WO 02/ 077921 PCT/ US02/ 09730 SYSTEM AND METHOD FOR DETERM NI NG A SPATI AL

H ERARCHY FOR POLYGONAL DATA BY USI NG CUBE- ROOT SCALI NG CROSS- REFERENCE TO
RELATED ARBL@APRONS 5 This application clains the benefi trcafusowoggandi ng
provi sional application Serial No. 60/279,181, filed March 27, 2001 and
entitled "SYSTEM AND METHOD FOR ASSI GNI NG POLYGON BUDGETS, RANGES AND;
OBJECT SI ZES TO A SPATI AL H ERARCHY USI NG CUBE- ROOT ALTI TUDE SCALI NG " 10
TECHNI CAL FI ELD The present application relates to deternmning a spati al

ore Spoci 1 ch 'ﬁﬂ"” b Egiﬁ&m %ﬁﬁﬁ&i&@%ﬁ%ﬁg&%ﬁ@%@&f
assi gni ng pol ygon EQRFQLY GONAEDATH B¥(USSNG CURE-ROOTSGAEING 3|
hi erarchy by usi ng cube-root altitude scaling. 15 DESCRI PTION OF THE

RELATED ART [ ' vl I i onstrai ned by
limtations Eﬁ‘@ﬁ'ﬁﬁﬁ%@ﬁ ﬁﬁﬁ%ﬁt@ﬁé@ﬁ@?&mj ects in the scenes. A
nunber of i nmage rmqﬁﬁpmﬁné@eﬂaﬁhme%ené}ﬁw c&§@fm1@g PRORRMal %ﬁahbhtﬁm ?&iae nt

No. 4,715,005 describes a techni que of generation of visual

scenes of roNbi 6@27%t8hifleaNbrale2s 20pé andsnhféedd‘sd@%mmmm s. A

seed 1o covetSaREINGRATLPARBERGEfs FhSthe Rl BERCT ¥ug B4 T oo

using sine VWAYERARTHEr ESISGREUBREROBTISSTITUISE SCALNNG. & suggestion of (l)
usi ng a polygonal representation and/or (ii) a hierarchical 25

representation of the data (terrain). There is also no description or

sugge_st mebﬁﬁﬁ 4,715,005 of adapting the technique

descri b terrain and seascape therein to cul tural

features ( S uch asTf?é‘fnle@nﬂﬂﬁﬂlcaﬂénsela%@tt@dﬁterhjﬁnméa 3&?1aﬁ&5ra%§%fb&?§or§@aﬁ i al

augnentati on of vertices and continuous |evel of detail transitron for
snoot hl 'y variarm@msenm 1mag@| qngﬁxhsuie}n@avw Miare si30ifighily fthe er'p@hd@toalrblgteaft@

statisticall X sys?e&rll gfdd methoci3 for ass?grﬁlr?g po ?g%&llb%ge? nra%rges OQJ%&SSEZ'JS) netc r.Jco a spat1a1

hierarchy by using cube-root altitude scaling.

15
DESCRIPTION OF THE RELATED ART ,

Computer generation of visual scenes is constrained by limitations in data storage
and representation of objects in the scenes. A number of image rendering techniques
have been proposed.

20 . U.S. Patent No. 4,715,005 describes a technique of computer generation of visual

scenes of rolling terrain and seascape, using a database of math models. A mathematical

formula determines the extent of terrain or sea that must be used to cover a portion of the

display. The terrain and sea are modeled using sine waves. There is neither a description

nor a suggestion of (i) using a polygonal representation and/or (ii) a hierarchical

25 representation of the data (terrain). There is also no description or suggestion in U.S.

Patent No. 4,715,005 of adapting the technique described in the context of terrain and
seascape therein to cultural features (such as buildings).

U.S. Patent No. 5,367,615 describes spatial augmentation of vertices and

continuous level of detail transition for smoothly varying terrain polygon density, in

30  which the details are statistically derived. There is no description or suggestion in U.S.

Patent No. 4,715,005 of adapting the detail processing technique described in the context



Pat ent No. 4,715,005 of adapting the detail processing technique described
in the context WO 02/077921 PCT/ US02/09730 of terrain therein to cultural
f eat ur es wewek7mas1 bui | di ngs). There also is neither a de®cmiysvr/ardnor a
suggestion of deriving range rings mathematically. SUMVARY 5 The present
application provides a systemand nethod for determ ning a spati al

hi erarchy for polygon data. The nethod conprises, in accordance with one
enbodi ment, obtaining a swtching range, and deternini ng a polygon density

for the spat hi erar.c t he sw d a cube-root
scal i ng fac?%te“aﬁ*héh‘?f‘é‘tlh%dc“é%‘%%%s%t@g é‘&c@o?ﬁjb\’l‘g&?g@an q‘i%ra s@rﬁﬁdtﬁlth%rnﬁ
determnin 188ih |titude parameter,
and using t ‘%Cﬁ be- rrl%%'tsrug%éasul%ﬁgk gg?og?&h?%nggs;ﬁgthgﬂl ﬁfhllgf detail sw tching
ranges for the spatial hierarchy. The nethods may be enbodied in a conputer

program (or Isjg/{ nit of code) stored on a conputer readable medium such
as a corrpac$ n@éﬂ% ), and/or transmtted via a conputer network, such as

the Internet, OrTHé‘ﬁxteEla% 1&&&&1@%@@ gedlidiand mefiR@ cﬁ@t i %ﬁ
provi des a systemfor de?%é mning a sspatl al hi eraer chy ¢ lbggc?ﬁé ata. In
one enbodi neatarchytfer ofyrgoaniatan dhedethod cumenseswmeméc&dmcamthamé embodiment,

anal yzer. T e feature naI zer erm nes a pol ygon d ty ]‘ the spati al
hi erarchy HRPRIEEAFWY ea“%d%fen%’é‘?g P! %PSlﬁ’rttg @'ﬁsl?at WAERL i n

di stance a%%’iﬁé&{éM&hﬁig%&ﬁ’g&%%da%B@!r&ﬁgcél Loygh. the user interface. 20
The cube-root scaling factor ay he determ neg based on an altitude

paraneter. The fb@meatodmoemscshycmayng)w aniotler babediment) eeteahingioa daiea may
corresponds to c ral ature S aranet ers_of the spati al

hi er ar @ﬁy n‘i&’?tffé”% F‘ﬁ@ﬂse I‘PBFBF‘H‘H% Ha?agti:? °ry HAgtEe ﬂt’?l%uhﬁsr@?t ﬁcﬂlt“&faé@é For
exanpl e, ong s@&le@fe‘?—o@heﬁah%ﬁt%h%ﬂn@gs {6?¥hebs$>aﬁ£lt1ﬁé 25 and/or nodified

t hrough the user Interface: a nu I's in spatlal hi erarchy; an
extent of tiles The nedtoiisimayete afibddieel ismadongiutdri peogemhyr sane it bﬁedde;i ze of

pol ygonal el enents to be i rted in each level of the s ial 'hierarchy;
and a swi t cHPHRE CBRALOTREET ¢ ??‘HHF puch 28 g cpwpaqt dse (¢he a%}éff frapsopifted ar chy .

via a computer network, such as the Internet, or another transmission medium.

15 The application also provides a system for determining a spatial hierarchy for
polygon data. In one embodiment, the system includes a user interface and a feature
analyzer. The feature analyzer determines a polygon density for the spatial hierarchy by
using (1) a cube-root scaling factor and (ii) a switch-in distance and switch-out distance
obtained through the user interface.

20 The cube-root scaling factor may be determined based on an altitude parameter.
The spatial hierarchy may be tile-based. The polygon data may corresponds to cultural
feature.

