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Chapter 1

Binary SpacePartitioning Trees

Thebinary spacepartitioning(BSP)treealgorithmwasdevelopedby Fuchs Ke-
dem,andNaylor [7], basedon work of Schumackr [8]. TheBSPtreealgorithm
is an efficient methodfor calculatingthe visibility relationshipsamonga static
groupof 3D polygonsasseenfrom anarbitraryviewpoint. It tradesoff aninitial

time andspaceantensve preprocessingtepagainstlineardisplayalgorithmthat
is executedwhene&er a new viewing specifications desired.Thus,the algorithm
is well suitedfor applicationsn which the viewpoint changesut the objectsdo
not.

1.1 Algorithm

TheBSPtreealgorithm[1] is basedntheobsenrationthata polygonwill bescan-
corvertedcorrectly(i.e., will notoverlapincorrectlyor be overlappedncorrectly
by otherpolygons)if all polygonsontheothersideof it from theviewerarescan-
convertedfirst, followedby it, andthenall polygonson the samesideof it asthe
viewer. We needto ensurehatthisis sofor eachpolygon.
Thealgorithmmalesit easyto determinea correctorderfor scancorversion
by building abinarytreeof polygonstheBSPtree. TheBSPtreesrootis apoly-
gonselectedrom thoseto be displayedihe algorithmworks correctlyno matter
which is picked. Theroot polygonis usedto partitionthe ernvironmentinto two
half-spacesOnehalf-spacecontainsall remainingpolygonsin front of the root
polygon,relativeto its surfacenormal;the othercontainsall polygonsbehindthe
root polygon. Any polygonlying on both sidesof the root polygon’s planeis
split by the plane,andits front and back piecesare assignedo the appropriate
half-spaceOnepolygoneachfrom theroot polygon's front andbackhalf-spaces
becomests front andbackchildren,andeachchild is recursvely usedto divide
theremainingpolygonsin its half-spacan the samefashion. The algorithmter-



minateswheneachnodecontainsonly a singlepolygon.A C++ pseudo-cod#&r
tree-luilding phases givenbelow [5].

struct BSP_ tree

{

pl ane partition

list pol ygons;

BSP_tree *front,

*back;

b
void Build BSP _Tree (BSP_tree *tree, list polygons)
{

polygon  *root = polygons. Get_FromList ();
tree->partition = root->Cet_Plane ();
tree->pol ygons. Add_To_List (root);
l'ist front |ist,
back |ist;
pol ygon  *poly;
while ((poly = polygons. Get_FromList ()) !'=0)
{
int  result =tree->partition.C assify Polygon (poly);
switch (result)
{
case CO NCI DENT:
tree->pol ygons. Add_To_Li st (poly);
br eak;
case | N BACK OF
backl i st. Add_To_List (poly);
br eak;
case | N_FRONT_OF
frontlist.Add To List (poly);
br eak;
case SPANNI NG
pol ygon  *front _piece, *back piece;
Split_Polygon (poly, tree->partition, front_piece, back_piece);
backl i st. Add_To_Li st (back piece);
frontlist.Add _To List (front_piece);
br eak;



}
if (! front_list.Is Enpty List ())
{
tree->front = new BSP_tree;
Build_BSP Tree (tree->front, front_list);
}

if (! back list.ls Enpty List ())
{
tree->pack = new BSP_tree;
Bui | d BSP_Tree (tree->back, back |ist);

Remarkablythe BSPtreecanbetraversedn a modifiedin-ordertreewalk to
yield a correctpriority-orderedpolygonlist for anarbitraryviewpoint. Consider
theroot polygon. It dividesthe remainingpolygonsinto two sets,eachof which
lies entirely on oneside of the root’s plane. Thus, the algorithm needsonly to
guarantedhat the setsare displayedin the correctrelative orderto ensureboth
thatoneset’s polygonsdo notinterferewith the others andthattheroot polygon
is displayedproperlyandin the correctorderrelative to the others.If the viewer
is in theroot polygon’s front half-spacethenthe algorithmmustfirst displayall
polygonsin theroot’s rearhalf-spacgthosethat could be obscuredoy theroot),
thenthe root, andfinally all polygonsin its front half-space(thosethat could
obscuretheroot). Alternatively, if the viewer is in the root polygons rearhalf-
spacethenthealgorithmmustdisplayall polygonsin theroot’s front half-space,
thentheroot, andfinally all polygonsin its rearhalf-spacelf the polygonis seen
on edge eitherdisplayordersuflices.Back-faceculling maybeaccomplishedby
not displayinga polygonif the eyeis in its rearhalf-space.Eachof the root’s
childrenis recursvely processety this algorithm.

