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Abstract

We describean algorithmfor computing ray/Bézierpatchin-
tersectiongrom a pipelined hardvare point-d-view. This al-
gorithm usespatch subdvision and other geonetrical tech-
nigues to find agivenmaxinum numter of intersectiorpoints
nearesto the ray origin. We propsea pipeline-basechard-
warearchiteture,andveiify thenumbe of pipeline stagese-
quiredby simulation
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1 Intr oduction

Ray tracingis one of the mostimportart techniqesin com-
puter graphics for rendeing high quality and phaorealistic
pictures.In it, atleastoneray is castinto the scenefor each
pixel of theimage If the ray hits an object,it may prodice
otherrays, suchasreflection,shadaev, andrefraction raysto
determire the color of the associateghixel (see[1] for more
details). Ray tracingdealswith thousads, if not millions, of
suchray-djectintersectiorcalculatiors in eachimageandis
thuswell known for its exorbitant compuationtime.

Xpatchis aprogamthatuseghisgragicaltechriqueto mode

anincident radarsignalandgeneatetheresultingrada cross-
sectionsof various objects. The objectsurfacesare mockeled
by differentshapeprimitives suchas meshesand parametric
patches.Eachtype of primitive hasits own algorithmto de-

termineintersectionwith a given ray. Much work hasbeen
conductedattheAir ForceResearct.ab (AFRL) to determine

*Currently at Synopsysl|nc.

which partof Xpatch is the mosttime consumiig, finding that
the majoiity of the time (betwea 50% and80%) is spentin
executingthesealgorithms.

Among commanly-usedmodellingprimitives,Bézierpatches
standout for being able to provide high accurag of curved
surfaces. Nevertteless,ray/Bézier patch intersection algo-
rithms are computationally expersive. Many attemptshave
beenmadeto improve them. The Bézier clipping algorithm
[9] introducesan iterative georretric algorithmthat finds all
solutiors of the ray-patchintersectionprablem up to an user
definale accuray, but it is hardto determire the numkber of
iterative stepsneede for a givenpatch. The Chebyshe box-
ing algoiithm [5] replacesanorigind patchby mary bilinear
appoximatirg patcheswhich will be subdvided into pieces
repatedlyuntil theoriginal patchhasbeernwell appoximated
Theprepocessingrocedirerequiredby thisalgotithm usesa
recusive methodto subdvide a given patch. The bourding
volume hierardy algorithm [3] combinesthe previoustwo by
first carrying out the prepocessingprocalurein the Cheby
sher boxing algorithmandthencalculatingthetight bourding
volumes.

In[10], oneof usdemorstratedhatthedepthof recusive calls
using the Bézier clipping algorithm may vary greatly from
patchto patchandfromraytoray. Onepatchmayneedadeph
of threecallswhile anotleradepthof eleven eventhoud both
resultedin a singleintersectio. All the above algorithms be-
have similarly, beingbasedon recursve method. Evenif we
wereto implementthe recusion by reduindanthardwareg they
would still not be suitablefor hardware acceleratiorbecause
of theunpredictableresourcallocationrequired

Significan efforts to acclerateintersectio computation have
alsobeenmadeon the hardware side. As repated by Arvo
andKirk in 1989[1], theseinclude:



e LINKS-1, a 64-rode (Intel 80868087) multiprocessor
systenthatcanbeconfiguredasasetof parallelpipelines
to rendera sequene of images.

e Kobayashis work distributing the world databasemang
asetof intersectio processors.

e Goldsmiths work on a generalpurpase multiprocessor

systemfor ray-tracingon a hypercube.

More rece efforts include:

¢ Bouatowh’s[2] exploitation of cacheandvirtua memay

techniqiesto redicemessageassingyielding aspeedup

of abou 60 ona64-nale MIMD.

e Kin andKyungs [8] ring-stricturedmultiprocessorsal-
lowing a linear speedp by partitioring objectsamag
processors.

