:C’/m’o 9. Acelemtion Algwri'ﬁvmi_ B
D,Wlma-fxrfﬁmamceﬁwﬂs‘)%‘f réﬂl’\t‘f:?mer?/mfﬁrfvﬁ, .
 more frames per Secordd, titgher resolvitton, and
- -..md‘_{@-éamdumﬂ‘e_M)FS’:{'TC).Q%‘EC'{K on-the Scene.
o The mdmhs@#agoe%u@‘m would Tncjude 3>, €20
. Umigpe parfs and_over 3,000,000 Tastners, which would
- yreld a plygond mod el with sver SToeo,a0 palygens.
y %_Accef&mﬁm_algoﬁﬁw will aﬁwa@s be neede .
o. () h?gh.fm/me.m‘fe ard o S’wa{y —)Ctzz/me, rate ave both
o. W the frame rate T lower than the vipclerte jcréapuemy of
the monTtoy (e\g., 9§H2—> 5 +the dep/atyeé Weg aPFéa'(
WHh unnadtival motim. The Tleal Sttuation 7 4o ronder
Pmages ot the Same “frome rerte as the moviksr ﬁz‘?}u&wcy,
- amd that the 1oxte Should never wany .
o The cove of mmya((elmvrﬁm alaositims 5 baced on
SP&#H@Q, Aofo. structurec Cvﬁ[i?)\@ ‘f?ci/m?cDutes ,and.
ey of- ale_{—a\?ﬁu—{ec%m('%ues\ |

_______ 9. Spatial Dote Shuctures
. O;S’pa\ﬁa/Q_ Aata sthucbires arve _usaaMOL ovamﬂ‘%eé A;&rmcl1fzd)z‘ ]
~The. mam. reason fav using o _hieraydmwy T thek different

,_.”_.T%%ﬂoﬁjﬂﬁie& - stwifioomtly “uctors The cmstuctim

w_37@.ﬁf’r_\_Qs_Jc_p.édiajl, A S:izmc&ugsjsw@qa&ns%e,mdjsh ~

usually dome oo o prepwress.  Tncvemental updotes
ore possible Tn_real time. )




lﬂ,a go.me_.:t\/?es of S{W{:E«,Q daxtin shructures ore Boundmg

 Volume Hiemwrchites (BVHS), variants of BSPrees,
ard octrees. BSP trees and ocivees are data shucturec
bosed on space subdivision. Q bocwo{?ﬁa volum-e hienarchy
Tsnok o space subdivision, Rather, Pt oreloses -the regions
of the Space Sc.«rm/m:{%g %ta?rnefm‘mf) obd}d's ,and thus

e BVH nead not enclose all gpace. Tn add e to

Fmpmfma e'f'f?a\wcx/ d‘f %‘46\%9 5 RUrs are alzo
Commm% used to descyibe imodel Feiﬂb‘LMSMTFS amd]
Jor cmtrollmg Rieravrchical amymoctim

1] Boundmg Volume Hipravclhies

0. (l .BOLI/W’{T?*% C(/oiwme (BV) should be a much s7 /mpler geomdfﬁa&
Slnafe than the covtamed obon%, So-thak Aoprg fosts Using.
a BV can be dme much faster than using the clgects themselues.

o. A BV does not combribute Visually to the rondered | Tmapl

Instead, @ Ts Oommcmﬂg used to Spead up rerderg and
defferont Computartims and CZ)WFPS‘ i "7

- root

internal nodes -~

®

&

... Figure 9.1. The left part shows a simple scene with six objects, each enclosed by a
bounding sphere. The bounding spheres are then grouped together into larger bounding
spheres until all objects are enclosed by the largest sphere. The right part shows the

= bounding volume hierarchy (iree) that is used to represent the object hierarchy on the
left. The BV of the root encloses all objects in the scene.
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a2 RSP Trees .

