
boundingbox mustbe checledfor intersectionwith theray.

Anotherway of speedingip theintersectiorcalculationis to usespacesubdiision methodsThe simplest
spacesubdvisionmethods theso-calleduniform spacesubdvisionwhich dividestheviewing volumeinto
uniform cubeswith a pre-definedsize (seeFigure8(a)). Eachcubehasa list of objectswhich areinside
the cube. During the ray tracing, we calculatewhich cubeswill intersectthe ray. Only for thosecubes
which have objectsinside we needto calculateintersectionpoints with objects. A more sophisticated
spacesubdvision methodis the so-calledadaptive spacesubdvision. Initially, the viewing volumeforms
asinglecube.Thecubeis thenrecursvely subdvidedinto eightsmallercubes.The subdvisiononly stops
if acubecontainsno otherobjectsor if the cubesizereaches pre-definedimit (seeFigure8(b)).

Recursiveray tracing

Sofar, we have only discussedow to determinethe intersectionof rayswith objectsinsidethe viewing
volume. Oncethe nearestntersectiorhasbeenfound, we cancalculatethe ambient,diffuseandspecular
reflectionsat the intersectionpoint. Also, the modellingof multiple light sourcescanbe achieved easily
sincewe canaddseparataliffuseandspeculareflectionsfor eachlight source.However, theray tracing
wouldstill look like any standarabject-orderenderingechniqueTo exploit theadvantagesf raytracing,
we canstartto incorporatenew effectssuchasshadavs to make therenderingmorerealistic.

The modellingof shadevs with ray tracingis simple. In practice,shadevs canbe createdasfollows: For

eachray, we determinethe nearesintersectionpoint. For eachlight source we thendeterminewhether
a new ray startingfrom the light sourceto the nearesintersectiorpointis intersectedy ary otherobject
in theviewing volume. If theray intersectghe ary otherobject,ary contribution from this light sourceis

ignored.If it doesnotinterseciary otherobject,thecontributionfrom thislight sourceis addedo thetotal

intensity Figure9 shovs anexampleof how shadevs maybe createcby occlusion.

Let usassumehatn is surfacenormalandv is thedirectionvectorof theincomingray. To calculatethe
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Figure8: (a) Uniform spacesubdiision for ray tracingand(b) adaptve spacesubdvision for ray tracing.

illumination atanintersectiorpoint, we canusethefollowing equation:

I =k, + Zsz’h [ka(n-1;) + ks (v - 1)) (%)

In this illumination model, L; denoteghe colour of light sourcei, 1; is the directionvector of the light

sourceandl; is the reflecteddirection vector from the light source. Here k, denotesambientmaterial
colour, I, denotesthe ambientcolour of the light, k; denotesthe diffuse material colour, k; denotes
speculamaterialcolour, andt denoteshe speculareflectioncoeficient.

To incorporateshadaevs, s; representsa deltafunctionwhich indicateswhetheralight sourcei is obscured

or not: o .
s — { 0 if light source; is obscured
K2

1 if light sourcei is notobscured

In additionto shadaevs, ray tracingalso allows the generatiorof otherrealisticimagesshowving the re-
flection and transmissiorpropertiesof objects. This canbe achievzed as follows: Oncethe ray tracing
procedurehasdeterminedhe intersectionfor the primary ray, the procedurecanbe repeatedecursvely
for eachsecondaryay which mayoriginateattheintersection. Thesemaybeeitherreflectionor refraction
rays,or both. Usingthis scenarionve canbuild abinaryray tracingtree. Figure11 shovs suchabinaryray
tracingtreefor the sceneshown in Figure10. In this binarytreeeachnodecorrespondso theintersection
betweena ray anda surface. Eachnodemay have exactly one branchfor reflectionraysandonebranch
for refractionrays. This recursve ray tracingmay continueinfinitely andmay belimited by a maximum
recursiondepthwhich determineghe speedf processingndtheamountof memoryneededor storage.

The intensityassignedo a pixel is determinedby accumulatinghe intensity contributionsstartinga the
bottom (leaf nodesin the tree) of the ray tracingtree. Surfaceintensity from eachnodein the treeis
attenuatedby thedistancdrom the parentsurface(next highernodesn thetree)andaddedo theintensity
of the parentsurface. The pixel intensityis thenthe sumof the attenuatedntensitiesof the root nodeor
theray tracingtree. If no surfaceintersectgheray, theray tracingtreewill be empty andthe pixel will
be assignedhe valueof the background.lf aray intersectsa non-reflectindight source the pixel canbe
assignedheintensity of the light source.Figure 12 shovs an exampleof how light may propagatdrom
theleaf nodesto theroot node.
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Figure9: Ray tracingis a methodwhich castsa ray from the viewpoint througha pixel and canmodel
reflectionsandtransmissions.

Viewer

Figure 10: Raytracingis a methodwhich castsa ray from the viewpoint througha pixel and canmodel
reflectionsandtransmissions.
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Figure11: Propagatiorof raysusingrecursve ray tracing.

