EUROGRAPHICS2002/ I. NavazoAlvaroandPh. Slusallek
(GuestEditors)

ShortPresentations

| mproved Bump Mapping by using Quadratic Vector
| nter polation

AndersHast

Creatie MediaLab
University of Gavle,Kungsbhacksvage#i7, S-80176 Gavle,Swedenaht@hig.se

Tony Barrera

CycoreAB
Dragarbrunnsgatadb, PO. Box 1401,S-75144 UppsalaSweden

Ewert Bengtsson

Centrefor ImageAnalysis
University of UppsalalLéagerhyddsvéageh7. S-75237, UppsalaSwedenewert@chuu.se

Abstract

Bumpmappingis a techniquethat perturbsnormalsusedin the illumination computationin order to male the
surfaceappearroughor wrinkled. Standad graphicshardware linearly interpolatesrotatedvectos in thedirec-
tion to the light souice over the polygon.Then,a cubemapis usedto normalizethesevectos. We proposethe
useof quadatic interpolationinstead which will male the normalizationstage unnecessarylheresultis faster
bumpmappingwith quality nearthe quality obtainedby usingvectorinterpolationwith normalization Quadiatic

interpolationis alreadyusedfor ordinary shadingbut hasto our knowled@g not previously beenusedfor bump
mapping Thefastsetupweusein our new algorithmcanalsobeappliedto Phongshadingresultingin increased
performanceSimilarly the sameappmoad canbe usedfor efficiently settingup thelinear interpolation.

1. Introduction

Bump mappingwasintroducedby Blinn 5 asa methodfor

makingsurfacesappearoughor wrinkled without increas-
ing the numberof polygons.Instead,the normalsusedin

the lighting computationsare perturbedto achieve this ef-

fect. Bump mappingis oftenusedin combinationwith tex-

ture mappingwith the purposeof remaving the flatnessof

thetexture. Insteadit enhanceshe naturalroughnes®f the

texture. Kautz et al 1> shav how this can be achieved for

arbitrarylevels of detail.

Blinn usesan approximationfor the perturbednormal,
which dependon the surfacenormalandthe heightinfor-
mationin thebumpmap.Theperturbechormalis calculated
as:

Fu(N x Ry) — Ry(N x P)
IIN] : @)

N =N+
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whereN is the surface normal, Py and Py are the partial
derivatives of the surfacein the u andv directionsrespec-
tively. Fy andFy arethe gradientsof the bumpmap.Peery
et al 23 useanotherapproacHor computingthe normal.An
orthonormalframeonthesurfaceis usedto rotatethe vector
in the directionto the light sourceL into thatlocal frame.
Hence, the diffuse intensity is computedas Ig = N’ - L,
whereN’ is the normal obtainedfrom the bump map,and
L' is the normalrotatedby the frame (T, B,N), whereT is
thetangentvectorof the surfaceat the pointwith thesurface
normalN andfinally B is thebinormal,computedasN x T.
They aretaking this approacha stepfurther by precomput-
ing bump normalsover the whole object. Nonethelessthis
is the mainideaof moving framebump mapping.Here,the
perturbechormalis:

NI = (—Fu,—F\/,l), (2)
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whichis obtainedoy computingthe crossproductof thegra-
dientsasshavn by Doggettetal 6.

Kugler!® usesadifferentrepresentationf thenormalper
turbationbasedon sphericalcoordinatesSungKim et al 26
elaboratethis ideafurther by directly computingthe inner
productdor thediffuseandspeculatight from theperturbed
normalin thisrepresentatiorA hardwareimplementatiorof
a bump mappingchip is proposedy Ikedoet al 13, where
vectornormalizationis avoidedby usingvectorsin angular
form. Miller etal 2! discusshow hardwareacceleratetbump
mappingusing standardtexture-mappinghardware can be
performed.An overvien of otherbump mapapproachess
givenby Ernstetal & andKilgard 16.

1.1. lHlumination

ThePhong-Blinnillumination modelis oftenusedfor bump
mapping.The intensity at eachpixel on the polygonscan
be modeledby summingthe intensitiesof the diffuse and
speculacomponentsasfollows:

| =Kg(N-L)+Ks(N-H)", (3)

whereKy andKs are materialconstantdor the diffuseand
speculampropertiesof the surface,N is the normal vector

L is a vector pointing in the direction at the light source,
H is the halfway vectorintroducedby Blinn 4, which is the
directionof thenormalthatwould give maximumhighlight,

andfinally n is the shininessraluewhich affectsthe size of

thehighlightedarea.