_;Q\_Binm_y*gpg@_}?mﬁtfo_njm%.CB&E)ﬁ@e.s;&ﬁstas_:’mg
—__ dtfferent variamts .z a\ﬁ_.rfssp:\,hgn_eo_L amd. PoLy@:@nml?g_&@d
_o I the freec are tmaverzed 7 o certaim way ;- .
__'__jhe_geamzfzt&aﬁ_canmrfzs_qf_fbe_ﬁee.__cam_fp_e_ﬁ_oyrted”_"
. "mem amy Po“m-{' o}c_ufew. This_Ts m_cinthoct o BVHs .
whelh_do net Vndmd:e_wn\/;{j.;{}ecﬁsm“&%lﬁ e

_ AX?s—Angned BSP Tree< .
.0 The_whole Scene Ts enclser] mn.an. AARB and the box 1s.
__recuvsivel y_subdvided onto Smaller boyes. .
-.0. O nede N_r\s._@c_u_‘csbue?,\/_.\/l Stfed ._:[qulmf,,,, of- N.Ts_examived
. amd tree-Thowersal conbinues T_P(MYSTA)el__\/__ on fthe stala*qE
...The plame_where the viewer s Jocoted. Whenthrsside.

. —has been Yraversed, we com stort fo fraverse he other sle.
hoﬁma@Qzﬁﬁadm poart =f-the ~ree_com endd when e box
. Qf_,&md_ejs_m@m%bebadﬁ&vfewﬁh I

! Figure 9.2. Axis-aligned BSP tree. In this example, the space partitions are allowed to
be anywhere along the axis, not just at its midpoint. The spatial volumes formed are

labeled A through E. The tree on the right shows the underlying BSP data structure.
Each leaf node represents an area, with that area’s contents shown beneath it. Note
-J_ thar.th.tria.nghisintheobjealistﬁortwoanu,-CandE,beeumitowrhpaboth. ————————




Polvqon Al Ianed BSP Trees

0, a }wb/gm_as chesen as thed w(der, pirtf:n\gkspare wréo

- two_halves. The plane 7n 1ohich the polygon fies T uced
‘ _todide the rest of polygons 7n the scene o two cefs .
- Now m_each hatf=space of the dwidmg plane , ancther
. polygen s chosen as a dwiders;, which dwides onliy
... the polygens 7n s half=space . "Thts i dome recuvsively.

v‘lF/c °
.I

A\ , \G
A W ° e
\

=
\ =
N
)
-

‘2
D
\®
N

e Figure 9.3. Polygon-aligned BSP tree. Polygons A through G are shown from above.
Space is first split by polygon A, then each half-space is split separately by B and C.
The splitting plane formed by polygon B intersects the polygon in the lower left corner,
splitting it into separate polygons D and E. The BSP tree formed is shown on the right.
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~;gjg < ﬁe_df BSF free bas usefu,@ Pwa:&rﬁes H?)r o @tuem

—Utew, the Structuve cam be traversed strietly from back
‘eo’ﬁ’m-(; (ox “@D‘ﬂ{‘ o lack) .

o The pack—to—fiont ovder does ot Quaronrtee £ +hcr€
me_obdgct&ctaser_jdl%m@% texther € pmucdes
o sttct cecluslon owder, a subtle defforouce. Toroxamle,
p@ly@m K ts docor 5V Aham P&%@m_m,_eu&mihwgk
&t < Sorcther back on_cecluston_owker..




G.1.2 Octrees -

o. Qv octree 1= ConShucted by endesing the entire Scepe
n o mnand axis—oligned box . The box 7= splpt stmttamans
mlm? all three axes, ord the split point must be the cemter
Qf"H'ue box. TThe procadure T5 re cussive, and stop when
o moatmum level 5 reached or when there s fewer tham
a certaim number of primitwes,

o.Octrees can be usad m the same mamer as axic—alighed
BSP-vrees, and thus, hardle the same-type ofcbuarfes‘
They avre also uge] i vacluston cullzrg algovethms.

0. 0195[@6‘@ ave <torect m leaf nodes. Ceylzim o/o(}‘ed; hae
to be stored i morethan one leaf node, Qvother ption 75
1o place the olootec{* m the box that & the cllest: that
covriaims -the obrect. This has a s%*wffcmré Aisadwntape
et a small f)lod?ec{— that Ts located i the canter will be
pPlacal vn the topmost necte.. One sduttom = -to plpe-theoljnk,
bt et ntroduces move cﬁfec(-s., Another iz -to put-a poirter
to the dodch 7 each laxf~ box 7 s o, loostng effictency
and Mg ochee edeting move Rfftcatt