void Draw BSP _Tree (BSP_tree *tree, point eye)
{
real result = tree->partition.C assify Point (eye);
if (result > 0)
{
Draw BSP_Tree (tree->back, eye);
tree->pol ygons. Draw_Pol ygon_List ();
Draw BSP_Tree (tree->front, eye);
}

else if (result < 0)

{



Draw BSP_Tree (tree->front, eye);
tree- >pol ygons. Draw _Pol ygon_List ();
Draw BSP Tree (tree->back, eye);

}

else // result is O

{
Il the eye point is on the partition plane...
Draw BSP Tree (tree->front, eye);
Draw BSP Tree (tree->back, eye);

Like the depth-sortalgorithm, the BSP tree algorithm performsintersection
and sorting entirely at object precision,andrelies on the image-precisiorover
write capabilitiesof a rasterdevice. Unlike depthsort, it performsall polygon
splitting duringa preprocessingtepthatmustberepeateanly whentheernviron-
mentchangesNote thatmorepolygonsplitting mayoccurthanin the depth-sort
algorithm.

1.2 Implementation

The BSPtreeconstructiorandrendering/traersingalgorithmis implementechs
a partof the practicaltraining. The corecode(writtenin ANS C) hasbeentaken
from Graphics Gems [2] andmodifiedto suit the needs.Certainadditionshave
beenmadeto acceptthe 3D objectsin standardOFF formatfiles astheinputand
to displaytherenderedutputusinga simpleviewer usingthe standard Window
libraries.

Thealgorithmimplementederetakescareof only objectsconsistingof con-
vex polygons,asthe polygonsplitting algorithmis implementecdbnly for convex
polygons. This is becauseorvex polygonsare generallyeasierto dealwith in
BSPtreeconstructiorthanconcae ones becausesplitting themwith a planeal-
waysresultsn exactlytwo cornvex pieces.Furthermorethealgorithmfor splitting
convex polygonsis straightforvardandrobust. Splitting of concae polygons.es-
peciallyselfintersectingones,is a significantproblemin its own right.

Thechoiceof thethedividing polygonis madeby testingthefirst N polygons
in the list (denotedby the global variableMAX _CANDIDATES in the program
written) and checkingfor the numberof intersectionof eachpolygonwith the
otherpolygonsin thelist. The polygongiving rise to the minimum numberof
intersectionss chosenasthe dividing polygon. This is an O(N?) process.lde-
ally, N shouldbe equalto the numberof polygonsin thelist (althougheventhis



doesnot guaranteghe minimum numberof intersectionsn totality, asthis will
alsoaffect the decisionfor the choiceof the next dividing polygonin the recur
sive algorithm), but practicallyit is taken anywherefrom 5— 100 dependingon
thetradeof betweerthe numberof resultingoutputpolygonsdueto the artificial
intersectiongthe intersectiongesultingfrom division of the polygonsin thelist
by thedividing polygon)andtime. LargeN is recommendedherethetimetaken
for traversingof thetree(for displaying)for variousviewpointsis moreimportant
thatthe time requiredfor the constructiorof the BSPtree,asin the caseof map
constructorsn DOOM like gamesvherethe BSPtreeis theinputto therenderer

1.3 Efficiency

For hiddensurfaceremoval andray tracingacceleratiomsingBSPtree,theupper
boundfor bothspaceandtime complexity is O(N?) for N polygons.Theexpected
caseis O(N) for mostmodels.

1.4 Scopefor Impr ovement

e Atrtificial intersectionsvhich areseenin the final outputcanbe prevented
from beingdisplayedby flaggingthemin theintersectiorroutineandusing
thisinformationwhile rendering.

e Supportfor objectscontainingconcae polygonscanalso be includedby
extendingthe plane-polygonntersectiorroutineto concae polygons.

e Also, thealgorithmcanbeimplementedn a non-recursie way by usinga
stackof pointersto BSP.tree. This canbefasteron someprocessors.



Chapter 2
Polygon Clipping

Clipping, the procesof extractinga portionof adatabasejs fundamentato sev-
eralaspect®of computergraphics.in additionto its moretypical usein selecting
only the specificinformationrequiredto displaya particularsceneor view from
alargerenvironment,it is alsousefulin hiddenline, hiddensurface,shadaev, and
texture algorithms. In the context of mary applicationse.g.,hiddensurfacere-
moval, theability to clip concae polygonsis required.Discussedbelow is avery
powerful polygonclipping algorithmdueto Kevin Weiler andPeterAtherton[6].