All the aforenmentioned hardware solutiors are basedon
geneal-purse architectues that are suitablefor exectting
ary kind of ray/djectintersectiorproblems.

Earlier researchcondicted by one of us at AFRL in Sum-
mer 1998[6] optimized a ray/triangilar facetintersectional-
gorithm for hardwvare realizationand also propesedthe cor
responling hardvarearchitectue. This article maytherebre
be corsideredan extersion of thatwork, focussingon a simi-
lar apprachfor acceleratingay/Bézierpatchintersection As
before, efforts have beenmadeto:

1. Develop analgorithmsuitablefor hardvare/softvareac-
celeration

2. Define the algorithmspecific system architecture for
physicalimplemenationin the future.

We therefae presenta new algorithm basedon a setof sub-
tasksincluding patchsubdvision andrelatedgeanetric tech-
nigues to find agivenmaxinum numter of intersectiorpoints
thatarenearesto theray origin. We alsoproposea pipelined
systemarchitectue basedon this algorithm. The numker of
coarse-gpinedpipelinestagesvasverifiedby extersive simu-
lation.

Section2 presentghe proposedray/Bézierpatchintersection
algorithm. Section3 describe®urtestimplemantationfor the
algorithm. Section4 describesgheresultingarchitectue. Sec-
tion 5 concluaesthe paper
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Figurel: A Ray/Ratchintersection

2 The Ray/Bézier Patch Intersection
Algorithm

In this Section,we will develop the mathematic®f the patch
intersectia algotithm.

2.1 Background and Overview

Ourstudyhasbeerfocusednabicubic,nonm@tional paranet-
ric Bézierpatch whichwe for simplicity will referto hereafer
asa“patch”.

A ray, definal by an origin O anda direction D, intersects
a patchasshavn in Figure 1. Ther area maxinmum of 18

possibleintersectio pointswhenaray piercesa patch[7], but

from araytracingstandpint, we areonly interestedn finding

theintersectiorclosesto O. We therefae arbitraily limit our

interesthereto successiely findingandthenrefining(atmost)
N; intersectiorpointsthatarenearesto O andthenselecting
theclosestof theseastheanswer

Oneof themajordifficultiesof theray/patchntersectiorprob
lemis thatexactsolutionsto the problemrequirefinding roots
of very high-degree polynomials,which canna in geneal be
dore analyticallyandwhosenumeical solutionis errorprore.
Hence we mustlook for appoximatesolutiors.

Figure 2 shavshow ameshof 16 contrd pointsdefineapatch.
The corvex hull property statesthatthe patchmustlie inside
its corvex hull: the smallest(intuitively, “shrink-wrapped”)
polyhedran cortaining all the contrd points[11]. It is there-
foreanecessargordition for arayto intersect patchthatthe
ray mustintersectthe patchs corvex hull. It is not, however,
a sufiicient cordition: a ray that passedhrough the corvex
hull may still missthe patch, but if we subdvide the patch
into smallerpatche andthenconsiderthe intersectionof the
raywith thesesmallerpatchesmissingthe patchbecanesless
likely asthe union of the convex hulls of the subpatchs ap-
proachegheoriginal patch.wWhenaray hitstheconvex hull of



Figure2: The ControlMeshof aBézierPatch

a sufiiciently small patch,the centerof the patchcanbe con-
sideredasa goodappioximationto theray/patchintersection

To find a corvex hull intersectionthen we first consicer the
projedion-basedappoachillustratedin Figure 3. Imagine
thataray is contaired in the intersectionof two perpedicu-
lar planes U andV, andthatthese the patch,andits corvex
hull areall projectedonto a third planepergendicudar to the
ray direction We usethe U andV intersectios to definea
coordnatesystenwhoseorigin is the projection of theray.