&3
P P

(

Figure 9.4. The construction of a quadtree (which is the two-dimensional version of
an octree). The construction starts from the left by enclosing all objects in a bounding
box. Then the boxes are recursively divided into four equal-sized boxes until each box
(in this case) is empty or contains one object.

ey it e s €3



Figure 9.5. An ordinary octree compared to a loose octree. The black circles indicate
the center points of the boxes (in the first subdivision). To the left, the star pierces
through one splitting plane of the ordinary octree. Thus, one choice is to put the star
in the largest box (that of the root). To the right, a loose octree with &k = 1.5 (that is,
boxes are 50% larger) is shown. The boxes are slightly displaced so that they can be
discerned. The star can now be placed fully in the upper left box.

o. Ulrich CNboY Porbroduced o thivd solwkiom, Jpose actree.

The chofce of the stze of each box Ts relaxed. H-fhes“delw\ai‘h
c"fam oedvray box ts £, then 4l Ts used nstead, where 41,

The boyes! ceyter pomts avre the same. l)ls'“Vl\g lmae/r' boxes
the numbey of obzects thet crss a splttthy plme 7% reduced,
Om obrect = ol wets Tserted onto only one octree node,
<o deletion From-the cetree Ts trivial .

o. Seme adv‘mrfvgés accrue by Usprg f=2, Hurst, meertomand
deletion Of olo(Ped—g e O, knowrv\g the O\sqtez% sipe meams,
(“mmec(Tc&"feﬁ«éL kino Wiy the level of--the octree 7 can 50/((‘631'1//17
bie Arserted on, jq/ih)l frttimg ot ome locse box, The dagec(-/_(
centvoid determimes whech looce ocbree box € put .

0. Thts shuctuve Jerds Tself wel) 4o bomdwgdyncmfc Ohpects,
ot the experce of some e{?{l?cfmcy and -the loss of o shrorg.
sort order when “b’-’a\/-?/r‘s‘?r\@ the shuctuye <

0. Often am object moves oxly sltgirtdy fromframe +oframe,
Sothat the previeus box st s valied the next-fraame .

Only & fractton of the chpects mthe cctrees peed updotmg
_edch ~fm/m&

e e v sl s €



Q.. Y- Scene éf‘fmpl’)i |

0. The scepe gmph < a hr‘ﬁher level tree Shucture Hint Ts
augmenfec( with teytures | “hamsforms , levd s—of~dleten 4,
revder stotes (&3\ , matwrial properties), Q(‘@H sounces, efe.

o TS represented by a tree and & traversed i depth-fit
order to revrler the scene. For example, o Qigit- source
cam be put ot an mternd vede , which affect only the contert
of-the subtree. Avother oxample T when atexture (s erourtorad
n the tree. The tevtuye cam §?m?/awl>/ b2 applred to o\ the
glleomeh'y on thad padels, subtree .

o. Q nale n the sceme 8mph ofHen has & BV, ond &-thus Giite.
Stmilarto a BVH. QA leaf on the Scene 8@% stors geom-Chy»
However, one ofh)/n allows this gf&?mebry ‘o be encded m
amy spatial decto siructure that Ts desired . Thus a leaf-may held
an evbire RSPtree thak stores e geometr\/ Jf,- say, a aar,

0. One way of aﬁwdﬁ\g obgfds = toput +rmsjbr/ms n ovternal
nodes nthe tree. Scene ﬁ’md’h wnplementertTons then transfomm
‘he emtire contents of that nedels subtree with thed Homeform.
Srvce o tramsform cam be put any prtevnal nede , hiewndiicad

antanatTom ayn be done. |

o. Severad nedes may pormt to the same child nede. The-ree
stricture = a Dhated Agyclic Graph (DAG). Sceme @mfl«ls
are often TAG< because they allbow fov prstatiatiom , fe.,

we can make sevewl) copies (mstances) of an chpect Without-
r“epl'farfmgf s geometry. (See Figure 1.6.), Tt 75 offen ow/y
the {en‘{: necles , whore mest ohfect-dacte s loonted, et are
Shared. “Thes S‘\mpl?*ﬁes lrvwvll?vg ofthe Sceme ?rqp/;.

M ey o s




Figure 9.6. A scene graph with different transforms M and N applied to internal nodes,
and their respective subtrees. Note that these two internal nodes also point to the same

object, but since they have different transforms, two different objects appear (one is
rotated and scaled).