2.1 Weiler-Atherton Algorithm

The Weiler-Athertonalgorithmis capableof clipping a concae polygonwith in-
terior holesto theboundarie®f anotherconcae polygon,alsowith interiorholes.
The polygonto beclippedis calledthe subjectpolygon(SP)andthe clipping re-
gionis calledtheclip polygon(CP).The new boundariesreatedoy clipping the
SPagainstthe CP areidenticalto portionsof the CP. No new edgesarecreated.
Hence the numberof resultingpolygonsis minimized.
Thealgorithmdescribedoththe SPandthe CP by a circularlist of vertices.
The exterior boundarie®f the polygonsaredescribedtlockwise,andtheinterior
boundarie®r holesaredescribectounterclockwise.Whentraversingthe vertex
list, this corventionensureghatthe insideof the polygonis alwaysto theright.
The boundariesof the SP andthe CP may or may not intersect. If they inter-
sect,theintersection®ccurin pairs.Oneof theintersection®ccurswhenthe SP
edgeentersthe inside of the CP andonewhenit leaves. Fundamentallythe al-
gorithmstartsat anenteringintersectiorandfollows the exterior boundaryof the
SPclockwiseuntil anintersectiorwith a CPis found. At theintersectiora right
turnis made andtheexterior of the CPis followedclockwiseuntil anintersection
with the SPis found. Again, attheintersectionaright turnis made with the SP

10



now beingfollowed. The processs continueduntil the startingpointis reached.
Interior boundarie®f the SParefollowedcounterclockwise.

A moreformal statemenof thealgorithmis [3]

e Determinethe intersectionsof the subjectand clip polygons- Add each
intersectiorto the SPandCP vertex lists. Tag eachintersectiorvertex and
establisha bidirectionallink betweerthe SPandCPlists for eachintersec-
tion vertex.

e Processnonintersecting polygon borders - Establishtwo holding lists:
onefor boundariesvhich lie insidethe CP andonefor boundariesvhich
lie outside.Ilgnore CP boundariesvhich areoutsidethe SP CP boundaries
insidethe SPform holesin theSP Consequentlyacopy of theCPboundary
goeson boththe insideandthe outsideholding list. Placethe boundaries
ontheappropriatéholdinglist.

e Createtwo intersection vertex lists - One,the enteringlist, containsonly
the intersectiondor the SP edgeenteringthe inside of the CP. The othet
theleaving list, containsonly the intersectiondor the SPedgeleaving the
inside of the CR. The intersectiontype will alternatealongthe boundary
Thus,only onedeterminations requiredfor eachpair of intersections.

e Perform the actual clipping -
Polygonsnsidethe CParefoundusingthefollowing procedure.

— Remae an intersectionvertex from the enteringlist. If the list is
empty theprocesss complete.

— Follow the SPvertex list until anintersections found. Copy the SP
list uptothis pointto theinsideholdinglist.

— Usingthelink, jumpto the CPvertex list.

— Follow the CP vertex list until anintersections found. Copy the CP
vertex list uptothis pointto theinsideholdinglist.

— Jumpbackto the SPvertex list.

— Repeauntil the startingpointis againreachedAt this point, the new
insidepolygonhasbeenclosed.

Polygonsoutsidethe CP are found usingthe sameproceduregxceptthat
the initial intersectionvertex is obtainedfrom the leaving list andthe CP
vertex list is followedin thereversedirection. The polygonlists arecopied
to the outsideholdinglist.

A suitablydetaileddescriptionof thealgorithmcanbefoundin [3] and[6].



2.2 Implementation

The Weiler-Athertonalgorithmimplementechereworksfor clipping of onecon-
cave polygonagainstanotherandhandlesall specialcasedi.e. coincidentedges,
coincidentvertices,vertex of one polygonlying on the edgeof the other, etc.).
Theimplementatiorhowvever, doesnottake careof self-intersectingpolygonsand
polygonswith holes.

2.3 Efficiency

The complity of the intersectioncalculationsis always O(MN) whereM and
N arethe numberof verticesof the CP and SPrespectrely. The compleity of
the polygonclipping problemfor a non-speciataseis in theworstcaseO(MN).
For disjoint CPandSRP theintersectioralgorithmchecksfor boundingboxesand
hences moreefficient. For specialcasesthecompleity maybeworsedueto the
overheadsnvolvedin their detection [4]

2.4 Scopefor Impr ovement

If appropriatespacepartitioningtechniquesreusedthe compleity of theinter-
sectioncalculationscanbe reducedrom O(MN) to O(M + N). Sincenot suffi-
cientamountof literaturefor classifyingandhandlingthe specialcasesvasavail-
ableat the time of writing of the code,a trial and error methodwas adoptecdto
arrive atanalgorithmto classifyall the specialcaseknown. Sincethe algorithm
is not rigorouslytested theremight just be a very very specialcasefor which it
mayfail.