In theprojectedD coordnatesystem|f the 16 prgectedcon-
trol points are locatedon the sameside of either one of the
two axes,theray musthave misseadhecorvex hull of thetest-
ing patch(Figures3b and3c). Otherwisethe ray may hit the
convex hull (Figure 3d).

Basedon theabove discussionye outlinetheray/pdchinter
sectionalgorithm we will use:

1. Divide aninput patchinto 4N; subpatche. (If N; is 4,
this couldbe donewith two four-way subdvisionlevels.)

2. Find all subpatbesthat are possiblyintersectedoy the
ray, basedon thecorvex hull property.

3. If nosubpatchspassheconvex hull test,exit with anull
intersectiorresult.

4. From all possiblyintersectingsubpaches, find the (at
most) N; subpatchsthatare closestto the origin of the
ray.

5. If thesubpatchsaresuficiently small,exit with thecen-
ter of the closestpatchto the origin astheintersectio.

6. Subdvide the N; subpatchgto obtain4N; smallersub-
patches.

7. Repeasteps? throudh 7.

Figure4: PlaneGeneratio

2.2 Notation and Preliminaries

A ray R is repiesentedn theform R = O + Dt. For our
pumposeswe will assumehat D is normalized. A planein
Euclidean3-spacas defined(asusual)by theequatio

Az +By+Cz+E=0 Q)

Within a nonzeo scalingfactor the normal to sucha planeis
thevecta [ABC]'. A nonmtionalparanetric Bézierpatchof
degreem is definedby

)

wheee (u,v) € [0,1] arethe paraneters,P;; arethe patchs
cortrol points, and the blendng functiors are the Bernstein
polynomials:

Bmw) = (7 ) w0 )
In matrix form, (2) becomes
Q(u,v) = UMPM'V. 4)

whee P is the contrd point matrix, M is the Bézier basis
matrix, andM! is thetranspos@f M.

The biculdc patchis a specialcaseof (4) withn = m = 3
whele
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2.3 PlaneGeneration

Givenaray R, we needto find two mutually pergendicuar
plaresU andV thatcontaintheray. If N, andN, arethe



a)

c) d)

Figure3: TestingCorvex Hull Points.(a) Thisis thebasicgeoméry. (b) Theray misseghepatchvertically. (c) Theray misses
thepatchhorizontally. (d) Theray mayhit the corvex hull of the patch.(In this casejt does.)

normals of thetwo planesyespectiely, thenN,,, N,, andD In the first step,we subdvide the range of the paraneter u,
areall mutudly pergendicularasillustratedin Figure4. derving left (0 < u < %) andright (% < u < 1) subpatb

o ) cortrol vetticesandrespectiely. Theleft subpatcQ £ is de-
Of course, aninfinite numker of vectorsareperpenlicularto  finedpy

D. A simple and robust algoithm to choosetwo mutually L u
perpadicularonesis: Q" (u,v)=Q (5’”) ) ©)

Using(4), we canrewrite thisas
1. let¢ bez, y, or z suchthatD; = min (|Dg|, |Dy|,|D;|)

UMPIMV (6)
2. let T betheunit vectorin the¢ direction (i.e.,T; = §;
3.N,=TxD 100 0
110 2 0 0
4, N, =N, xD — = t
v u US 00 4 0 MPM'V.
0 0 0 8

This could easily be implemented in hardware, especially
sincethe first cross-mitiplication is simply a rearragemen  Sincethis mustbetruefor all U andV, we infer that
of theelementf D.