Design parameters of the spatial hierarchy may be obtained and/or modified
through the user interface. For example, one or more of the following may be obtained

25 and/or modified through the user interface: a number of levels in the spatial hierarchy;
an extent of tiles for each level of the spatial hierarchy; a critical size of polygonal
elements to be inserted in each level of the spatial hierarchy; and a switching distance

for tiles of each level of the spatial hierarchy.
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30 2 WD 02/ 077921 PCT/ US02/ 09730 BRI EF DESCRI PTI ON OF THE DRAW NGS The
features of the present application my be nore readily understood fromthe
f ol | ow ngwoararised description by referring to the acconp&ayiusg2/oh7aem ngs
wherein: FIGS. 1A and 1B show respective two-di nensional graphical
representations of 5 a subject band of a conputer screen as viewed froma
sel ected eyepoint; FIG 2 shows a graphical representation-of .a vertical
field of view, FIG 3 shows a graphical representation of vertical density
fall-off fromthe center of isplay screen; FIG 4 shows a graphi cal

a di sj
r epr esent at i BRIBF DESCRERTHONQEIHE DRAWINGS from the 10 center of a
di splay screen; F L Cak: i nge
of 5 {116 as a fubih FRnTR e ReRRbAGoR SRR R E LAy Bhadul I EnaT
and 6B show @iiapinCddtailednicecinioatbly @efrririgito tiesqve sinpaeyimgidhatvingg waiebin:
substitutive designs, of critical distances_for determ ning object sizes;
15 FIG 7 shows ahlGShpdandHEBshopriespediierivorimensienabarmphicy! apssspdationsebl i n
accordange W th. i f i Lon: - ElG 8 shows an
Qut put - 01 cree e B ETRPE el B S or RRLARY orde 7 P )
accordance wi th ORES @dhodisetiphidal tdpecspiiais@ndt avgpticat dieldat,vidw;G. 9 shows an
Qut put - Feat ureSi zes_ Sheet in a Point Feature Density Analysis 20 Tool in

accordance with oR&.dbews aeiephist! remrescpiabeefiverissl desity BH;ofHa thegenisbws an
Qut put - QuadTree. L0.a Point Feature Density Analysis Tool in
accordance V\?jie%dlgéllgécﬁ%%di ment of the present application; FIG 11 shows a
bl ock di agram of BIGysiRWs Agaplicilreprewentarion efhodiomtdendityt k-offfr@aahs
application, for determning a spatial hierarchy for polygon data; 25 FIG
12 showdOa féegigr@hadisPity 1998t hod, according to one embodi ment of the
present applicati Pl 5fs?15wg§%FarpHIch Iggregen%'ﬂi%h'o%la g%Lﬁfdarléﬁéyoffaocﬁe Rsoi ﬁﬂl%ﬂorgat a,

and

of altitude, when scaling is turned on;
FIGS. 6A and 6B show graphical representations, in respective additive and
substitutive designs, of critical distances for determining object sizes;
15 FIG. 7 shows an Input Sheet in a Point Feature Density Analysis Tool in
accordance with one embodiment of the present application;
FIG. 8 shows an Output-TileDesign Sheet in a Point Feature Density Analysis
Tool in accordance with one embodiment of the present application;
FIG. 9 shows an Output-FeatureSizes Sheet in a Point Feature Density Analysis
20  Tool in accordance with one embodiment of the present application;
FIG. 10 shows an Output-QuadTree Sheet in a Point Feature Density Analysis
Tool in accordance with one embodiment of the present application;
FIG. 11 shows a block diagram of a system, according to one embodiment of the
present application, for determining a spatial hierarchy for polygon data;
25 FIG. 12 shows a flow chart of a method, according to one embodiment of the
present application, for determining a spatial hierarchy for polygon data; and
FIG. 13 shows a flow chart of a method, according to another embodiment of the

present application, for determining a spatial hierarchy for polygon data.
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FIG 13 shows a flow chart of a method, according to another enbodi nent of
the present application, for determning a spatial hierarchy for pol ygon
data. 30 WOWD0OR2077921 PCT/ US02/ 09730 DETAI LED DESCRI PTIPOWURhE0IBESENt
application provides new net hodol ogies (for exanple, in the form of a
system and nmet hods) for determ ning a spatial hierarchy for polygon data
for representing images on a display and/or output nmedium (such as
conventional display and 5 output devices). In the spatial hierarchy, the
| evel -of -detail of a displayed feature varies according to the distance
bet ween an é?Eﬂ@ﬂﬁ@mhﬁEsﬂﬁ@¥ﬂ3§¥ﬁre. A density conputation method provided

by the present a I I . I h Lk .
prioritization nep%éo](gf,%gé[no roé’fl(gxgp%bzlfaceécszp F‘grrlﬁ) %@Odsé%}éb cséetfc{'rgeg%}ll}?%’ 1516{5 gf%lrﬁnd
assi gnment odf geosreinrind meteds oo deraniding alspatll didhrcHpttai polggort tista for

dat abase. The net hods 10 provided by the present application my be used to
mexi m ze a flSAYeSPIEInG Gpagsmen ¢ Alsplay aad/enpadnt wedyBLEudas seaentonahdisplapard ty of
t he i magge render.ing sys T O, FTRY, S j .

constant§pol@g%ﬁ“%gﬁ§¥t%ﬁ§%q%ﬁg”%%%%%?ﬁgﬁgkéﬁ%'né?ﬁgggﬁgﬁgﬁﬁgéng%§§P§% for,

e.g., flightassbrtidbitendiviabebetwesiidndyepoingarighepatee.dat abase, system or
software. 15 A system 110, in accordance with one enbodi rent shown in FIG

11, includes usef dentilycomputatian methed prgvadedbyithenresent spphigation way by usedni t or

113. F I | | i - , ' f
113 andior - 1AA00r et ERad SRt T eBet Bl ARTREI & s08Re coliFE g BREL *°°

conput er r eagigighe ciRdioetmanciotelt tdpetitit 1adlsvif-detail of DBENGRBIscNThyBEHOES
ot her transm ssion medium 20 A nethod, according to one enbodi ment of the

pr esent 1@ppl prexided by the preseritapphsationgnay Bpasaddp mapxdmigechfeaf e cpaEyigert dat a

011 Do descl Bl Wil SLELANCR, Lk e ielihoBlshnbBin S CHITYICHBRO® 1o

obt ai ned thr user i . . . on densi 9
det erm ned byisd @ay bé esedfhaid@re alcbhstsi iy donaicasibyt fhhyglevafge aMemdthods

cube-root scaling factor (step 122). = ) ]
may be adapted for, e.g., flight simulation/visual simulation/geographic database, system
or software.

15 A system 110, in accordance with one embodiment shown in FIG. 11, includes
user interface 111, feature analyzer 112 and display monitor 113. Feature analyzer 112
includes a scaling module 112a. User interface 111 and/or feature analyzer 112 may be
a computer program stored on a computer readable medium and/or transmitted via a
computer network or other transmission medium.

20 A method, according to one embodiment of the present application, for
determining a spatial hierarchy for polygon data will be described with reference to FIGS.
11 and 12. A switching range is obtained through user interface 111 (step 121). A
polygon density is determined by feature analyzer 112 using the switching range and a
cube-root scaling factor (step 122).

25 A method, according to another embodiment of the present application, for
determining a spatial hierarchy for polygon data will be described with reference to FIGS.
11 and 13. A cube-root scaling factor is determined by feature analyzer 112 based on an
altitude parameter obtained through user interface 111 (step 131). Scaling module 112a
of feature analyzer 112 uses the cube-root scaling factor to scale level-of-detail switching

30  ranges for the spatial hierarchy (step 132).



25 A nethod, according to another enbodi nent of the present application,
for determning a spatial hierarchy for polygon data will be described
with refewenee7dol FIGS. 11 and 13. A cube-root scaling fa&ctraso2/a9730
determ ned by feature anal yzer 112 based on an altitude paraneter obtained
t hrough user interface 111 (step 131). Scaling nodule 112a of feature
anal yzer 112 uses the cube-root scaling factor to scale |evel-of-detail
switching 30 ranges for the spatial hierarchy (step 132). 4 WD'02/ 077921
PCT/ US02/ 09730 A nore detail ed description of the system and nethods for
det erni ning a spatnee detiled deseryion 8f thssysieys Ang methods for detspmpeng? srAtighd.

G ven a pol q I to the storage space in a

dat abase, lﬁg&?c&g,gﬁgg%ﬁ%lo%%gﬁgﬁ‘gﬁgﬁ%&e&ground (assuned to be flat) may
be expressed as @iveh afpobgdondadgst, @, edrtdsperdiingio thbsieragakpas iz a databadehe

di stance d to, an eyepoint, as follows: chaninfo * budget * (z/d3), where

chani nfo = an Bleahrdggen density ppdhe erosnt dRrsmed tebyfity@ay be sxarepwsd) st al
field of vi . ' ] . eyt :he ight, and
FOVd denot caaioret e B AlaRRiFy PR Skl bishtyapdfiFs Bllodi!
(design) altitudehanmfo tadgaadt/dynpsviebove nay be used to conpute an

(i deal) nunber of polygons that a polygon-tile may contain (dependi ng upon

the tile's switching range and Fxte_nt). 15 When rendering at an altitude z

significantly difdherigit titude zo, the polygon budget
may be violated, e.g., ygﬁg?ﬁzzzggiyggnﬂggt high altitudes, and too many
at low altitudes. This can Be prevented by scaling | evel -of-detail (LOD)
swi t chi ng rar\llges Wi th cube-root scalin z/zo)v3 20 1 Analysis in the

Cont i ndim 1FYVadertese kerizogiablisld 0%8@%5%&%@%@&@ Highoboyeheaertisel ben band
To compute éﬁ&g%}ﬁoélﬁ%%vdc?&%{e%%n aﬁ§£ Bélrolx{]tﬁe Ok Brie o}éxlgﬁ{‘d 1B, a horizontal
nput e cofr g

band of the r-streen Tesponding to an angte’0 as seen fromthe
eyepol nt; t = tafora given (design) altitude z,, the equations above may be used to compute an

(ideal) number of polygons that a polygon-tile may contain (depending upon the tile’s
switching range and extent).