0. When ohfeets are 4o move 7 the scene, the sceve qraph has
fo be updorted . Thirs can be done with a recursive call om
the tree structure, Tramsforms ave updsted on the woay
from-the reot Howand the leawes. The makrices are mubttplrec]
m thi<-traversal and stored m relevart pedes . Howeyer,
whew tiamsforms have been updated , the BUs are chsolete .
“Thevefore, the BVs are updated on-the way back from
The [eaves towaned the wpb. A +po-reloyed tree shructure
complicate these tasks enovmo usly, and so PAG< are
often avoided, ora Uprrted form of PAG< are ysed
Where omly the leaf nodes are shared .
0. More than one sceme groph can be used fov the <ame scene.
This = the dea crIL s])ﬂfﬁaﬂfzerﬁ‘@w S, 7n whtel -the user’s
seene %}myh s aungmented with o sepamate scene WP‘"
Cxeted “f Or A olFffemvr{‘ "fngk, @% ,*ﬁ;\gf?/r CuHTqr\a amol ’)fc[c'p\mﬁ .
The leaf nedes , cohere mest models are Yocrted , ave shared,
so the expense of an addtioml set of Firternal hodes Ts

Vh?”T’MT%@/f -
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3.2 Cu //Tng “Jechni gues

o, Backfice c’i«i//Tvéq lrminates p»lygms fac?rg amy'ﬁmn ‘Hae Uiewer,
Uiew frustum cullng efrmredtes grevps of Pelyges oufside theview
*fWS’fmn. Occlusion colling elpmmates obo'[ed’s hidden by a;a«,fsaf _
of other chjects. Tt s -the’ most amplex: culten Fechnigue as FE
m%m?ms om oloOZe ctor 6NT)M;P of oboe"em‘s o ﬁm‘hwénd aSe?rrP'mafD’l\
abowt pther O%R’a‘S’ (ocodtons,

view frustum

Figure 9.7. Different culling techniques. Culled geometry is dashed. (Illustration after
Cohen-Or et al. [135].)

0. The Theal culfp agfv hm would <end m)y the Bxact Ursihle
Set (BVS) U][ piattives -through prpelrne, (The BS 7 Clefined
as all pipmttwes fhat one. porrtially o fully visible.) Howewer,
FE T ﬁme-éonSmnT"ﬂé Yo deterinfne the EUS. Tnstead,
proctical algertthms -find -the Fortentially Vistle Set (PUS),
that i mP%WCGwa of the BVS. ;Efﬂ’rzPVS Fully Prciudes
the EVS |, =o-thet only mvistble gwmdm/ B drscanded
the PUS 2 avdd v be conservnbive. O PYS may aleo be.
appeximate , in whizh the BVS T nertfully Pclucded.
Thee Wf)e o PVS may 3«?/”(’/!’0[{3 Mconect Fmabees. TBE?OA»Q

(5 to mak these 2mrs” as small as pessible. When a PUS
hos bary 'fownof ) FETs rendexed L‘Sﬁa’H‘"— ‘Z-W'H@\' >
whreh recdves dhe *f?fmg V?sTb“slH-/%l .
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QY Hrevavchical View Hrustum C’Mlﬁ‘ﬂ@_
0, Dn\y PYF’m?ﬁves that ove total y o Pm-t?all)l mstde
the View frustum need o be rendered. The BV of-eachobpect
s C"Omgxwed to the View 'frué’m’m . # the BV = oudside
‘the frustum , the azome‘ny mstde com be owitted. These
computations are domne withon the CPU. Thusthe %ometry
nstde the BV dees not v;eez;l-ﬁogo "ﬁ)rvu(?l'\ the rvrdﬁ/r'ivﬁ_
Pipelme. If instecdt the BV 15 7nside or prrtorsectmg
the Frustum, the contertts of that BV may be vistble and
Must be. <ent thizigh the m«dm?n@ pipelme.
0. By UG o spatial dato shuctuve, the cullng can be
applied hiewnchteally. Tor a BVH, a preovder traversal
Trom the ot does the fob.