1000
Pr=M 8 g 2 8 MP =D'P (7
2.4 Patch Subdivision 8
0 0 0 8
The patchsubdvision algorithm describedhereis basedon wher
the de Casteljaualgorithm [5]. Control points of all the sub- 8 00 0
patchesregeneatedby matrix multiplicatiors which areeas- DL — 114 4 00
ily andparallelizalty perfamedin hardvare. We deconpose “812 4 2 0
thealgorithm into two steps. 13 3 1



Theright subpatclQR is definal by:

1
Q") = (* 51 0). @
Againusing(4), we find that
10 00
113 2 00
R _ng-12 N
P_M83440MPDP 9)
1 2 4 8
where
1 3 31
110 2 4 2
R_ -
D =310 044
0 0 0 8

In the secondstep,we applythe samemethal in the v direc-
tion, creatirg thetopandbottan patchcontrolverticesP 7 and
PB. It is easyto shav thatthesearerelatedto a contiol vertex

matrix P’ viaP? = P'DT andPB = P'D?, where

8 4 2 1
1{0 4 4 3 ¢
D'=510 0 2 3|=[P" (10)
0001
and
1000
13200 .
DP=gl3 44 0|=P7 (1)
12 4 8

Combinirg the two steps,we derive the contrd vertex arrays
of all four subp#&chesas

PTL PTR
|: PBL PBR

DT

]:[DL DR]P[DB

|,

whichis easilydonein parallel.

2.5 Hull Classification

In Section2.1 we shaved how to determinewhethera given

ray hits the corvex hull of a given patchby looking at the al-

locationof the projectedpatchcortrol points in theray-based
projed¢ed2D coordnateframe.While corceptuallyuseful,we

canbemore efficientatimplementationby makingfour obser

vatiors.

First, we do not needto do the projections. We needonly
determire whethera given contrd point lies above or belov
the U or V plane. This is a simple evaluation of the plane

equationusingthe contiol point. Recallthatin a3D spacethe
distanceof apoint P at(z, y, ) to aplaneasgivenin (1) is

d_Am+By+Cz+E
BRRYZ oS ol

Thisdistancas eithernegative or positive depetling onwhich
sideof theplanethepointP is located Thenomal definesthe
positive direction Thedistancads zeroif P is ontheplane

(13

Secomnl, we do not needthe actualdistancepnly needits sign
to determire whetherthe poirt is abose or below the plane.
(We considerthe infrequently occuring casewherethe con-
trol poirt is containedwithin the planeto be “above” for hull
classificatiorpumposes.)

Sincewe areonly interestedn the sign of d, which is solely
deteminedby thenumeratorof theright-handsideof (13),we
candefinethesigndistanceas

ds =Ax+By+Cz+ E,

or, in matrixform,
P
e

Our hull classificationalgorithm saysthat, for eitherU or V,
if the signsof the sixteensigndistancesreeitherall positive
or all negdive, the ray missesthe patch. If thisis untruefor
both planesthe ray may hit the corvex hull of the patchand
herceit mayalsointersecthe patchitself.

(14

dS:[ABCE][ (15

A third obsenrationis thatwe do not necessarilyneedto test
all 16 points.Findingtwo pointson oppositesidesof theplane
wouldimply possiblentersectio, but asthis requressequen
tial evaluation we canna take advantag of this obsenration.

Fourth, the sign calculatims for both planescanalsobe dore
simultaneusly. The explicit computationsfor calculatirg the
16 signdistancewith respecto theplanesU andV are

d = [A, B, C, D, ] (16)
Pz Ptz Ps3,
FPooy Pory Pys3,
Py. P Py,
1 1 1

andsimilarly for d:. If all compmentsof eitherd?, ord? have
the samesign, theray canrot intersectthe patch. Otherwise,
the patchneedsto be further divided into smallersubp#ches
for amore accurateapprximation.

2.6 Patch Center

As statedin Section2.1, it is necessaryo find the centerof
a given patchfor two reasons. First, an intersectionis ap-



proximatedby the centerof a sufficiently small patch Sec-
ond, in finding the approximatedintersectionpoirts, our al-
gorithm mustsort out four subpatchs (from all possibly-lit
subpatchs) closestto the origin of theray. We assumeéhere
that“closeness’'meanghe distancebetweerthe origin of the
ray andthe centerof a given patch

Oneway to definethe centerof the patchwould beto take the
arithmeticmeanof the contrd points. This would be simple
to compue, but we have no guaanteethatthis point actually
lies on the patch,a desirablefeaturefor the final intersection
apprximation