15 When rendering at an altitude z significantly different from the design altitude z,,
the polygon budget may be violated, e.g., very few polygons at high altitudes, and too
many at low altitudes. This can be prevented by scaling level-of-detail (LOD) switching

ranges with cube-root scaling, (z/z,)"".

20 1 Analysis in the Continunum
1.1 Area on the ground corresponding to a horizontal screen band
To compute the polygon density, referring to FIGS. 1A and 1B, a horizontal band
of the computer screen (corresponding to an angle 6 as seen from the eyepoint; 7= tan
0 ) is considered, and the corresponding area of the ground is determined as follows:

25 FOV, 42 6]
area(z,,d) = 2y,(x,-x,) = 2tan 3 7f @),
0

where FOV,, denotes the horizontal field-of-view, p denotes the pitch angle z, the altitude
of the eyepoint, and



0) is considered, and the corresponding area of the ground is determ ned as
follows: 25 FOvh d3 (1) area (zo, d) - 2yo (xI -x0) =2 tan f(P), 2 z 0
wher e FOWOdenoes t he horizontal field-of-view, p denote®crhEsopiareh angl e
z,, the altitude of the eyepoint, and 5 WD 02/077921 PCT/ US02/ 09730 f(p)
= sin2p(1 +ttanp _ 1) tanp-t tanp The internediate results are as
follows: 2 cosp tan F~V. h (tan p + 1) (1 +t tang _ 1 )" 5 area = 2zo 2
tanp tanp-t tanp 1 _ cos2p = 1 sin cosp(tanp p + tan p) sin p + sin p sin
p sinp’ where sinp = zo d 10 Equation (1) can be greatly sinplified by
choosing a very s%)lzsgla {mu&nﬁgbh_exi ng t << tan p, for all pitches (since
t he exi stence of r c‘i"@pj)nzg phafie inplies that p has a |ower bound),
such that the following is true: z ttan2p+t ct 15f ~) - s p (tan p- t)
tan p For coTheinisdgediatzaesidBtargad fpflows:density, when intersecting the
hori zontal field- of-viewwth the ground, the angle /.3 is actually
smal l er than FOV1,. 20 1.2 Poll%g/on density in the conti nuum To determ ne
pol ygon gensi ty, am]‘eé)ggzlzc(lssagt 'vzis[aljlhrslt )Ejbtt@nm_neld)f romthe vertical

0 2 tanp”  tanp-t  tanp ’

2 . 2
cos p(tanp + 1 ) =sinp + c?sp = 'I = smp’
tan p sinp  sinp  sin’p where
. _ Zy
sinp = r
10 Equation (1) can be greatly simplified by choosing a very small 8, thus achieving

t <<tan p, for all pitches (since the existence of a far clipping plane implies that p has a

lower bound), such that the following is true:

e ttan’p +¢
15 1) P (tanp-f)tanp

=1,
For computing a correct polygon density, when intersecting the horizontal field-

of-view with the ground, the angle S is actually smaller than FOV,,.

20 1.2 Polygon density in the continuum
To determine polygon density, a focal length is first determined from the vertical
field-of-view parameters. As explained below, the number of vertical pixels that
represent a given object is determined using the focal length.
Referring to FIG. 2, the vertical field-of-view is, in general, non-symmetrical with
25 an angle FOV,, above the vertical line-of-sight and angle FOV, below the vertical line-of-
sight. The following may be determined, with reference to FIG. 2:

vertical no. of pixels = upix + dpix,



field-of-view paraneters. As expl ai ned bel ow, the nunber of vertical pixels
that represent a given object is determ ned using the focal |ength.

Ref erri ngwo®2®7@21 2, the vertical field-of-viewis, in gemreraisp2/09730
non-symetrical with 25 an angle FOV' above the vertical |ine-of-sight and
angl e FOvd bel ow the vertical l|ine-of- sight. The follow ng may be
determined, with reference to FIG 2: vertical no. of pixels = upix + dpix,
6 WO 02/077921 PCT/ US02/ 09730 focal length = upix/tanFOV'. = dpix/tanFOL ,,
focal length = vertical no. ofpixels tanFOV,, + tanFOV,, 5 To infer

densi ty from Equied! &net Tyr/iemOhapefer§07pol ygons n assigned to the

hori zontal screen band (angle 8) is divided with the area of Equation (1).
n =t focal length budgeetrt.v[erti cal. no. of pixels The follow ng equation

i's obtai ned: 10ﬂ@n@ﬁgz@<%ﬁﬂﬁé&e§chani nfo budget 2. (2) area(z,d) d |
1.3 Density fall-off and” né@f8h The density in the center of the screen
(l'ine of sight) typically is larger than at the 15 periphery. An

equal - sgreen-are i.cal S . t

Dot tom and-top. eqgesb ey T ERMGRASHE phRpS TRAEDs AkifdH gRE

fiel d-of - vi ewidontad ScreérObdndvangl@bdis divded Wik tiRGhiéed ¢ fByubh:de)f or the down
field-of-view FOVY 1 cos2 1 sin2FOVu 20 FOVU yrdyl = 2 + 4FO u (3) The
total vertical dens#ty_faljocadlebeth s an average of Equation (3) for the up

and down fi el ds- ofdgui ewerivhgbiedisby (tanFOV,,, tanFOvd). Wth equal
screen length

The following equation is obtained:

10 @
density(z,d) = n = chaninfo + budget - —Z—3~
d

area(z,d)

1.3 Density fall-off and correction
The density in the center of the screen (line of sight) typically is larger than at the
15  periphery. An equal-screen-area vertical band corresponds to a smaller angle at the
bottom and top edges of the screen. The overall fall-off for the up field-of-view is as

follows, and a similar equation holds for the down field-of-view:

For,

costud - _1_ sin2FOV,
yay + .
20 Fov, 2 4Fov, (3)

The total vertical density fall-off is an average of Equation (3) for the up and
down fields-of view, weighted by (tanFOV,, tanFOV,). With equal screen length
increments (7), the angle corresponding with a screen band reduces with the angle from

25 the center of the screen from 6 down to 8 cos*y, as shown in FIG. 3.

Referring now to FIG. 4, at the left and right edges of the screen, the distance to

the objects projected on the screen is larger than at the center. The density is thus

multiplied by cos’p. The overall horizon fall-off (cos®p) is as follows:
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increments (t), the angle corresponding with a screen band reduces with the
angle from 25 the center of the screen from8 down to 8 cos2yr, as shown
in FIG 3vORebemweing nowto FIG 4, at the left and ri ght peagmse2/a73d he
screen, the distance to the objects projected on the screen is |arger than
at the center. The density is thus nultiplied by cos3gp. The overall
horizon fall-off (cos3(p) is as follows: 30 7 WO 02/077921 PCT/ US02/ 09730
FOV1 2 2 Coss rpdep = sin(3FOvhl 2) + 9 sin (FOvhl2) FOvh 6FOVh (4) 0 5 The
pol ygon budget may be increased by dividing with the product of Equations
(3) and (4). The maxipgm angle qp in Equation (4) is less than FOVh/ 2 for a
deviation angle yr f the vertical line of sight different from zero
(the tangent of the i mym akigBeor,®) audid@Fpli/pd by cosyr). Al so, tiling
artifacts may al | ggpatle Ph&hor 7 —off: The density fall-gff may
be a benefici al phen6 non, assum ng tﬁa’t the center of the 10 screen
deserves nore detail. 2 Analysis for a H erarchical Tiling System 2.1

Pol ygon-sdensi ty L o8ivhd . - S\ i range. of a
tile, and zo t heﬁﬁeg?&’% Igﬁtlcge hlé’gy b%ﬂg%%gggt@??gﬁbﬁh}elg g’el%l\glh% é"t&fd g‘?[ Otf %éﬁ%tllqné may
be conput ed (ynd@r At ngaxithemevgleal in Ppliigo®) iSTess thah FOVQN2 G Fipvalioan ( 2)
for the ground area covered between d, and d2, as follows: d2 z f -o rdr
chani nfo - BR&g¥tiron thejverdcal line of gght diffprent from zeng dhydengept efithiopazinvem) ( 5)
fordr angle is multiplied by cosy). Also, tiling artifacts may alleviate the horizontal fall-off,

The density fall-off may be a beneficial phenomenon, assuming that the center of the

10 screen deserves more detail.