Usingarecursveraytracingalgorithmasshavn in Figure14,theillumination ateachpixel ontheviewing
planecanbe calculatedasfollows:

I=koIo+ Y sil; [ka(n-1) + ko(v - 1) + by Lo + Ky I,
i
Here, k. is thereflectioncoeficient of thetransmittedray, I, is the intensityof thereflectedray, k; is the
transmissiorcoeficient of thetransmittedray, and; is theintensityof thetransmitteday.

Reflection,Refraction and Translucency

In orderto calculatethe illumation dueto reflection, refractionandtransluceng we must calculatethe
directionof secondaryaysat theintersectiorof a primaryray with anobject. An exampleof aray which
is reflectedfrom a surfaceis shavn in Figure13(a). Thedirectionr of areflectedray canbe expresseds
afunctionof the surfacenormaln attheintersectiorpointanddirectiond of theincidentray:

r=d-(2d-n)n

Figure 13(b) shaovs an exampleof a ray which changedlirectionasit crosseghe boundarybetweenone
mediumandanother To calculatethe directionof thetransmittedray, we canuseSnell’s law which states
that:

k‘l sin(¢1) = k‘g sin(¢2)
Herek, is a constantfor transmissiormedium1l (for example,air) andk, is a constantor transmission
medium2 (for example,water).¢; is theanglebetweertheincidentray andthe surfacenormal,and¢, is
theanglebetweertherefractedray andthe surfacenormal. Usingd for the directionvectorof theincident
ray andr for thedirectionvectorof therefractedray, Snell’s law stateghat:

kl(d X 1’1) = kQ(I‘ X n)

Fromthis we cancalculatethe directionof therefractedray as

p= B [(n-d)2+<@>2—1]—n-d n+d

T ks
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Figure12: Propagatiorof light usingrecursve ray tracing.

This equationhasonly a solutionif

(n-d)?>1- (:—f)z

which indicatesthe physicalphenomenomf the limiting angleafter which total reflectionoccurs. When
light passe$rom onemediuminto anotheionewhoseindex of refractionis low, theangleof thetransmitted
ray is greaterthanthe angleof theincidentray. If the angleof theincidentray is large, the angleof the
transmittedray is largerthan90°, andtheray s reflectedrom the interfacebetweerthemedia,ratherthan
beingtransmitted Thisis calledtotal reflectionandthe smallestangleatwhichthis occursis calledcritical
angle

Sofarit hasbeenassumedhatrefractionis perfect. This assumptiomprovidesanadequatenodelfor clear
glassor water However, in practicethe transmittedray is distributedin a small conearoundthe direction
computedby Snell's law. This is illustratedin Figure 13(c). This is alsoknow as specularrefraction.
Clearly, it is impossibleto modeltheray tracingprocesaisinga large numberof rays. However, realistic
effectssuchasfrostedglasscanbeproducedisingtwo or threeraysrandomlydistributedwithin this cone.

Raytracing and Radiosity

In summaryray tracingcanbe usedto createrealisticeffectssuchas:

e shadavs
o reflections
e transpareng
In raytracingeachlight ray is simulatedoneby one,tracingtheir pathforwardsor backwards.As aresult

of theillumination in ray tracingscenesn view dependentin particularray tracingcanmodelspecular
reflectionbut not diffusereflections.To modeldiffuserelectionsmethodssuchasradiositymaybeused.
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Figure13: Raysintersectinga surfacecanbe usedto achiese effectssuchas(a) reflection,(b) refraction
and(c) transluceny.

Radiositysimulatesthe interreflectionof light in 3D scenesand attemptsto modelambientillumination
moreaccurately This enablegenderingbasedn globalillumination modelswhich take into accountthat
the light is emittedfrom surfacesis not only the resultof relectionsfrom designatedight sources.This
requiressettingup a systenof linearequationsvhosesolutionsyieldsthelight distributionin therendered
sceneAs aresultsurfacescannolongerbe shadedndividually sincethey areinterrelatecandthesolution
is view independentin contrastto ray tracing,radiosityis well suitedfor the renderingof diffusescenes
(suchindoorscences).
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v = cal cul ate vi ewpoi nt
for (x = x_mn; X < x_max; x++){
for (y =y_nin, y <y_max; y++){
r = calculate ray passing fromviewpoint v to pixels x, y
c = calculate color using cast_ray(r, 1)
draw col or ¢ and pixel x, y
}
}

procedure cast_ray(r: ray, d: depth): color
determ ne closest intersection i with closest object c
if (intersection = true)
conpute nornmal n at intersection

return color_ray(r, ¢, i, n, d)
el se
return col or _background
end
procedure color_ray(r: ray, c: object, i: intersection,

n: normal, d: depth): color
set color to anbient col or
for each light do
calculate ray fromintersection to |ight
if dot product of normal and direction to light is positive then
conpute how nuch light is blocked by opaque and transparent
surfaces and use to scale diffusion and specul ar terns
bef ore adding themto col or
end

if (d < naxDepth) then
if (cis reflective) then
rray = calculate ray in reflection direction

rcol = cast_ray(rray, depth+1)
scal e rcol by specular coefficient and add to col or
end

if (c is transparent) then
tray = calculate ray in refraction direction
tcol = cast_ray(tray, depth+l)
scale tcol by transm ssion coefficient and add to col or
end
end
return col or
end

Figure14: Basicalgorithmfor recursve ray tracing.
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