Insteadye obseve from (4) thatfor a given patchQ(u, v), an
unanbiguots “paranetric center’C canbedefined

cC=Q (%, %) = UMPM!V a7
where
U=Vi=[} §} 1],
Basedontheabore, we canderive
1
1 3
C_6—4[1 3 3 I}P 3 (18)
1

2.7 Patch Distance

We definepatchdistanceo bethedistancebetweertheorigin
of the ray andthe centerof a given patch. Given two points
P, = (z1,y1,21) andPs = (x2,y2,22) in 3-spacethe dis-
tancebetweerthemis normallydefinedby an L, (Euclidean)
metric:

d=/(z2 —21)> + (y2 — y1)? + (22 — 21)2. (19)

However, to simplify the computation, we redefinethe dis-
tanceasan L; (Manhattaj metric:

d=l|zs — 1|+ ly2 —y1| + |22 — 21] . (20)

The distancecompuation from the ray origin mustalsoin-
cludeasign. Positve signsindicatepositive ray paraneter (t)
values. If the cosineof the anglebetweenD andthe vector
from O to C (givenby % ) is positive, theray poirts to-
wards(i.e., may hit) the patch,otherwiseit pointsaway from
(i.e.,definitelymisses}hepatch.

Again, sincewe areonly interestedn the sign of the cosine,
all we needto calculates (C — O) - D, sowe cansortpatctes

usingthesignedray/pdch distance
d

P _—
& = { a4

Using-1 asaflagallows usto remove thatparticdar candichte
from furtherprocessing

if (C—0)-D>0

if (C—0)-D<0 ()

2.8 The Culler

In our intersectioralgorithm, eachof four patchess divided
into four subpatchs,atotal of 16 subpatcks. Eachsubpath
is thenevaluatedto seeif its convex hull intersectsith theray
(seeSection2.1). Fromall qualifying subpatchs,the N; (at
most)with the shortestay/pdch distancewill be selectedor
further apprximation The sortingtaskis accomplishd us-
ing Quicksort,a standad sortingalgoithm withrun time effi-
cieng/ onaninputarrayof sizen. This combnationof sorting
andselectionconstituteghe “Culler” modue.

2.9 Summary: An Algorithm for Finding the
Ray/ Patch Intersection

We now presentanimplemenation of the ray/patchintersec-
tion algorithmdescribedn Section2.1. As mentiored above,

we have taken N; to be4. We alsouseintermedate buffersto

hold patches.

1. Subdvide the input patchinto four subp&ches(Section
2.4 andput theminto bufferl, which canstoreat most
four submtches.GenerateplanesU andV from theray
paraneterg(Section2.3).

2. If thedesirednumler of iterationsis reachedgoto Step
5. Otherwise,subdvide eachpatchin bufferl into four
submtcheqSection2.4)andstorethemin buffer2, which
canhold atmost16 submtches.

3. Evaluateeachpatchin buffer2 by hull classification(Sec-
tion 2.5). Calculatethe centersof the patchegSection
2.6) andtheir distancedo the origin of the ray (Section

2.7).

4. Sortthepatchesn buffer2 to find thefour patcheslosest
to (but not“behind’, i.e.t 0) theray origin (Section2.8)
andputtheminto bufferl. Thengo backto Step2.