Chapter 3

Hidden Line Removal using BSP
Treeand Polygon Clipping

3.1 Algorithm

Here,the BSP TreeroutineandPolygonClipping routineareusedin succession
to performhiddenline removal. A C++ pseudo-codélustratingthe algorithmis
givenbelow.

voi d Hi ddenLi neRemoval ()

{
OFFQhj ect *obj;
Poi nt 3d vi ewpoi nt;
Pol y2d subject, clip;
Pol y2d *insidelist, *outsidelist;
Pol y2d *subjectlist,*new subjectlist;
int i,j,k1;

ReadOFF(hj ect (ohj);
Read (vi ewpi oint);

Sort _using_BSP (obj, viewoint);

Transfornd (obj, vi ewpoint);

for (i =obj->nf-1; i >=0; i--)
{

subj ect = obj->faces[i];
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subj ectlist[0] = subject;
subjectlist->n = 1,
for (j =i+1; | <= obj->nf; j+4)

{

clip = obj->faces[j];

new_subj ectlist->n = 0;
for (k = 0; k < subjectlist->n; k+t)

{

C i p2pol ygons(clip, subjectlist[k],insidelist,outsidelist);

new_subj ectlist += outsidelist;
new _subj ectlist->n += outsidelist->n;
/'l Append 'outsidelist’ to "new subjectlist’

}

subj ectlist = new subjectlist;

}

Qutput (subjectlist);
Il Print ’"subjectlist’ as output

Theinputherearethe setof corvex polygonsin 3D spacen OFF formatand
the view point, andthe outputis a setof non-overlappingpolygonsin 2D space
which whendrawn in ary order give the desiredhiddenline removal effect with
respecto thegivenview point.

3.2 Implementation

The above algorithmwasformulatedandimplementediuringthe durationof the
practicaltraining. However, the BSP routine could not be incorporatednto the
codedueto lack of time. Thus,the implementedcoderequiresthe outputfrom
the BSProutineasits input.

3.3 Efficiency

Thealgorithmasdescribedabore hascompleity of O(N?), N beingthe number
of polygonsin theinput. The efficiency greatlydependn the efficiency of the



clippingalgorithmwhichitself hascompleity of O(MN) asdescribegreviously.
But sincea significantnumberof polygonsin a typical input are disjoint (i.e.
not all polygonsin thelist necessarilyntersecteachother),the polygonclipping
routineon anaveragehasa compleity of muchlessthanO(N?) for suficiently
large N. Thus,thetypicaltime complexity of the algorithmwould be O(N3).

3.4 Scopefor Impr ovement

Thereis amplescopefor improvementin the algorithmmentionedabore. It is
almosta bruteforce implementatiorusingthe clipping routineto obtainhidden
line removal andthereexist moreefficientways(of possiblyO(NIogN) comple-
ity) to obtainthe sameresults(althoughimplementatiormay be morecomple).
Also, dynamicmemoryallocation(DMA) canbeusedinsteadof thepresenfixed
memoryallocationto efficiently utilise the systenresources.



Chapter 4

Results

Somesampleresultsof the discussea@lgorithmsfrom the variousroutinesimple-

mentedn ANS C areshavn here.

In all the BSP tree constructioncalculations,MAX _CANDIDATES = 10.
Also, N; denoteghe numberof polygonsin the input andN, denoteghe num-
ber of polygonsin the output. On a 486 DX2-66 with 8 MB RAM runningLinux
v. 1.3.47, thetime takenwas

e Mushroom(N; = 240)— 2 sec. (Figure4.1)
e Goblet(N; = 470)— 5 sec. (Figure4.3)

e Seashel(N; = 1680)— 8 sec. (Figure4.5)
e Teapot(N; = 3751)— 42 sec. (Figure4.7)

Theatrtificial intersectionslueto BSPTreeconstructiorareclearlyseenn the
outputof thefirst few exampleqFigures4.2,4.4,4.6and4.8).
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Figure4.1: Input- Mushroomwire frame(N; = 240)

Figure4.2: Output- MushroomrenderedafterBSPsorting(N, = 481)
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Figure4.4: Output- GobletrenderedafterBSPsorting(N, = 1109)
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Figure4.5: Input- SeashelWwire frame(N; = 1680)

Figure4.6: Output- SeasheltenderedfterBSPsorting(Ny = 3706)
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Figure4.7: Input- Teapotwire frame(N; = 3751)

Figure4.8: Output- TeapotrenderedfterBSPsorting(N, = 7743)



Figure4.9: Example- Inputto BSProutine(N; = 12)

Figure4.10: Example- OutputafterBSPsorting(N, = 12)



Figure4.11: Example- Inputto HiddenLine Remaval routine(N; = 10)

Figure4.12: Example- Outputfrom HiddenLine Remaval routine(Ny = 7)
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