2 Analysis for a Hierarchical Tiling System
2.1 Polygon-density for a tile
If (d,, d,) denotes the switching range of a tile, and z, the design altitude, a
15 suitable density for the tile may be computed by averaging the overall polygon

contribution of Equation (2) for the ground area covered between d; and d,, as follows:

[
e 2z, chaninfo - budget
chaninfo - budget ! il chaninfo - budge ,
4 d,d,(d, +d,) &)
[ rar
20 dy
-1
d, 1

25  Integrating over the ground range  is the same as integrating over the slant range (or
distance) d, as shown by the following change of variables:

454 - %54,

Ja?-z? T

& = &fd?-z? =

7or = dbd.
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20d, 1 1 dl d2 d22 -di djd2(dj + d2) 25 Integrating over the ground
range r is the sanme as integrating over the slant range (or distance) d,
as shown w9 otke9tol | owi ng change of variables: Sr = S d2zPCEUu$0Bwh730 d6d,
d-z2r r6f- =déd. 30 8 WO 02/077921 PCT/ US02/ 09730 The pol ygon budget
for the tile may be obtained by nultiplying Equation (5) with the area of
the tile. Additive and substitutive tile hierarchies may be considered. In
an additive tile hierarchy, the switch-out distance is zero for, each tile.
When children tiles switch in, 5 they add to the polygon density. The
parent is ndhe palveenbudgstforihe¢ dlsgnanbe obtginadh be nudtinlpisg Rqukorcénvath thecones
| ar ger than tg%fglvgthch-i n distance for that tile. In a substitutive

hi er ar chy, en t1f'e switches out, the children tiles occupying the void
left by the swi t glagveutd hibsuavetifdidadhiednabt ebngidbred. NS MPSdditiwd fii@n of
the parent tile. It follows that only the swtch-out information is used
t o det er ni nbievgrehypithe switchyois distoncp ds geyo forckanls titey Wheraelibhrerf tles awitch in,

substitytive hi rehy fis as f.ollaows: 2 .zo, chaninfo . bu t dl d2(dl +
2 “where ey sa RLSENor S ey Beinedt 57t nERER ittt torge o

"swi tch-in gdiesdeafts Beconfedilirg-theithe GhslcRine Biskhcd e RARRNt tile). 15 For an
additive hierarchy, the sane equation is used as a starting point, where d2

denot es the ti | elsaubstiuiive kipsrcpicehenrtildlswitehesous thenahilsvint itlhs oovupyisgance
|O;r ;gre tn ier;_ghe?vgg llgﬁr&gtﬂgasﬁs{gfcﬁ%dég&r%ﬂe gr%(%o}cgd £0tsw;[i£ﬁ ir?, lfrrzryzlt sE‘iltu\é‘z%n%?erl I}a¥en?f all
tile. It follows that only the switch-out information is used to determine visibility. The

10 polygon density equation for a substitutive hierarchy is as follows:

2 - z,* chaninfo - budget
d,dd, +d,)

2

where d, is the switch-out distance of the tile and d, is the "switch-in distance" (switch-
out distance of the parent tile).

15 For an additive hierarchy, the same equation is used as a starting point, where d,
denotes the tile switch-in distance and d; denotes the switch-in distance of the next-
smaller tile-set, and add to it the cumulative density of all larger tiles (because densities

are being added).

20 2.2 Scaling the LOD switching ranges
To determine how the switching distances may be "transformed" to match the
density curve for z, with the density curve for z, a constant density is imposed on

Equation (2), and the cube-root scaling is derived directly as follows:

3
d=d, |Z.
25 z

I

Equating the altitude with the switch-in distance s; after it was scaled, the

maximum altitude at which a given tile is visible is obtained as follows:

312
z= |=s,
Z
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are being added). 20 2.2 Scaling the LOD switching ranges To determ ne how
the switching distances may be "transfornmed” to match the density curve
for zo wiwboehersdensity curve for z, a constant density i ®Crasoyexd3on
Equation (2), and the cube-root scaling is derived directly as follows: 3
d=d ° 25 z O Equating the altitude with the switch-in distance s, after
it was scaled, the maximumaltitude at which a given tile is visible is
obtained as follows: 3 7Z Z =S, 02Z0 3 9 W 02/077921 PCT/ US02/ 09730 z
(6) FTO 5 Using cube-root scaling at altitudes significantly smaller than
the smaller tile's switch-in radius may-not be suitable under sone
circunmstances. For exanple, cube-root scaling natches ideal density
curves, and thus assqi;; that smaller tiles with yet higher densiti®d are
indefinitely avail abl%? Al so, once the altitude is snaller than sone
fraction of the smallest switch-in 10 radius, all ground ranges increases
only mnimlly when altitude decreases. The polygon counts thus stay

t | t th t | F {
ohaervat Bon. t he BieBURITE ARGk Al gl i gty s ey dbpratiesdles o
function of i hliflfy8had OVEL dulafi hdeP sorRS SR ER O Geahhid, WEAEFRN

using the fof | om ng
scaling matches ideal density curves, and thus assumes that smaller tiles with yet higher

densities are indefinitely available.
Also, once the altitude is smaller than some fraction of the smallest switch-in
10 radius, all ground ranges increases only minimally when altitude decreases. The polygon
counts thus stay approximately constant without scaling. For example, the second
observation, the ground range » of the smallest tile may be plotted as a function of

altitude as shown in FIG. 5, assuming scaling is turned on, using the following:
15 r? =

where s; is the static (before scaling) switch-in radius of that tile. The altitude
corresponding to the largest range, which is obtained by solving for the altitude that sets
the derivative of 7 to zero, is as follows:

20
3

8

V772,

This altitude corresponds to a good clamping altitude for scaling. Below that altitude,
scaling reduces polygon counts for all levels simultaneously, with no additional level to

25 fill the gap.

2.3 Recommending sizes for objects populating each set of tiles
The user defines a MINPIX value, as well as a MAXPIX value, e.g., [1 pixel, 4
pixels]. MINPIX is the smallest size in (vertical) pixéls (the channel does not necessarily

30 use square pixels) that an object may be. MAXPIX is the largest size in (vertical) pixels

10



15 r2 = (?)3 s12-z2, zo where st is the static (before scaling) switch-in
radius of that tile. The altitude corresponding to the |argest range,

whi ch i s wbtoaiormell by sol ving for the altitude that sets tha/user/owaii ve of
r2 to zero, is as follows: 20 3 ski 7zo This altitude corresponds to a
good clanping altitude for scaling. Below that altitude, scaling reduces
pol ygon counts for all levels simltaneously, with no additional |evel to
25 fill the gap. 2.3 Recommendi ng sizes for objects popul ati ng each set of
tiles The user defines a MNPI X value, as well as a MAXPIX value, e.g., [1
pi xel, 4 pidR@PEpt caybrpyhenjikswitehes (e perst en{') ivjapd ophofthesedneal ) pi xel s (t he

channel does not use square pixels) that an object may be.
MAXPI X is the |ard?’glglt%liﬁﬂélé%%‘”‘?gertucal) pi xel s 10 WD 02/ 077921

PCT/ US02/ 09730 an object can be when it switches (or "pops") in and out of
the scene. Consi dgfhe £o! Yieslialt  si ze[ meters] =d . size[pixelsj focal

length. (7) 5 FIGS. 6A and‘m@BleBgwa in respective additive and subs(%)t utive
schemes 4 he distances for determ ning suitable object sizes using Equation
(7), using MNPI X for d2 and MAXPIX for d,. Thus, a nininumand a maxi mum

obj ect size nay lpeGSebArandnes shBWrmaﬂebpe@ﬁ‘Tld &dﬂiﬁ‘ﬁe ahd Mbs@lhltﬁ'etsbh&néssthw sible
[see Equation (6)]. 10 The user may specify the ground range of

smal | est t i Idistangesfor deistpHeing seitable object sigesoisingf Equasion (7)911@%11\/&?1@11& rfor 7
number in t hﬁd W for gf ’fhus a nﬁnsim%mrae %Sa(%rrl]%gmum Oq)J oct Size may be determined

for all altitudes at which a tile is visible [see Equation (6)].

10 The user may specify the ground range of the smallest tile, e.g., expressed in a
factor of the tile’s diameter. A number in the vicinity of three is a reasonable choice,
which specifies that ten to twenty or so such tiles are visible. The design altitude z, may
be set to within this ground range, as described above. Scaling works better up than
down (limitation of the smallest tile). However, the design altitude cannot be much

15 smaller than this first ground range (providing some up-and-down scaling leverage before
having to clamp scaling).