Similar modelscan be used,and someinclude ambient
light and the intensity of the light source.Sometimesa
distanceterm is used,sincethe intensity of light becomes
smallerwith increaseddistance Phongusedis = (R- V)"
for the speculaintensityinsteadof (N - H)". However, since
Blinn’s equationis a dot productbetweernthe normalanda
constantvector it is similar to the computationof the dif-
fuseintensitywhich alsoinvolvesa dot productbetweerthe
normalanda constantvector FurthermoreBlinn’s version
turnsoutto befasterto compute Theformulafor computing
Phonghighlightfor bumpmappingis shavn in 13.

1.2. Interpolation

Peerg etal 23 statethatit is not necessaryo interpolatethe
whole frame over the polygon. Insteadthe computationof
the frameis doneon the verticesonly. Sincethe frameis
orthonormaltheresultingrotatednormalwill still have unit
length.Thereforewe caninterpolatetherotatedight vectors
over the polygon.This works bothfor directionalandpoint
light sources.

It is oftennecessaryo normalizetheinterpolatedvectors,
andhardwareacceleratedablelookupsare often used.Kil-
gard18 explains one methodcalled cubemaps.One disad-
vantageis that specularcubemapsassumeshatdirectional

N
Figure 1: Samplepoints

light sourcesare used.Another disadwantagewith this ap-
proachis thatonecubemapis necessarfor thediffuselight
andonecubemapis neededor eachtypeof matterwith dif-

ferentspecularshininessNeverthelessit will be fastsince
theshininesss precomputednto thecubemap.However, if

thepolygonsaresmallwe canuselinearinterpolationwith-

outnormalization.

If we could avoid tablelookup normalizationof the vec-
torswe will have a moreflexible bump mappingalgorithm,
allowing both directionaland point light sourcesWe pro-
posethe useof quadraticinterpolationof the vectorsin this
paper This approachwill give a visualresultcloseto what
vectorinterpolationwith normalizationwill give, but is no-
ticeablefaster It will alsobe shavn in this paperhow the
setupvariablesfor Phongshadingcanbe computedaster

1.3. Quadratic Interpolation

Several schemeaisinga bivariatequadraticpolynomial for
approximationof the Phongintensity have beendeveloped
over the yearsand are still being developed.The intensity
will form a smoothsurfacein (x,y,i)-spaceandit is evalu-
atedby only two additionsper pixel. BishopandWeimer3

usea Taylor seriesexpansionof Duff’s equationto obtaina
secondorderbivariatepolynomial. Kappel'4 usesa surface
fitting technique,wherethe purposeis to eliminate Mach
bandsby generatinca c! continuoussurfaceover the poly-

gon.Thisis possibleby subdviding thetriangleinto smaller
triangles.The approachby Kirk etal 17 is to fit a surfaceto
atriangle,wheretheintensityof the verticesof adjacentri-

anglesarethe same andthefirst derivative of the intensity
attheedgedgendtoward beingcontinuous.

Kirk andVoorhies!® adoptanotherapproactto quadratic
shadingwhich is somavhat different from previous ap-
proachesThey shaw that quadraticinterpolationcould be
setupby fitting a secondorder surfaceto six points,yield-
ing a polynomialwith six unknavn coeficientswhich must
be determinedThe samplepointsarethe verticesandedge
midpointsof atriangle,asshavn in Fig 1. A quadraticshad-
ing functionis definedby:

® = A% + By’ + Cxy-+ Dx+ Ey+F. 4

(© TheEurographic#ssociation2002.
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Figure 2: To the left: Ortho-normalizedtriangle. To the
right: a polygonwith shiftedvertices

Seiler?s proposesa fastway to setupthe coeficientsfor
thistypeof quadraticshadingLeeandJen?® have elaborated
this approacturther How the setupvariablesneededn the
two innershadingoopsarecomputeds shavn by Abbaset
alt, 2,