5. Outpu thecenterof theclosestof thefour subp#ches.

Assumingthatthereis anintersectiorpoint, aftern iterations
theresultingsubpatchwill be appoximately1/2nof the orig-
inal (linea) patchdimersions. As long asthe input patchis



Function Designation | Description
PlaneGenator | MO generatsthetwo planesU andV from a given ray
PatchSubdivider | M1 dividesaninputpatchinto four subpatchs
HullClassifier M2 classifythehull
PatchCenter M2 compue thecenterof apatch
PatchDistance | M2 compue thedistancerom the patchcenterto theray origin
Culler Culler selectthefour subpatchgnearesto theray origin from sixteencandichates
Tablel: ModularDecompsition. Thedesigrtionsreferto Figure6.
st | ‘ . . . - 4 SystemAr chitecture
PatchSubdividor ] : : ]
FatchXMane [
PanesGenerator [ The overall systemarchitecturefor physical implementation
GetPaichCenter of our algorithm is shovn in Figure 6. Note that the block
GetUistance | | M2 containsthreemoduleslisted in Table 1: HullClassifier
0 0.002 0.004 0.006 0.008 0.01 0012 PatchCeter, andPatchDistance.

Figure5: MeanRunningTimesof Functical Building Blocks
(in msec.)

reasonaly small,thefour final subpatckswill converge to a
tiny areathe centerof the closesiof whichwill be consideed
theintersectiorpoint.

3 Testimplementation

All the functioral blocks requred by the proposedray/pmatch
intersectionalgoithm are listed in Table 1. After codng
themas C functions,we obtaired the exeaution times shavn
in Figure 5. Thesewere measuredon a PC Workstation
with a 350MHz Intel PentiumIl-MMX processor using the
Windows” M NT 4.00operatim systemwith networking activ-
ities disabledandtheVisual C++compilerversion6.0with the
Maximize Speedptionon.

Thesedatareved the load distribution amory the different
computing tasksand sene as guidelires for balancingthe
pipeline stagesand determiring the hardware/software parti-
tion.

In orderto veiify ouralgoritrm, we developeda userinterface
in whichtheusercanspecifyarbitrary raysandpatchs. Using
thestandardteapd” patchesasthebendimark,we alsocom-
paredtheresultsobtainedrom our algoiithm with thosefrom
Nishita’s algorithm [9] (basedon the Bézier clipping tech-
nigue. We found thattheintersectiorpoirts generatedy the
two algoiithmsarewithin theaccurag specifiedor theBézier
clipping appoach.

The proposedarchitectue contairs eleven pipelined stages.
Stage0 executesStepl of the algoithm; Stagesl to 10 exe-
cutetheloop body of thealgorithm. They areidenticalexcept
that stage10 outpus centersof the last four subpatche that
will betakenastheintersectiorpoints. Within eachstagethe
inherentparallelismof the algoithm is exploited by the func-
tional building blocks. The nunber of stagesvasdetermine
basedn obserationsof thealgorithms cornvergerceratedur
ing the softwareemulationprocessThroughpu of the overall
systemwill bedetermiredby thelateng of asinglestage.

Note that this architeture illustratesthe datapathstreamof
our algoiithm with coarsegrainedpipelinestages.It is open
to refinedintra-stagepipelining and hardware/software parti-
tioning, basedon specificperformarce requrementsandim-
plementationconstrénts deternined by differentapplicatias.

5 Conclusionand Subseqent Work

In this study we have presentd an algorithmfor solvingthe
ray/Bézierpatchintersectiorprablem. Although its compua-
tional compexity is on the sameorde of someotherknown

algaithms,the praposedalgorithm hastheadwantageof beirg

suitablefor parallelandpipelinedexecuion. Thecorrespod-
ing systemsarchitectue for physicalrealization hasalsobeen
developedwith all the functionalbuilding blocks specified.

Work basedon theseresultshasalreadybeencomgetedin
[1Q]. For performarce estimation,the pipeline was refined
load-balancecandmappedinto multiple digital signalproces-
sors(DSPs)andcustomédesignechardvare. Theresultsshov
that by redwcing the grain scaleof the pipeline and suppot-
ing theinheent parallelismof the compuing taskswithin its
stagesasystenthroughput of over 108 ray/pachintersections



perseconds achiezalde.

We anticipatethatwith the currert level of rapidtechnolgical
adwarces,practicd systemsasedon this studycould be built
in the nearfuture
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