With z, determined as described, the first switch-in distance can be determined.
Subsequent switch-in distances can be set so as to have approximately the same polygon
count in each tile (with potentially some tuning). For example, if the tiles double in size

20 (as in a quad-tree), the density is divided by four, which occurs when multiplying the
switch-in distance by (4)"3=1.6 [see Equation (2)].

Cube-root scaling matches exactly the (ideal) density curves at varying altitudes.
In order to use a single scale for the entire polygonal database, the polygon-tiles may be
designed at the same altitude and Equation (5) used, even if not all tiles are visible, to

25 prescribe a density.

An exemplary embodiment is described below. The embodiment uses a
spreadsheet to provide a user interface. It should be understood, however, that other
types of user interface may be used also or alternatively. For example, the user interface
may be one or a combination of standard, conventional or application specific graphical

30 wuserinterfaces. The user interface may also include voice interface features, which are

11



whi ch specifies that ten to twenty or so such tiles are visible. The design
altitude zo may be set to within this ground range, as described above.
Scal i ng wesolg/otmet er up than down (limtation of the snalPCEAIS01/0978) .
However, the design altitude cannot be nuch 15 smaller than this first
ground range (providing some up-and-down scaling | everage before having to
clanp scaling). Wth zo determ ned as described, the first switch-in

di stance can be determ ned. Subsequent switch-in distances can be set so
as to have apprOX| mat el y the sanme pol ygon count in each tile (with

potent i al | yelsdernvientpmagy knpwp apd tigpafere of dispissed inglstedldight-e in size 20 (as
in a quad-tree), the density is divided by four, which occurs when

mul tiplying the switch-in distance by (4)1/3- 1.6 [ see Equation (2)].

Cube- r oot Sslal'dlﬂgFémtm&B&lsewamdlysm beol(i deal ) density curves at varying
altitudes. In order to use a si ngm scale for the entire_ pol ygonal,

dat abase, the poleReintkaaee Hepsity snakysis[ga@FRA) iy bs grayidgdifot speeilang
E ti 5
cauat o8 (o) sl KRR ALRAL O o BLABURLD £ LouAearasCTbe 2

spr eadsheet mf@nmﬁemtﬂenay bsspecified mefudesthe type shmuﬂad;hp @ddiderns supstiutineyever ,
that other types of user interface may be used also or alternatively. For

exanpl e, t henysler of fvelsiia e hiswigive ap ﬁ’éte’etrOf dles denpaghtaverighe biersehas an
convention %Wl?(! 112%@15%81?5{ Niigd 8ELdch cfevg:; ai@fé' ? ifiPintil lbﬁ' EEB Er?a%ﬁ&lu@%e user

interface € volce Intertace UI’ es,

02/ 077921 Hﬁ[&g&&%ﬁﬁ&éﬁe be a;blﬂed couet Mdvie andIysdaﬁ@g/\mnaﬂﬂl (hehes @ fimetiod

di scussed in detail here, Poi nt Feature Densi t Anal ysi s Tool The Poi nt
Feat ur &0 Dengfi alfjtudgaindsd @trpel@nze((@fﬁsmlyedf@ovwf ﬂ?ediﬂ aalf%m@&ete beynsgged 5 a
til e-based :sp [ I g | tural
f eat ures. 'Il%ee% he}%\f)e?rm %E‘?’rv%ﬁ%%g‘%%gé@%?' ed | ncq%gtgieés ezgif A P&

hi erarchy (Regirt S¥Rcidn ﬁldb’ﬁlobitiﬂnl T) (not distussditierdifi) dpEivedlB hay Bd}ﬁohﬂ&[ archy,
an extent of tiles for each level of the hierarchy, and swtching

di st ances fioF assigning agtud degtupetodiles qlreculeeiierasdyi nf or mati on al so may

.Ir 3 (r:l lc ,l[J Id g n E)\(/)VL ?/ g ﬁ nCﬂﬁQzﬁ fs ie ?f thre (3129 of gqg&ltﬁr%c!ls &)Qrcg@&li] 041 ﬁl‘é%lSplgy lo%flse?&lce 09

15 sizes between two representatlons of the same feature. In general, this is the largest
dimension of the feature, but other cases may apply depending upon the type of feature.
Examples of some special cases include airports, radio towers and other “wireframe”
features, and features that are particularly elongated. When substituting models, a
measure of the difference between the two models is used.

20 Critical size is used to determine the range at which a model is appropriate in the
scene. An extreme example is a model of a house with a textured picture of a door at a
low LOD and a polygonal doorframe at a high LOD. The critical size of the high LOD
is only % inch! Although the door is 7x3 feet, the frame of the door is only relevant when
the observer is close enough to discriminate the % inch thickness of the door. Critical

25 size is a modeling consideration, and can only be grossly approximated by algorithmic
inspection of the model’s geometry.

The PFDA may be implemented, according to one embodiment, as an Excel
spreadsheet for analyzing point features (buildings, bridges, trees, etc.), but also may
provide means for analyzing other visual elements. The PFDA may have a built-in

30  validation step, by which visible tiles are interactively computed for a wide range of
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10 of altitude), and a critical size (described below) of the polygonal
elements to be inserted in each |level. The PFDA provides a user interface
and a feawore/ozmal yzer. A Point Feature Sel ection and Al lPegAtS0ne7Iool ( not
di scussed herein) optionally may be provided for assigning actual features
totiles of a culture hierarchy. Critical size is the size of a feature as
perceived on the display, or difference in 15 sizes between twao |
representations of the same feature. In general, this is the |argest

di rension of the feature, but other cases may apply dependi ng upon the type
of feature. altl@damdﬁme@fof sighte tossreulatahowatbe polygwl mdligetais nibzddandeadirmut ower s
and other "w refranme tur that are partic

el ongat ed. th?gssﬁsggwq&tﬁpwﬁcm@@%o% Oﬁﬁglg'g?’%c%‘fmﬁ Wét ??rFé‘?lg?%eé{ bet ween
the two nodel s IFI@lsae@hov?sOal@;aeiﬂp@ﬁ_l, I $hdef TIRERDILR iR gﬁﬁ?gﬁuderaeof @Qge at
which a nodel is appropriate inthe "scene. An extrerme l'e 1's”a nodel
of a house AFPA mayebe vrodifigdi by threeussf: Qa) (stbamlehtané V1¢W)\Anﬂoﬁﬁatmmd iaclpdihg gonal

d f high LOD,. T t | h LOD | %

oo At natifronkd fud Sl B i oS8 oS pitels ol S8 sTsRr i s evant

when the ODBRinkBSlark 088 &maﬁgbeﬁrgu&i st dThe 8b®riderl o 'cel@mﬁ@te‘fémess
ﬁgl tl cae? %

of the door. size is a nodel'ing consideration, and can only be
grossly appnorberaceduadrira¢ dovels, ramiclumbtrs pdcquadrrast it he gn@ddl s(cgeioﬂgnr y.

The PFDA b | t ed Ex
s pr6eads heg;a gqr he ngingg\%ﬁ&e% gﬁ{({ %F‘ig&% U(I%gﬁ%? g?%b‘g”e PP %ggreg{‘] F’e@ggs‘ etc.),
but al so inPh P AR NBANSSIE OnaRpid) \mnrtﬁe hgpondisak s@it&ﬁ@ﬁltér ouf, 384 PFDA

may have a built-in 30 validation step, by which visible tiles aré
i nt er adpi veﬂnyxmmnp@ltéddef thzélt\m whichawigeixehd n@pikre 2#16vang 2ad ROTIeW 0L 09730

altitudes and |ine .SiJrul te how.t h on budget i

utilized un@iéd- qusﬁ?g@' (Sd§§ ﬂﬁ%m%?sg{? dﬁng%?alﬁllBEB%td%Y% (2 "I‘I}Sf X¥ol ygon
counts per {dorfindesof fﬂele%ﬁ'&n Fidifee tie HIANS aﬁ@v%‘ﬁmrﬁfaﬁoﬁ R Wer1SReELign The
following inputs provided by the PFDA may be nodified by the user: glZa)
channel andparameters)faor enderednthe bnik afdhe design Worki camststsl ofardhpletingi thatilifig el ds

of view, nunmbers of pixels, depth of view (distance to far clipping plane);
(b) ti I i ng %gﬁ@ﬁéieﬁ@%oﬁl tion, including coverage of a geo-cell in neters,

Design definitions may be entered in cells N3-6. The user specifies the
“minimum and maximum size of objects in a tile” (minpix and maxpix) parameters in
cells N3-4. Minpix refers to how small any object can be at any time on the screen
(generally, one pixel is a reasonable choice). Maxpix refers to how large an object can
be when it “pops” in and out as its tile switches in or out. If an object is substituted with

20 a different LOD of that object, then the visual difference between the two is what is
measured. The polygon budget may be entered in cell N5. The maximum altitude for
which minpix and maxpix are relevant may be entered in cell N6.