2. Quadratic Vector Interpolation

In apreviouspapert! we have shavn haw ortho-normalized
triangles can be used to simplify the computation of
guadraticshadingcoeficients. The ortho-normalizedrian-
gle hasverticesat: p1 = (0,1), p2 = (0,0) and p3 = (1,0),
asshavntotheleftin in figure2. Thetemporarycoordinates
usedin the setupfor theactualtrianglehasbeenobtainedby
first sortingthe vertices,andthenshifting themasshawvn in
the samefigure to theright. Screenspacecoordinatesvere
usedwherethetop left corneris (0, 0). The coeficientsfor
a bivariatepolynomialover theleft, in somesensewell be-
havedtriangle,is first computedusingthe samplepointsin
figurel:

a=2(L+M—2Q), 5)
b=2(L+N—2R), (6)
c=4(L+S—R—-Q), M
d=M—L—a, (8)
e=N—L—bh, 9)
f =L, (10)

where:

® = ar’ + bV’ + cuv+du+ ev+ f. (11)

A mappingfrom the actualtriangleto the ortho-normalized
triangleis neededn orderto obtainthecoeficientsfor equa-
tion (4). This transformations derivedin 12,

For ary point(x,y) ontheactualtriangle,acorresponding
point(u,v) onthenormalizedrianglecanbeobtainedy the
following transformation:

u =xau+yPu, (12)
vV =Xay + YBv, (13)

(© TheEurographic#ssociation2002.

where:
Oy =Yow, (14)
Bu=—x0, (15)
Qv =—Yy10, (16)
Bv =x1W, a7
and:
1

w= —. (18)
X1Y2 — X2y1

The coeficientsfor equation(4) is obtainedby substitut-
ing equation(12) and(13) into (11).

This fastversionof quadraticinterpolationwill be used
to computethe L’ andH’ vectors,which will be closeto
have unit length. For a toruswith 288 polygonsthe differ-
encein lengthbetweerthe quadraticallyinterpolatedvector
andthe unit lengthvectorwason average0.45% and maxi-
mum3.2%.

Sincewe arequadraticallyinterpolatingvectors,we must
interpolateeachelementseparatelyThesevectorsmustbe
obtainedatall six samplepoints.At theverticesthey areob-
tainedin the sameway as previously describedBut at the
edgemidpointswe have to constructnen framesandcom-
puteboth vectorsagain.The normalsandtangentson mid-
points can be computedas the normalizedaverageof the
normalsandtangentson the correspondingerticesrespec-
tively. Whereaghe binormalagaincanbe computedasthe
crossproductof thetangentandnormal. Thus,a total of six
normalizationsarenecessaryAnotherapproactwould beto
computel’ andH’ on the midpointof the edgesasthe nor-
malizedaverageof thecorrespondingectorsonthevertices.
Still six normalizationsarenecessarybut it is notnecessary
to computethe binormalfor the edges.

Figure3 shavs a 512 polygonbump mappedTorususing
guadratianterpolation.

3. Linear Interpolation

Linearinterpolationis neededboth for vectorinterpolation
with normalizationaswell asfor Gouraudshading® andZz-
buffer interpolation.Here we cancomputethe gradientsin
the scanline directionandin the directionalongthe edges
asshavn by for exampleNarayanasami 22, We will now
shav how the previously describedransformatiormethod
canbeusedfor computingthesegradientsaswell.

Let @ beabivariatelinearfunction:
® =au+hbv+c (29)

The coeficients for a bivariate polynomial over this trian-
gle is first computedby settingup the following systemof
equations:

P=M-K, (20)
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Figure 3: Bumpmappedb12polygonTorus,usingquadmatic
interpolation.

where:
o=[LMN|, (21)
K=[abd. (22)
ThematrixM is:
0 01
M=|0 1 1]/]. (23)
1 0 1

Thesolutionfor K = M~ 1 is:

a=M-—L, (24)
b=N-L, (25)
c=L. (26)

Usethe basisvectorsin orderto do thetransformatiorfrom
(x,y) to (u,v) whenusingequation(19):

@ =a(aux+ Buy) + b(avx+ Bvy) +¢ (27)
=(aoy + bay)x+ (aBu + bBv)y+c. (28)