intersect

intersect * inside
o 4| «

intersect outside inside inside inside

Figure 9.11. A set of geometry and its bounding volumes (spheres) are shown on the
left. This scene is rendered with view frustum culling from the point of the eye. The
BVH is shown on the right. The BV of the root intersects the frustum, and the traversal
continues with testing its children’s BVs. The BV of the left subtree intersects, and one
of that subtree’s children intersects (and thus is rendered), and the BV of the other child
is outside and therefore is not sent through the pipeline. The BV of the middle subtree
of the root is totally inside and is rendered immediately. The BV of the right subtree
of the root is also fully inside, and the entire subtree can therefore be rendered without
further tests.




o.Tf Hhe BV of any type of nede Ts out<ide the Frustuon,
That node s not precessed further. Thetree 5 prumed,
Since the BV'< subtree i= ou-EsTAe +he view.

o If the BV Pirferseets the frusfuam, the Fraversal) cominues \
and Ffs children ape tested.  When a leaf node Ts foumd
To irfersect, M= comtents (Re,, #s Geometry) s sent-
through the pipelrne. The primttives of the lexf are not
Quanateed to be Tnside the view Frustum, (| TP
fakes cave of ensuring that- onl y Primitives Pns tde
the View frustuwm are ber: .

o. If the BY s fully Pnstde the frustuw, Fs cortorts must
all be mside the frustum. Traversal avrEinues, buk
ho further frustum ‘feg{:?vg ts needed Jor the rest of the-ree,

o, View fmsﬂrm cwll?r@ op@rorf?s ™ the appf reortiom Yfa(?e
(CPW). Tor /aréte Stemes or cevtam aimera Views,
on }7/ A fraction of the Scome might be vicible, amd 7 1<
only s fractiom that heeds o be S&Tt"l'bmuélzrfhemd&mgt
pipelrne. T such cases, a Imgrze Ggaim v speed can be
exypected . Uw frustuom ca/lﬁg ‘l?ch(?ﬁ%wes oyploft
the S‘Pﬂﬁa/@ coherence n a Scene , Stnce &lodfecfs orre.

locatad neavr each other com be enclegad m a BV, and
hearby BVs may be clustered 'ﬁ;‘efm/mmm(ly
0. Ocirees and BSP +Hrees cam olso be used fov View Trustum
cull?ng\ These wethads are usally net fexqble enough
Lohen T comes to vewderpng dynamic scenes, That 7z,
it fokes oo lm\% to update the Co’lYPQPO‘/\AT’fg,W\
- Shuctures when an olfect moves (an ouception Ts loose arhes)




But Jor static scemes ) these methcds com perfprm bettor
than RVHs .

o BSP trees ave stmple to use for view frustum cullpng .
T-the bey comtoirng the scene 1z visible, the ot hededs
§P|’T“&(:?v€ plane s fected. H--the plane firtescects the frustum,

both bwmches of the BEPYree one-vaversed. - tnstead
he view fFrustum s fully on one side of the Plane , then
whedtever Ts an-the other e of 4he plane /5 culled

0. Octrees cvve olso Semple to use. Traweorse +the tree From
“the ot and test- each bex o the tree. T a boy 75 outside

the frustum, traversal fov the bramch Btermimated.

o. For View frustum culling, there 72 o simple ‘\@chmi%uf'jév
-@XP]OFE‘V)‘@. fiwme:tomefme C‘OhP/rw(\/ , FaBUTS fourd
to be outside A tortzin Plame of the frustum one~{rome,

7t will probably be outside Hhad-plane i fhe next -frame .
O mndex. to this Plome 15 Stoved (aached) with the BV.
Fnthe next frome, the cached plane & tested finst, and
on Average o Speed-up com be expected.

o Hthe Viewer & corstaimed 1o mly Hromslatton ox wtatim
vourd one axis ot atime fomfrometo frame, this cam
ol be P/)(P,o’(‘ﬁed ‘fm'”f\?AS‘fvr j:rus‘(‘ufm CMIW"?. When a RV
s fourd o be oufside o plame of the frustum,the distae
’fTvm that plane to the BV 15 stoved with the BV. Now, ’Ff
Hhe BV tumslates , the distance o the BY can be wpclrted
qpickly by koving hiow much the viewer Ras-hanlated
Thrs com prvide a generpus Spad-up n compariam to

O Vewe View frustum culler.
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