Tiling scheme definition may be entered via cells E13-20. The overall coverage
size is specified in cells E13-14. The user may choose to divide it in any (integer) number

25 of quad-trees in the x and y directions E15-16.

The number of quad-tree levels may be entered in cell E17, and typically is
between 2 and 8. The number of valid levels also may be reflected in output sheets. More
levels in the quad-tree yield smaller tiles at the highest LOD and thus also the opportunity
for smaller features. This comes at the expense of increased cull depth and larger memory

30 footprint for region files.
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nunber of quad-tree |levels, and nunber of quad-trees in a geo-cell; (c)
design paraneters, including polygon budget, mninum size of an object on
t he screewoim/opiozel s (nxpi x) and nmaxi mum si ze (maxpi Xx) WRER/USAB09730
corresponding tile switches in or out, and 10 nmaxi mum altitude maxAlt to
whi ch nxpi x and nmaxpi x are relevant; and (d) setup for quad-tree display
(design validation), including vertical line of sight, elevation, and X,y
coordi nates of the eyepoint. Once the channel and view informationh, as well
as design paraneters, are entered, the bulls of the design work consists

of conpl eting theThe mymper of Hijes wpthgdirstamee band (BeipssigR) dsyibsientexdsinwall be
Rl A P i . . . f
gBj :E:? S : 2 ;ELI %g’lsag&l%(a%afrnpigci a (%r[ ﬁnaegagin%rg%a{rﬁgﬁ%%nec rrr't;!@sarsll:r1 mﬁgﬁrpg&aﬁéitgg Pﬁgshf)?xo

refers to hovasialcteasin sl ollbwiRthdBrstBandy fihbrRartilartt 6f the GBADtree is thus
(generally, one pixel is a reasonable choice). Maxpix refers to how | arge

an obj ect  cafbtaiped. WFER cpEespeBdias to A merygigeaiubmaichiwgof the polygosiwdgétnTis out .

| f an object.. | taut i hWEfer h obj ect.. then
the vi susi aiy FAFRER! i Ebothd B ARG S deRltbs SR Ak, BER BR°EY b
budget may bewidtigs @edi Toveelng this nuitber caxdsleswitthibgaebd @ore apiEtiveNaARI X
and maxpi x are relevant may be entered in cell N6. Tiling schene definition

maybe ent er etheafere dwrqagesthliloefihopd ghag explaiof thedyerpets aresslanpeil én syhstintived i n
cells E13-14, J %tﬁﬁfd-Tfé%ﬁirgﬁ‘%ﬁéf {o@icﬁ% XE%E@I&%@&B}HWS %Tf%er&.eger ) number 25

of quad-trees | e X an Irections e nunber of quad-tree

|l evel s may be ent Bhetpdlgde!der Bler fallodtd rdtod ndd Beyerit&red DRty 819 2ariinghe8 1o The
nunber of valid | evels also maybe reflected in output sheets. More |evels
in the dlad- eendiel (e apanbeiefinobrops padilefor sybseaiienHvad-Trep LANs. Whes salited. t he
opportunity ..f &l f r 8. [ he expense of increased
cull depth alr%‘g 2Fpg?ger‘glt%f rrcgkﬁ%m?,gﬁ %g%ﬁérsaf%?{fgglﬁl ﬁlﬁbg%f)g%oqygcfnéé’?r%d\%eases
02/ 077921 PCItdih02iz80d3@e rabige banddkreaiest il es in the first range band

(highest LOD) nmay be entered in cel]l El 8, and is a paraneter of%ggrticul ar
i nterest. Wien i nEheldp e§hicrrehn@adisive =4 ubstiativendy e speeifigd in el B eAn n

tSIhﬁg foll OV\'ia&ﬁti\;é]ﬁielfairéh%ft cagggq‘eat@}efs iton §hitd 8 %lrjl!i %{aiytix ag {het o%%el%&aa%-p%a%ﬁesi. S

15 In substitutive hierarchies, features are replaced with higher polygon count versions as
the observer approaches. This selection has a major impact on the way density is
distributed throughout the scene and the type of models that are used. Quad-Tree
simulation provides a visualization of this effect.

A summary of outputs (rows 24 through 35) may be provided on the Input sheet

20 (see FIG 7). Switch range (élant range) for each tile is shown in cells N27-034 . The
switching ranges are subjected to altitude-based scaling performed by the scaling module.
The output parameters for scaling in the scaling module are provided in cells N18-19 of
the Input sheet. The scaling module scales these values depending upon altitude using the
information in N18:20.

25 Cells P27-Q34 show actual polygon budget for each tile and actual density in
number of polygons per 1 km square. Using the inputs the user may determine what
cumulative density is reasonable. Decreasing the number of Quad-Tree levels (E17),
decreases significantly the density of the highest level. Increasing the number of quad-
trees in the coverage (E15:16) increases this density. Increasing the number of tiles in

30  therange band of the highest level (E18) decreases the density and the polygons per tile.
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obt ai ned, often corresponding to a nore graceful matching of the polygon
budget. This 5 is obtained at the expense of |ower polygon counts per tile,
and a | argernzouiokl and switching | oad. Lowering this nunb@CTasoyessdil e
switching to be nore aggressive, and therefore increases the |ikelihood
that |l evels of the hierarchy are skipped in substitutive designs.

Quad- Tree simul ation provides a visualization of this effect. The "pol ygons
per tile fall-off ratio" may be entered in cell E19, and used to;/ 10
control the nunber of polygons per tile for subsequent Quad-Tree LODs. Wen
set to 1, Itcréasingppbygrnsr dils fatleofs taiot(E1Wenly afferteths pdlygbheperdiibef thef

pol ygons per .tile decreases . and the sizes of the range ban decr eases.
The type of SLPhS%‘}”&PTg'ﬁ‘{F”( Qe thapdetiest leyalh Bringt i @olypor O%é%ff donsty ofihge |
E20. An adgf;ghgéfqeﬁi_erarchy causes features to switch in and stay in as the

observer approaches. 15 In substitutive hierarchies, features are repl aced
wi t h hi gher pol y@ehs RZ:i84 stemsicormmanddl menminse andana:ampnoshgdee sizes it each

sel ectign ha jor inpact on the way density. | di.stributed throughout
t he scege aﬂéa ?@F@”gw%th&fmfﬁﬁa@tr@ IPB‘éttméF]gs Iggé%‘ I@%HDWPE‘@ Sige FriReEts 1B

provi des a i | Zali i f; : 4

t hr ough 35) Mir%%y egl%%’(%\@ilﬁ (:%g( a%ﬁbﬁeﬁgs ]%lﬁ%{ﬁcs eet Z%Zfilgtgu{ﬁﬁ%g)séﬁs%r%h
range h_( sl antf “Min gd\)t[aﬁ”oioggm loctir) iétﬁefrasgwﬂm_ izgmatgh ks dls&‘k-da&éf a1]3d it Itl&dgags ]
swi t chi ng ranges are, ected ta altitude-base a er f or ne t he
scal i ng ?mdﬁrlegl.c’t t%}é”qs‘?ﬁ}elﬁﬁen g?%ﬁé‘?‘i??‘%“& 1%163}@.’ @P#‘?‘%@qg‘@ﬁ I?rﬁﬁldﬁ%%l/ul e
are providegd.. - th 1SRt el d scal es
t hese val ue%%ﬁ%%“ﬁ&%%a%@ﬁ iSItZ %sdglctéé?ﬁ%tt he qeﬁggreﬁi(f?%)ér? Q?%{%Cii’g‘la%% 25
Cel | s PQ7- (B&radaennhasizesagdlohptly ylganasimglihe polygonséde falltdff mtia ndchyatitiiigdte MEmsi ty

in nunber of polygons per 1 kmsquare. Using the inputs the user npy
det er mi ne WRAX R mét%t%eﬁf@ﬂ%sﬁf’%%ﬂﬂ”@élgmﬂ@ latsgeﬂieas?fhaswﬁ%amlﬁser of

Quad. Tree | &Y ook he nufS6 GA9E5 :510MILARN of AOGABIIEY. hsit Nerchi Ohest

| evel . Increasing the nunber of quad- trees In the coOverage
i ncreases t thagthermiytoy thebe) dheassr nory tpiess then@ead-Trke Sithestiomb@€ort thevalidatge band