Whenmaving dowvn alongthe edges, equation(19) only
requiresoneadditionsperscanline. While they-valueis in-
creasedvby 1 for eachnew scanline, the x value mustbe
increasedy the slopeof the edge For the polygonin figure
2 theslopeof theleft edgeis k = xz/y». Theslopeof theup-
perright sideis k = x1 /y1 andthe slopefor the lower right
sideis k= (xo —x1)/(y2 — y1). For theedgeof then’'th scan
line the bivariatepolynomialis:

®n = (a0 + boy)nk+ (aBu+bBv)n+c
=n(k(aay + bav) + (aBu+ bBv)) +c. (29)

The value of the polynomialfor the nm’th pixel alongthe

Figure 4: Bumpmapped512 polygon Torus, using linear
interpolation.

n’'th scanline beginningat nkiis:

P(n,m) =a(nk+m) +bm+c

=a(au(nk+m) +Bun) + (30)
b(av(nk+m) 4+ pvn) +c

=a(aunk+ Bun) + (31)
b(aynk+ Bvn) + ¢+ aocum+ baym

=@+ m(aoy + boy) (32)

Pseudaodefor aGouraudshadeusingthedescribedap-
proach:

p=L;
k=x2/y2;
kk=x1/y1;

dr =a*al pha_u+b*al pha_v;
dp=k*dr +a*bet a_u+b*bet a_v;

for(y=y0; y<y2; y++)

r=p;

for(x=xs; x<xe; X++)
intensity=r;
r+=dr;

p+=dp;

xs+=K;

xe+=kKk;

Note,thatwe have to changehe valuefor k for the lower
part of the triangleif the polygonis orientedso thatit has
two edgeson the left. This is not donein the pseudocode
above.

Figure4 shows thatthe highlight obtainedwith linearin-
terpolationis corruptedcomparedo the highlight obtained
by usingquadratidnterpolation.

(© TheEurographic#ssociation2002.
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4. Vector interpolation with Normalization

Phong?4 usesbilinear interpolationof the normalsat the
edgesto obtainintermediatenormalsfor eachpixel. These
normalsarethenusedin theillumination computationDuff

7 shaws how the computatiorcanbe implementedn anef-

ficientway, requiringonly threeadditions,onedivision and
one squareroot per pixel for Phongshading.However, we

do not wantto computethe dot productdirectly, sincethe
interpolatedvector shouldbe multiplied with the perturbed
normal. Therequiredcalculationis:

L'-N" (Ax+By+C)-N'
ILll  /DX2+Ey?+Fxy+Gx+Hy+1

NotethatA, B andC arevectors.Thuswe have to compute
threedifferentlinearequationsThesecaneachbeefficiently
computedwith one addition per pixel usinga forward dif-
ference Thebivariatequadratidunctionin thedenominator
canbe computedby two additionsper pixel. The samecal-
culationmustbe performedfor the speculatight aswell.

(33)

Duff’s methodfor vectorinterpolationwith normalization
can be usedalsofor Bump mappingandwe will compare
this with bothlinearandquadratidnterpolation.For the de-
nominatorin equation(33) we have:

L fl=vL'-L! (34)
=1/DX2 + Ey2 + FXy+ Gx+ Hy+1. (35)

It turnsout thatthe methoddescribedn 12 makesthe setup
for PhongshadingasterOnceagainwe donotneedto make
the transformationjnsteadwe computethe setupvariables
directly, usingtheortho-normalizedriangle.If L’ islinearly
interpolatedoy Au+ Bv+C, thenL’- L’ is:
Au+Bv+C= (36)
AZU2 4 B2 + 2ABUV-+ 2ACU+ 2BCV+C.

The coeficientsfor phongshadingthusis:

a=A2, (37)
b=B2, (38)
c=2AB, (39)
d=2AC, (40)
e=2BC, (41)
f =C. (42)

The coeficientsarecomputedn the sameway asusualfor
Phongshadingexceptthatthetransformations notdone.

Timing of setupvariablesneededfor the quadraticde-
nominatorfor Phongshadingwasperformed.Thetiming of
quadraticsetupvariablesdescribedn 2 comparedo setup
variablesdescribedn 12 but modifiedfor computatiorof the
quadraticdenominatotis shovn in table 1. The setupvari-
ablesare different for a polygon with only one left edge
comparedto if thereare two edgeson the left side. Both

(© TheEurographic#ssociation2002.