(if4 w)eog 8g%tglfl\’Vev l'qg(ég%c%;ggé%rrfe?so?%is&bqgtigg.nSi ty and the pol ygons per tile.
15 To validate the number of visible tiles of each type and the number of visible
polygons for a given altitude, the Quad-Tree macro may be activated by pressing the
“Run QuadTree Simulation” button in cells K25-L25. A graphical display of the visible
tiles for the chosen altitude (N9) and line of sight (N10) is then produced in the Output-
QuadTree sheet (FIG. 10).
20 Cells K27-L31 show a summary of the validation/simulation, including a measure
of the LOD culling (L28) and frustrum culling (L29) load. The number of visible tiles
(L30) and polygons (L31) also may be provided. The number of polygons indicated in
cell L31 correspond approximately to the budget, depending upon the altitude (N9),
vertical line of sight (N10) and eyepoint location (N12-13). After any change of input
25 data, the “Run QuadTree Simulation” button is activated, so that these numbers may be
updated. They are based upon counting visible tiles in the simulation, and do not
represent what an actual scene graph may provide.
More detailed output information may be supplied on other sheets, as shown for
example in FIGS. 8-10, including the following: (1) polygon counts per tile and tile static
30 switching ranges (Output-TileDesign sheet: FIG. 8); (2) recommended minimum and
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I ncreasi ng pol ygons per tile fall-off ratio (E19) only affects the pol ygons
per tile of the subsequent |evels (lower than highest |evel), but not the
pol ygon cwone/ozmedl density of the highest level. Cells R2PCTABOZOITI
recomrended m ni mum and maxi num obj ect sizes for each 5 tile, based upon
the information input in cells N3:N4. If the m ninmum size exceeds the

maxi mum si ze, Mn > Max appears in the T colum. The size_distribution is
satisfactory if "Mn > Max" does not occur, if the range of sizes natch
the user's data, and if the are not tqovvl e between tiles.

| ncr easi ng tﬁ’é‘xmg‘?&“&F Cﬁi’ﬁ‘g dar 3 Bpes %f%;PB‘\SIF% tlé!lt Heghursizegishesti BIGt.i on
and smal | er WACH fagaT=1Eme

decr eases th? Efagsehsd gl oggﬁsgaeétﬁ(ggfggm ng1 ?lﬁut 09{ g%%gﬂﬁegrra@?%ﬂl%% tlr%’gtl o]
may el i m nat efmerselebted/blmgm @ltpwteQuaitdeﬂwdeEhsl@) of fewer polygons in the

| tiles. Th t i fotil n the

anae pand ot 1 heChitiie 8P e Rput hsfiRER '%?(F&gﬁ%)gﬁ%%%déw@;@'sghelt ne
1 I N

user mayspregstd Keit eI &ﬁﬁhﬂk%ﬂdﬁ?@l@ﬁﬁ%ﬁﬁ E (3 1% 1 OF il 9

| oad and nunber of vi sSi tiles nunbe Vi si ble
tiles of eachotlshectoare cbpned mu tHeeinpotf sheiais Thle exserpmby goersidé dite polggonedensﬂy

ltitude, th d-T t th "Run
QuadTree. s nBHOBH P SR TROLN LR B0 s et USSR cal di opl ay of the

i sibl I f ‘ t
visible tiles fokytheqahosan \?’a!hhhﬁdifi?sﬁlzl G %?gSr ggg%dg&l @éﬁ%@%@ § then

produced in the Qutput- QuadTree sheet ow a
summary of tQaad/'bhe”dmrhonmme nphb$hieet), vaihdaﬂamchqult&pmaﬁddlc mcludingtcdning@nd

CL50) 980 polobhatdhing 103 sh kit ik it and Hei Ao PRI s
Upon. the al t FRES sk IEAITRARAG: RRROAKLIERNEING b ahRBH B e ORI, |,
(N12-13). Af foerdeasuyy cdsr’apqetmfs (@ rgpnﬁralZﬁludtid)mis tské ifisRuad). (Ilmgl'ﬂrela@d&ﬁmd fabi on”

button is actjvated, so th . e nunbers may be dated, They are based
upon countl NG oVes B‘I“émﬂelrseé fitpde, E‘*é?‘?ﬁ »a?é’FEmnt ’éﬁ‘%ﬁ Hg’cﬁ%?ns) r%rsé@élf%m%at

an actual scgog, GiHRTRYe R Aekal QP f y be
supplied on gt her Ssheet S, as s%%? %ﬂb%rexarrpe{v(;9 I'n Jé%lﬁ%A%) I nc%mg?
t he fol 16w nfustfuld npuyll;eglfarger;ﬁmmtﬂse werking dpacaofitheisireulstiat Therefore, the input

polygon budget is not exactly matched in cell 119. Further, the simulation assumes that

exact polygon counts (G11-18, or H11-18 when the user decides to override) are applied

to each tile, as shown by an artifact of aggregating features into geographic tiles. Varying

the simulation’s eyepoint location result in aliasing effects in the tile culling process.
20 | “Dynamic culture scaling” is enabled within the scaling module.

Outputs in the Output-FeatureSizes Sheet (FIG. 9) will now be described. The
lower table (B17-124) specifies the range of feature critical sizes for the largest LOD-tile
level (LOD 1). The minpix and maxpix input values are transformed into feature critical
sizes in meters for a spectrum of altitudes, starting with maxAlt as specified in the Input

25 sheet, and decreasing in exponential steps. A size less than cell B24 and larger than cell
C17 does not violate a constraint, at all altitudes. The value in cell I17, repeated in cells
118-24, is the geometric mean of cells B24 and C17.

The upper table (B4-I11) applies to other LODs. The user specifies the

appropriate LOD number in cell D2. The chart to the right illustrates the minimum and

30  maximum feature critical sizes corresponding to the upper table.
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30 switching ranges (Qutput-TileDesign sheet: FIG 8); (2) recomrended

m ni rum and 15 WD 02/077921 PCT/ US02/09730 nmaxi mum feature critical sizes
for a rarge oef7aktitudes (CQutput-FeatureSizes sheet: FI G PCIUSHEIOL736G6hows
the tiles selected given the input conditions; and (3) graphical validation
of the sel ected design (CQutput-QadTree sheet: FIG 10). Qutputs in the

Qut put - Ti | eDesi gn Sheet (FIG 8) will now be described. The 5 static
switch ranges (cells All-18) and pol ygon counts per tile (Gl1-18)' conputed
in this worksheet are copied in the Input sheet. The user may override the

pol ygon density @hﬁﬁWHWﬁQBvﬂﬂ9bﬂﬁgiﬁKﬁd@%éﬂwﬁﬁsRB§Wh@ﬂ1€H5ﬁ@§V$ﬁﬂ@kas

H11-18. Wen I i dtrhi d sipng the
"Run QuadTree e ut eet arrd i ded,
rHR g eyct-af-de aﬂ \%Qw < ﬁfr‘lg z}f{e geg @H% o Sig "}s‘%?\’}‘. 9

i ncl udi ng cu$mhmgnamghma0ggaﬁgpmgﬁﬂhlng | oads (&, G3), visible tiles (F
11-19) and visible polygon counts (111-19). These visible tiles and
pol ygons are corrpﬂl@@ QM shgcifig enbogiinents &g, ﬂlbﬂtatlap,eand@mamswatrpm cyehsity
conput at i ons; er a on_t he