Figure 5: Bumpmapped512 polygonTorus, using vector
interpolationwith normalization.

casesareshavn in thetable.It canbe addedthatthetiming
of anemptyloopwas0.24sec.

Table1: Timingin second®fonehundedmillion triangles,
comparingthe computationof just the coeficientsand the
computatiorof setupvariablesusingtheactualtriangle and
ortho-normalizedriangle, for bothorientationsof triangles,
ona 1.8 GHzPentium4 processar

Edges Actualtriangle Ortho-normtriangle

1 24.7 16.1
2 26.2 16.4

It is clearfrom theresultin the tablethatthe setupvari-
ables neededfor the quadraticdenominatoris computed
fasterwith the proposedmethod.However, this is mostly
of academicinterestsince Phongshadingis seldomused
aryway. Neverthelesstheortho-normalizedrianglesetupis
usedin this papersothatwe usethe sameapproacheshen
comparingquadraticinterpolationwith vectorinterpolation
usingnormalization.

The computatiomeededor bump mappingusingVector
interpolationwith normalizationis easyto derive. Thethree
rotatedvectorsin the direction to the light sourcewill be
denoted 4, L5 andL%. Let:

A=Lp—Ly, (43)
B=L5—L1, (44)
Cc=L!. (45)

Thenuseequation(37) to equation(42) for computingthe
coeficients.

Figure5 shavsthe Torusagainwith vectornormalization.
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Figure 6: Bumpmapped288 polygonTorus, using linear
interpolation.

Figure7: Bumpmappe®88polygonTorus,usingquadmatic
interpolation.

thehighlightsarevery muchthe sameasfor quadratidnter-
polation.

5. Comparison of Algorithms

Timing was conductedof the three main algorithms as
shavn in table 2. First an emptyloop wastimed wherethe
readingof the bump map and rotation of an 800 polygon
torusareperformed aswell ascalling the shadingfunction
which immediatelyreturns.For the threemain methodsno
framebuffer updateandlighting calculationsaredone.Only
the setupandthe computatiorin thetwo innerloopsaswell
asZ-buffer computationgredone.

Takingtheemptyloop into accounthe vectornormaliza-
tion algorithmtakesabout37% longertime to run thanthe

Figure 8: Bumpmapped288 polygonTorus, using vector
interpolationwith normalization.

Table2: Timingoftherotationof abumpmappedoruscom-
paring the executionof differentmethods

Empty Linear Quadratic Vectornorm.

8.0 15.7 18.1 22.0

quadraticinterpolationalgorithm. If the Z-buffer computa-
tionsareremoved, the differencewould be evenlarger. It is

quite clearthat quadraticinterpolationis a computationally
more attractize alternatve. Also whenit comesto quality

it is a goodalternatve. As statedearlier the differencebe-

tweenthequadraticallyinterpolatechormalandaunitlength
normalis in mostcases/ery small. This canbe clearly seen
whencomparingfigure 7 and8. Notethatthe highlightsare
almostidenticalon theflat partof the torus,while the high-

light is corruptedfor linearinterpolationin figure 6.

6. Discussion

We did not usecubemapsin our testswith linear interpo-
lated bump mapping.Table look-upsare surprisingly slow
in software and it would not be fair to compareit with
guadratidnterpolation We did notusehardwareaccelerated
cubemapsin our tests,sinceour intentis notto proposeal-
gorithmsthatwork well with existing hardware.Insteadwe
proposean algorithmthat could be implementedn future
hardware.Quadratidnterpolationshouldbeattractve to im-
plementsincethereareno divisionsnor squarerootsin the
two innerloops.Insteadherearea numberof additionsthat
couldbeparallelizedn hardware.Hence quadratidnterpo-
lation becomeweryfast.

(© TheEurographic#ssociation2002.
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6.1. FutureWork

Theproposedilgorithmshouldbeimplementedn hardware
in orderto make a fair comparison.

Otherquadraticinterpolationschemeshouldbe investi-

gated.Theschemesghoserin this paperareall basedn per
vertex computationslt shouldbeexaminedf scanline setup
algorithmslik e the oneproposedn 10 arefasterin somesit-

uations.
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