!5 rx}é‘?d&eea est%%gx%%h%plcszw e(‘llq d%}pﬁ%n? &gm the § %goefptﬁ? g%‘g@?‘gﬁ Soy " The

vi ewi ng par anerers eporht X

simul ation pemftes ﬁﬁbpé bfﬂle@pﬁdnﬂétgclﬁlﬁisy EI@&W%aﬂ*@e%ﬁQ@ﬂf@@nﬂll@éﬁtﬁwast rum
culling. Also, the viewing 15 frustrun1naé@be Iaﬂﬁgr than the working space

of the simul @ﬁb%hmewéiaéffb@ﬁémbmﬁéwthﬁ@ﬁh other apdion suhstigad fos easbotler adthiy
mat ched in c Emg% fﬁ%d%§ﬁhﬁ ? é&g&%lﬁﬁgassunes that exact polygon
r ﬁg

counts (Gl1- User “deci des to override) are applied

to each tile, as phowampl, adiidnbl vaetioRi mages falchig oheaf skiRsry SMilPin the
geographic tiles. Varyin the simulation's eyepoint |location result in

al i asi n§0ef f &g fiom rﬁaﬂm S @rqqunahgpmxce%@s§enaléﬁo GxA7ani%E, GledtMewhsdal i ng”
i s enabl ed cal d uts in the Qutput-FeatureSizes
Sheet (FI G V\%é “1}?0 novx?cﬁ)éooé%%&g??r mg)y n%:%e% ower table (B 17-124) specifies
the range of feature critical sizes for the largest LOD-tile 1level (LOD
1). The m npix and maxpi x i nput values are transfornmed into feature
critical sizes in neters for a spectrumof altitudes, starting with maxAlt
as specified in the Input 25 sheet, and decreasing in exponential steps. A
size less than. cell B24 and larger than cell Cl17 does not violate a
constraint, at all altitudes. The value in cell 117, repeated in cells
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| 18-24, is the geonetric nmean of cells B24 and Cl7. The upper table
(B4-111) applies to other LODs. The user specifies the appropriate LCD
nunber i rwoekl7®21 The chart to the right illustrates thepgirrisoum7and 30
maxi mum feature critical sizes corresponding to the upper table. 16 WO
02/ 077921 PCT/ US02/ 09730 The CQutput-QuadTree sheet (FIG 10) provides a
graphi cal layout of visible tiles follow ng | evel-of-detail and
viewfrustrumculling, after the "Run QuadTree Sinulation" button in the
| nput sheet is pressed. The above specific enbodinents are illustrative,
and nmany var 4 e 5 introduced on these enbodi nents without

appended ol ai ms. B Saere? SharaRagr sPaK HePlioht EPELNAG IR Pyl
enbodi ments nmay bebtgininy nevitodidgraggs bndt her and/ or substituted for each

other within the scope of this disclosure and appended clains. For
exanpl e, addi ti ondgtenaaning:3 pe¥eorelpnsty fophiersenataliverashy.dy wsingithasyitehing | in

the 10 art i . i sional application Serial No.

60/ 279, 181, r%{lggegd{ﬂﬁgg%{%gffb{ S%a]ilg%%édo\?\'hi ch is incorporated herein by
reference. 17 WO 02/077921 PCT/ US02/09730 What is clainmed is: 1. A nethod
of determining a spatial hierarchy for gon data, conprising: obtaining

pol . :
a switching range? aReTerdeed of datpyl.avhsse domcuhenopt spaling fackns is getermined
hi er ar chy, i i i 5 range and a cube-root scaling factor.
2. The net h?%@%%%&%@%ﬁ%&é&% t he cube-root scaling factor is
determ ned based on an altitude paraneter. 10 3. The nethod of claiml1,
wherein the spatial _hierarchy s tile-based. 4. The method of claiml,

wher ei n1fhe pol ygonToamathodi elags dawbersinde sratial hierasghyiip dike-based.

4. The method of claim 1, wherein the polygon data corresponds to cultural

features.

15 5. The method of claim 1 further comprising providing a user interface, wherein
design parameters of the spatial hierarchy are obtained and/or modified through the user

interface.

6. The method of claim 5, wherein a number of levels in the spatial hierarchy is

20  obtained and/or modified through the user interface.

7. The method of claim 5, wherein an extent of tiles for each level of the spatial

hierarchy is obtained and/or modified through the user interface.

25 8. The method of claim 5, wherein a critical size of polygonal elements to be
inserted in each level of the spatial hierarchy is obtained and/or modified through the user

interface.

9. The method of claim 5, wherein a switching distance for tiles of each level of

30 the spatial hierarchy is obtained and/or modified through the user interface.
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15 5. The nmethod of claim 1 further conprising providing a user interface,
wherein design paraneters of the spatial hierarchy are obtai ned and/ or
nodi fi ed wbroogie2t he user interface. 6. The nmethod of cl &CEUS02/04780 €i N a
nunber of levels in the spatial hierarchy is 20 obtained and/or nodified
t hrough the user interface. 7. The nethod of claim5, wherein an extent of
tiles for each level of the spatial hierarchy is obtained and/or nodified
t hrough the user interface. 25 8. The nmethod of claim5, wherein a critical
size of polygonal elenents to be  inserted in each |evel of the spatial
hierarchy is obt dilneysystam &r deraminiaga snatial igrarchy fosRelyeemdats. camprisiog: The
nmet hod of claim§5, \g{nﬁ]E En.a W tching distance for tiles of each | evel of
30 the spati al hi5deursarc e?/fai'ag, oat ai ned and/or nodified through the user
interface. 18 WDalR4t0iézRalz&@3 dd5824i087 8Polyddh debsity Sirane §pakialdeérarhybyng a
spatial hierarchy for polygon data, conprising: a user _interface; and a
feature analy#8il)pswitakipg Fanesphigngd Bm@ééhﬁ wenigtariace id (ihe cehsgoptacaling

hi erarchy, t%ct using (i) a swtching range obtained through the user
interface an ?l‘i) a cube-root scaling 5 factor. 11. The systemof claim
10, wherein the cube-root scaling factor is determ ned based on an
altitude paraneter. 10 12. The system of claim 10, wherein the spati al

hierarchy is til dlbaEapystem ofghsnd(sWherpinrthe pubierroebscalipe faston ix drterpinsdgon
data cor res%ggeqisoé& ﬁp{utdg%gl%n}e{%&at ures. 15 14. The system of claim 10,

wher ei n design paraneters o e spatial hierarchy are obtained and/or
nodi fi ed through the user interface. 15. The system of claim 14, wherein a

nunber of levels in the spatial hierarchy is obtained and/or nodified
t hr ough!® he user li2nt B gstem oficlaim 10, wherein the spatial hierarchy is tile-based.

13. The system of claim 10, wherein the polygon data corresponds to cultural

features.

15 14. The system of claim 10, wherein design parameters of the spatial hierarchy

are obtained and/or modified through the user interface.

15. The system of claim 14, wherein a number of levels in the spatial hierarchy
is obtained and/or modified through the user interface.
20
16. The system of claim 14, an extent of tiles for each level of the spatial

hierarchy is obtained and/or modified through the user interface.

17. The system of claim 14, wherein a critical size of polygonal elements to be
25  inserted in each level of the spatial hierarchy is obtained and/or modified through the user

interface.

18. The system of claim 14, wherein a switching distance for tiles of each level
of the spatial hierarchy is obtained and/or modified through the user interface.

30
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16. The systemof claim 14, an extent of tiles for each level of the
spatial hierarchy is obtained and/or nodified through the user interface.
17. The swetoenvm™Rl cl ai m 14, wherein a critical size of polpggarsat/ogbenent s
to be 25 inserted in each level of the spatial hierarchy is obtained

and/ or nodified through the user interface. 18. The system of claim 14,
wherein a switching distance for tiles of each level of the spatial

hi erarchy i s obtained and/or nodified through the user interface. 30 19 WO
02/ 077921 PCT/ US02/09730 19. A program storage device readable by a

machi ne, tangi bl ﬁgengdwgiﬁ‘ﬁl s{ores ietine s1adabie by icipeliae. dargibly smbodipgtane
machine to : t 1 i i al_ hi or
ol ygon dat 31OFAS BLdtoarupasERtible 871G ks, & PERLE otk Hehi ol O
and 5 det er derdrimgning pepatgd hiegercisy foy pblggor dta, shainetodsiepk av@piisingy usi ng t he
switching range and a cube-root scalipng factor. 20. A conputer data signal

enbodi ed in a tr ASHEGRSVIIFEIEIANSHARh enbodi es i nstructions executabl e
by a computer forgfelekAL Qi ] i I ,
corpri o1 pg: a1 ricror e 08 Bn il At B ShAlE ieri Oy, B 5 e SR,
segnment i nclrasgengdfacabaireotasaalingsfastonode t o determ ne a pol ygon density for
the spatial hierarchy, by using (i) a switching range obtained through the
user interface code and (ii) a cube-root scaling factor. 15 21. A nethod
of determning a j j : | ?lja Ei i -NQ: -
determ ning a cub%%%@%@%ﬁaﬁ%ﬁ%gﬁo as%g?%rrllg%%\ﬁ%?%? u eafﬁ)lgl? %%?%?S; a
using the cuhsructiohs eceliably Byes tanpiter He déternhiaingl a gfatidieliiatatchs bit Sy &

ranges for the spatial hierarchy. 20
10 data, comprising:

nd

a first segment including user interface code; and
a second segment including feature analysis code to determine a polygon density
for the spatial hierarchy, by using (i) a switching range obtained through the user
interface code and (ii) a cube-root scaling factor.
15
21. A method of determining a spatial hierarchy for polygon data, comprising:
determining a cube-root scaling factor based on an altitude parameter; and
using the cube-root scaling factor to scale level-of-detail switching ranges for the

spatial hierarchy.



